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 Nanomaterials - Based Magnetic Relaxation Switch Biosensors  
  Tom   Lowery        

 

1

  1.1 
 Introduction 

 Magnetic nanoparticles or microparticles can serve as  magnetic relaxation switch es 
( MRSw s) when they react with molecular targets and undergo changes in aggre-
gation state that affect solvent magnetic resonance relaxation. Coupling this 
target - mediated aggregation with an appropriate detection device yields a reagent –
 instrument biosensor system for detecting target analytes. Since their introduction 
in 2001  [1] , MRSw biosensors have been the subject of over 40 reports demonstrat-
ing their capability of detecting virtually any analyte in a variety of dirty, opaque 
samples. MRSws have been shown capable of detecting nucleic acids, proteins, 
enzymes, small molecules, ions, viruses and cells in solutions such as water, 
blood, cell lysate, urine, plasma, and serum. Due to the broad range of possible 
target analytes, and the capability of obtaining measurements without sample 
preparation, MRSw technology has remarkable potential to change the paradigm 
of solution - based biosensing, and thus to impact greatly on several fi elds of appli-
cation, including medical diagnostics, environmental sensing, and homeland 
security. 

 The MRSw technology draws on the unique combination of scientifi c fi elds of 
nanotechnology, biochemistry, and  nuclear magnetic resonance  ( NMR ). To date, 
only one brief review has been published, relatively early during the development 
of this technology  [2] . Due to the rapidly growing body of these investigations, and 
the interdisciplinary nature of MRSws, there is a need for a comprehensive 
description of the technology and summary of recent progress. To this end, this 
chapter provides an introduction to the relevant nanomaterials, an explanation of 
relevant NMR measurement techniques, a summary of the underlying theoretical 
physics behind nanoparticle clustering, an overview of the published MRSw 
research articles, and a description of portable and miniaturized magnetic reso-
nance instrumentation. Although a sizeable body of work exists using other types 
of magnetic resonance contrast agents for molecular detection  [3 – 12] , this chapter 
will focus exclusively on MRSw biosensors.  
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 4  1 Nanomaterials-Based Magnetic Relaxation Switch Biosensors

  1.2 
 Superparamagnetic Nanoparticles 

 The properties of nanoparticle reagents make possible the unique characteristics 
of MRSw biosensing. To date, all MRSw demonstrations have used some type of 
 superparamagnetic iron oxide  ( SPIO ) particle. The earliest iron oxide particles 
were utilized for localized lymph node heating over 45 years ago  [13] . SPIO 
nanoparticles contain one or more superparamagnetic iron oxide cores composed 
of a mixture of magnetite (Fe 3 O 4 ) and maghemite ( γ  - Fe 2 O 3 ), which have similar 
magnetic properties. These iron oxide cores, which typically are less than 14   nm 
in diameter, are encapsulated in a hydrophilic monomer or polymer coating so as 
to endow water solubility  [14] . When magnetite crystals are oxidized, the crystal 
lattice changes from the inverse spinel of magnetite to the cubic Fe(III) oxide 
lattice of maghemite  [14] . SPIO particles are distinguished from paramagnetic 
particles in that their small iron oxide cores are comprised of single - domain mag-
netic crystals, the magnetic moments of which readily align with an external 
magnetic fi eld, and this results in a microscopic dipolar magnetic fi eld surround-
ing the iron crystal. Upon removal of the external magnetic fi eld, the magnetic 
moments of these cores randomize, leading to a complete dissipation of the 
induced magnetic fi eld  [14, 15] . The magnetization and magnetic susceptibility of 
SPIO nanoparticles are much larger than that of paramagnetic ions and bioinor-
ganic complexes of iron, such as ferritin  [16] . 

 Depending on the method of synthesis, SPIO particles can range in size from 
 ∼ 2   nm (citrate - inhibited growth), tens of nanometers (polymer - coated), to microm-
eters  [14] . SPIO are typically categorized based on their overall diameter, which 
includes the metal core and organic coating  [14] . SPIO particles between 300   nm 
and 3.5    μ m are referred to as oral - SPIO because they were fi rst used for  in vivo  
imaging via oral delivery, such as the silane - coated contrast agent ferumoxsil (trade 
name GastroMARK  ®  )  [17] . Like most particles larger than 50   nm, oral - SPIOs 
contain more than one iron core per particle. Over a matter of minutes, however, 
a solution of oral - SPIO particles can settle due to their large size  [18] , which com-
plicates their use for the aggregation - based sensing used by MRSws. In order to 
circumvent this, MRSw applications using oral - SPIOs have utilized surface treat-
ments to provide adequate buoyancy to the particles, such that they do not settle. 
In addition, timed mixing steps with rapid measurements have been used to 
ensure a reproducible suspension of the particles during measurement  [19, 20] . 

 Particles which are slightly smaller than oral - SPIO particles are referred to as 
 standard SPIO  ( SSPIO ) nanoparticles, and have hydrated diameters of 60 – 150   nm. 
As with oral - SPIO, these particles contain more than one iron core per particle. A 
solution of these particles does not settle, although under certain conditions they 
may aggregate when placed in a magnetic fi eld  [18]     –    a property which is used for 
magnetic separations by SSPIO (examples include those produced by companies 
such as Miltenyi Biotech). A similar, fi eld - dependent aggregation has also been 
observed for oral - SPIO  [21 – 23] , and can be used for the sensitivity enhancement 
of MRSw biosensors  [19] . However, the application of these particles to MRSw 
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biosensors must be accompanied by proper controls to ensure that the observed 
change in signal is the result of target binding and not simply fi eld - induced 
clustering. 

 Particles smaller than  ∼ 50   nm are known as  ultrasmall SPIO  ( USSPIO ), some 
of which have been developed to produce  in vivo  contrast agents such as ferumox-
ide (Feridex  ®  ) and ferumoxtran (Combidex  ®  )  [24 – 27] . Although their density is 
greater than that of water, their size is suffi ciently small that Brownian motion 
keeps them suspended in solution  [18, 20] . The subjection of these solutions to a 
magnetic fi eld gradient does not lead to separation from solution, as it does for 
larger SPIO particles  [18, 20, 28, 29] . Instead, the suspended particle solution 
behaves like a homogeneous magnetic colloid, or ferrofl uid  [18] . A subset of 
USSPIO is those that have single monocrystalline cores.  Monocrystalline iron 
oxide nanoparticle s ( MION s) typically have hydrated diameters of 10 – 30   nm, 
which are too small for magnetic grid purifi cation. 

 As will be discussed below, a variety of SPIO particle sizes and particle materials 
have been used for MRSw assays, ranging from USSPIO to micron - sized oral -
 SPIO. MRSw technology was pioneered using a variant of MION  [24, 30]  known 
as  crosslinked iron oxide  ( CLIO ) nanoparticles. CLIO nanoparticles are MION 
nanoparticles, the polysaccharide coating of which has been crosslinked to endow 
a greater stability upon the particle. As with MION, CLIO nanoparticles have iron 
oxide cores which are between 3 and 5   nm in size, with a crystal structure of 
inverse spinel structure (cubic close - packed) of (Fe 2 O 3 )  n  (Fe 2 O 4 )  m  . They are sur-
rounded by 10   kDa crosslinked dextran polysaccharide that is approximately 10   nm 
thick, to result in a total particle diameter of 25 – 30   nm  [2] . 

 One of the earliest characterizations of USSPIO nanoparticles was reported 
by a team led by T. Shen in the Weissleder group at the  Massachusetts General 
Hospital  ( MGH ), and also by a team led by C. Jung at Advanced Magnetics  [17, 
24, 25, 30] . The properties determined by these studies were typical of the MION 
nanoparticles used to create targeted CLIO nanoparticles for subsequent MRSw 
studies at MGH. The MION particle characterized in the original studies has been 
the parent particle for several different  magnetic resonance imaging  ( MRI ) con-
trast agent applications, including Combidex  [17, 24, 25, 31 – 33]  and many MRSw 
biosensors. The sizes of MION and other USSPIO iron oxide cores were mea-
sured, using  transmission electron microscopy  ( TEM ) and  X - ray diffraction  ( XRD ), 
as ranging between 4   nm and 10   nm, depending on the method of preparation  [24, 
25, 30] . A hexagonal crystal shape was also reported, which was consistent with 
the inverse spinel crystal structure typical of magnetite and the results of x - ray 
powder diffraction studies. The magnetization of these particles was 68   emu   g  – 1  at 
room temperature and with an external fi eld of 1.5   T. Magnetization of these par-
ticles saturated around 50   000 gauss, or 5   T; consequently, at 0.5   T the magnetiza-
tion was  ∼ 60% saturated  [24, 30] . When the magnetic fi eld was switched off, no 
remnant fi eld was measured from the MION, which was indicative of their super-
paramagnetic nature. Shen  et al.  measured the fractional weight content of iron 
and dextran on MION to deduce an 80   :   1 iron   :   dextran molar ratio, although this 
value would, of course, depend on the specifi c preparation of the MION. Both, 
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iron and dextran content were determined by chemical pretreatment and spectro-
photometry. In solution, the MION were unimodal, with an average hydrodynamic 
radius of 20   nm, as determined by laser light scattering  [24, 30] . When MION were 
placed in nonaqueous micelles, their overall diameter decreased to 8   nm, underlin-
ing the porous nature of the dextran polymer layer. Based on the crystal structure 
and TEM measurements of the iron core, each iron core was calculated to contain 
2064 iron atoms. Accordingly, each core was calculated to have 25    ±    6 dextran 
molecules (10   kDa) attached  [30] . 

 Many different synthetic methods have been introduced for synthesizing super-
paramagnetic nanoparticles, and the reader is referred to pertinent reviews for 
further details  [34 – 39] . Water - soluble CLIO nanoparticles can be synthesized using 
a two - step method, involving the base - induced crystallization of iron salts in the 
presence of a polysaccharide to form MION, with subsequent crosslinking to form 
CLIO  [30, 32, 33] . In this method, ferric salts were stirred overnight in an acidic 
aqueous solution at 4    ° C in the presence of dextran, which is a highly soluble, 
linear polysaccharide composed of  D  - glucose. Following the addition of ferrous 
salt and titrating with ammonium hydroxide to form a basic mixture, the tempera-
ture was increased to 80    ° C, at which point precipitation of the MION nanoparticles 
occurred. Any unreacted dextran was then removed by fi ltration, and the dextran 
coating crosslinked by the addition of epichlorohydrin and aminated by reaction 
with ammonia  [40, 41] . These series of reactions resulted in a MION particle that 
was coated with aminated, crosslinked dextran, referred to as an amino - CLIO. 
Amino - CLIO nanoparticles have an iron core diameter of 5   nm and a hydrated 
diameter of 25 – 30   nm, which is equivalent in size to a globular protein between 
750 – 1200   kDa  [2] . The surface amino - CLIO can be functionalized by attaching 
appropriate targeting moieties to amino groups, such as antibodies or binding 
proteins, using standard bioconjugation chemistry techniques.  

  1.3 
 Agglomeration - Based Sensing 

 The fundamental means by which magnetic relaxation switch biosensors detect the 
presence of an analyte is analogous to agglutination - based immunoassays. Agglu-
tination immunoassays, which were fi rst conceived over 50 years ago  [42] , detect 
the presence of a target analyte by using microparticles (often latex) decorated with 
a selective binding agent, such as an antibody. On addition of the target analyte, the 
functionalized microparticles undergo a transition from dispersed to agglomerated 
that is often detected by a change in the optical density of the solution  [42, 43] . The 
limitations of this approach include the need to obtain a transparent sample for 
optical detection of the agglutination phenomenon, and low sensitivity and high 
interference rates due to nonspecifi c binding to the microparticle surfaces. For this 
reason, many applications that require higher sensitivity and selectivity require 
multiple washing steps to remove high - concentration interferents that bind, non-
specifi cally, any low - affi nity particles  [43, 44] . Unlike standard agglutination - based 



 1.3 Agglomeration-Based Sensing  7

assays, MRSw biosensors can be measured in opaque samples, and do not experi-
ence the same level of nonspecifi c binding to particle surfaces. These two distin-
guishing attributes arise from the advantages of the nanoparticle reagents and the 
non - optical magnetic resonance measurement approach; therefore, MRSw biosen-
sor measurements can be conducted in relatively  “ dirty ”  samples, and with very few 
fl uidic pre - processing steps  [1, 2, 45 – 49] . 

 A selective binding sensitivity of a nanoparticle for a desired molecular target 
can be achieved by the attachment of binding groups, such as antibodies or oligo-
nucleotides, to the nanoparticle. If the binding group can bind to more than one 
site on a given analyte, and there are multiple binding sites per nanoparticle, the 
addition of an analyte to target - sensitized nanoparticles leads to a self assembly of 
the nanoparticles and target analytes into what has been termed  nanoaggregates  
(Figure  1.1 ). In this manner, nanoparticles can be confi gured to switch from a 
dispersed state to an aggregated state due to the presence of an analyte. The basis 
of this transition is the tailored affi nity of nanoparticle surface groups for a specifi c 
analyte. Similarly, nanoparticles can be confi gured to switch from aggregated to 
dispersed states due to the presence of analyte. As will be discussed below, a wide 
range of strategies have been employed by research groups to effect a transition 
between clustered and dispersed nanoparticles.   

 The transition of nanoparticles from dispersed to clusters can be quantitatively 
detected by measuring a change in a magnetic resonance signal, called  “ T 2  ” , from 
surrounding water molecules. Because of the nature of the T 2  signal sensitivity, 
changes in the fraction of clustered nanoparticles can be detected without the 
separation of target - free from target - bound nanoparticles. The capability of mea-
suring a binding phenomenon without a washing step represents a powerful 
advantage of MRSws over other technologies. This greatly simplifi es sample 
handing and measurement steps, and also enables the use of extremely simple 
and rapid test formats.  

     Figure 1.1     Magnetic relaxation switch 
biosensors are based on the magnetic 
resonance detection of the transition of 
dispersed and clustered populations of 
targeted nanoparticles. The targeted 
nanoparticles consist of a superparamagnetic 

iron oxide core (orange), a polymer coating 
(gray), and selective binding agents (blue). 
For one biosensor confi guration, the addition 
of an analyte (green) leads to nanoparticle 
self - assembly to form nanoparticle – analyte 
aggregates.  
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  1.4 
  T  2  Sensitivity of  MRSW  Particles 

 Understanding the connection between the T 2  signal and the agglomeration state 
of the nanoparticles is critical for designing MRSw systems. In the following sec-
tions, both the mechanism and measurement of T 2 , and the connection between 
nanoparticle agglomeration and T 2 , are described. This aim of this section is to 
introduce investigators to the fundamentals of the magnetic resonance measure-
ment of MRSw assays, so as to better enable biosensor development and 
optimization. 

  1.4.1 
 Fundamentals of  T  2  Relaxation 

 Magnetic relaxation switch biosensors require measurement of the magnetic reso-
nance T 2  relaxation parameter of bulk water. The T 2  relaxation measurement can 
be used to determine the extent of particle agglomeration, and thereby the amount 
of analyte present in a sample. This explanation is one model for the T 2  - sensitivity 
of water protons to the microscopic fi eld nonuniformities created by SPIO 
nanoparticles. Other mechanisms, such as particle motion, also lead to spin 
dephasing. The results from a more complete theoretical model are presented 
below. 

 Magnetic resonance signals arise from the nuclei of water hydrogen atoms. 
According to the classical description of NMR, these nuclei can be thought of as 
having tiny spins that precess in the presence of an external magnetic fi eld, such 
as that provided by a permanent magnet inside a relaxometer. The rate of preces-
sion of the nuclear spins is directly proportional to the strength of the magnetic 
fi eld, by the equation:

   ω π γ0 01 2= ( ) B     (1.1)  

where  ω  o  is the proton precession frequency (Lamour frequency) in Hz (20   MHz 
for 0.47   T),  γ   is the gyromagnetic ratio of protons (2.675    ×    10 8    rad   s  − 1    T  − 1  for protons), 
and  B  o  is the strength of the applied magnetic fi eld. An ensemble of nuclear spins 
inside a magnetic fi eld arranges into two quantum spin states of different energies. 
The higher energy state corresponds to spins that align against the applied mag-
netic fi eld, while the lower energy state corresponds to spins that align with the 
applied fi eld. As the lower energy state has a slightly higher population ( < 1    ×    10  − 6 ), 
there is a net nuclear magnetization that points in the same direction as the mag-
netic fi eld (Figure  1.2 a). To detect the spins, the magnetization vectors are  “ tipped ”  
into the x – y plane (Figure  1.2 b), also called the  “ transverse plane ” , by means of a 
transient magnetic fi eld,  B  1 , which is perpendicular to and smaller than the main 
 B  o  fi eld. Such transient  B  1  fi elds are generated by  radiofrequency  ( RF ) pulses from 
specialized antennae, typically called  coils . Once in the transverse plane, the 
ensemble of spins oscillate about the  B  o  fi eld (Figure  1.2 c); indeed, it is this oscil-
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lation which is detected by the RF detection coil, which is typically the same coil 
as that used to generate the RF pulse.   

 Once generated, the magnitude of the oscillating signal decays according to 
spin – spin relaxation, which occurs when a given ensemble of oscillating spins lose 
coherence, or synchronicity. This can be depicted by an oscillating vector  “ fanning 
out ”  over time (Figure  1.2 c). A loss of spin coherence leads to a decay in the oscil-
lating signal. A measure of the magnitude of this decay is the time constant   T2*  
(Figure  1.2 d). 

 A loss of spin coherence occurs when the spins within an ensemble experience 
variations in their Lamour frequencies,  ω  o , during oscillation in the transverse 
plane. Such variations are caused not only by macroscopic inhomogeneities but 
also by microscopic fl uctuations in the local  B  o  fi eld. The contribution of macro-
scopic and microscopic  B  o  variations to   T2*  relaxation can be differentiated by 
specifi c detection sequences, as will be discussed below. 

 In both USPIO and SSPIO samples, microscopic variations in  B  o  are dominated 
by the agglomeration state of the particles. Measuring this contribution to   T2*  is 
critical for detecting the agglomeration state of particles. Because of their magnetic 
properties,  superparamagnetic particles  create local magnetic fi elds when in the 
presence of a  B  o  fi eld; this in turn creates a local fi eld  “ gradient ” , or a spatially 

     Figure 1.2     A series of schematics explaining 
nuclear magnetic resonance detection 
according to classical physics. (a) When 
nuclear spins are in the presence of a 
magnetic fi eld, a bulk magnetization vector is 
present from the majority of the spins 
aligning with the fi eld direction; (b) This 
magnetization can be detected by subjecting 
the sample to a radiofrequency pulse that tips 

the bulk magnetization vector into the x – y 
plane; (c) As this vector oscillates in 
transverse plan it decays according to   T2*  
relaxation. This decay is called  “ spin 
dephasing ” , which is depicted by the vector 
fanning out; (d) Detection of the oscillating 
magnetic vector yields an oscillating signal 
that decays with a time constant of   T2*.  
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changing magnetic fi eld, directly around each particle. The shape of this gradient 
is much like that generated by a simple bar magnet (Figure  1.3 ). The  B  o  fi eld 
experienced by a given spin is the sum of the applied fi eld and the local fi eld 
generated by a particle (Equation  1.1 ). Spins that are near the particle,  r  1 , and those 
that are far away from the particle,  r  2 , precess at different frequencies,  ω  1  and  ω  2 , 
respectively (Figure  1.3 ). Because water molecules are constantly diffusing, spins 
at  r  1  and oscillating at  ω  1  can move to  r  2  and oscillate at  ω  2  over the time course 
of signal detection. Such changes in  ω  o  lead to a loss of coherence, or synchronic-
ity, between the spins within an ensemble.   

 The loss of spin coherence due to diffusion can be understood in terms of the 
property called  phase . Phase corresponds to the relative positions of the magneti-
zation vectors of spins in an ensemble. Figure  1.4 a shows the magnetization 
vectors for two spins in the presence of the same magnetic fi eld, such as at posi-
tion  r  2  (see Figure  1.3 ). When one of the spins transiently experiences a different 
magnetic fi eld, such as diffusing from  r  2  to  r  1  and back to  r  2  (Figure  1.3 ), then it 
undergoes a change in phase, as shown in Figure  1.4 b. This change in phase arises 
from spins transiently oscillating at different frequencies due to changes in  B  o  
fi eld strengths. Because all spins in the sample are rapidly diffusing, the magne-
tization vectors of all spins undergo different phase shifts, leading to loss of spin 
coherence over time; this phenomenon is also called  spin dephasing .   

 Spin dephasing occurs during signal acquisition, and affects the measurement 
(as shown in Figure  1.5 ). The NMR detector detects the bulk magnetization, or 
the sum of the magnetization vectors of each spin. When a population of spins 

     Figure 1.3     When inside a magnetic fi eld, superparamagnetic 
particles generate local fi elds. The strength of the generated 
fi elds decreases as a function of distance from the particle, 
as indicated here by the spacing of the white fi eld lines and 
the shading.  
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dephase, the bulk magnetization vector  “ fans out ” , decreasing the observed signal 
as a function of time (Figure  1.5 a). However, if a sample experiences greater 
magnetic fi eld variations (Figure  1.5 b), then the observed magnetization vector 
will dephase (fan out) more rapidly, leading to a more rapid decay in the observed 
signal (Figure  1.5 b).    

  1.4.2 
 Detecting  T  2  Relaxation 

 Magnetic resonance signals are measured by  pulse sequences , which are so named 
because they consist of a series of RF pulses separated by specifi c delays for spin 
evolution and signal detection. An RF pulse generates a transient magnetic fi eld, 
 B  1 , that is perpendicular to the main magnetic fi eld,  B  o , as mentioned above 
( B  1  <  <  B  o ). The power and length of an RF pulse is tuned to rotate the bulk magnetic 
moment of the nuclear spins a given amount, such as 90    °  or 180    ° . The most 
simple pulse sequence consists of a pulse that rotates the magnetic fi eld into the 
transverse plane for detection (see Figure  1.2 ); this is commonly referred to as a 
 “ 90    °  pulse – detect measurement ” . 

(a)

(b)

     Figure 1.4     A schematic explaining the 
phenomenon of dephasing, or loss of phase 
coherence. (a) Snapshot of magnetization 
vectors for two spins that are oscillating at 
the same frequency because they are 
experiencing the same magnetic fi eld. These 
two spins have the same phase; (b) A 
snapshot of these two spins after one spin 

has experienced a stronger fi eld for a short 
time. They are still oscillating at the same 
frequency, but one spin has acquired a phase 
shift due to temporarily experiencing a 
different magnetic fi eld, such as that 
experienced by a water molecule that has 
diffused past a superparamagnetic particle.  
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 The simple 90    °  pulse – detect measurement can be used to measure   T2*. As 
discussed above, magnetic fi eld nonuniformities lead to nuclear spin dephasing. 
The amplitude of spin dephasing can be measured by determining the decay 
constant of the oscillating signal in the transverse plane,   T2*, as shown in Figure 
 1.2 d. For magnets used in most bench - top and portable relaxometers,   T2* is domi-
nated by variations in the applied magnetic fi eld across the sample, which are also 
known as  magnetic fi eld inhomogeneities . The inhomogeneities of a magnetic 
fi eld can be reported in terms of ppm, as calculated by the equation:

   Δω
ω

0

0 2

1ppm
T

( ) = ( )*
    (1.2)  

where  Δ  ω   o  ( ppm ) is a measure of the inhomogeneity of the magnetic fi eld, or rela-
tive change in homogeneity across a specifi c volume,  ω   o   is the Lamour frequency 
(in MHz), and   T2*  is the exponential decay rate in seconds of the magnetic reso-
nance signal after a single 90    °  pulse – detect sequence. If one wishes to use   T2*  as 
a means to measure systems with long effective T 2  values, such as MRSw solu-
tions, then magnets with high homogeneities ( < 0.1   ppm) must be used, such as 

     Figure 1.5     NMR signal acquisition from two samples that 
have (a) a long T 2  value; and (b) a short T 2  value. These two 
samples could be a sample of (a) disperse and 
(b) agglomerated MRSW particles. When the spin dephasing 
is more pronounced (b), the NMR signal decays more 
rapidly, corresponding to a lower T 2  value.  
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those found in high - fi eld superconducting magnets or large nonportable perma-
nent magnets. 

 More sophisticated pulse sequences allow for the measurement of T 2  relaxation 
in the presence of a relatively inhomogeneous magnetic fi eld. To do this, the 
contribution of magnetic fi eld inhomogeneities to signal decay must be removed, 
which can be achieved using  “ spin echoes ” . The phenomenon and use of spin 
echos were discovered early during the development of magnetic resonance by 
Erwin Hahn, and later refi ned for rapid T 2  measurements by H.Y.  C arr, E.M. 
 P urcell, S.  M eiboom and D.  G ill to yield the so - called  CPMG sequence   [50 – 52] . A 
spin echo sequence is composed of two pulses; the fi rst pulse rotates the spins 
90    ° , and the second 180    ° . After the fi rst pulse, the spins oscillate in the transverse 
plane and begin to dephase, as shown in Figure  1.5 . After time  τ , the fastest oscil-
lating spins are on the leading edge of the  “ fan ” , while the slowest oscillating spins 
are at the lagging edge of the fan. A 180    °  pulse fl ips the spins in the transverse 
plane to the opposite side of the  z  - axis, switching the relative positions of the 
fastest and slowest spins. After time 2 τ , the fastest spins catch up with the slowest, 
thus refocusing the magnetization vectors and the observed signal (Figure  1.6 a). 
In order to obtain a measure of the decay constant that results from microscopic 
magnetic fi eld fl uctuations, or T 2 , a series of spin echo sequences are run with 
incremented delay times,  τ (typically milliseconds). Sequential scans must be 

     Figure 1.6     Two different MR pulse sequences 
for measuring T 2 . (a) A spin echo sequence 
consists of two radiofrequency (RF) pulses: a 
90    °   x  phase, and a 180    °   y  phase, separated by 
a delay  τ . The echo signal appears at time 2 τ . 
T 2  is measured by obtaining the echo signal 
from successive cycles using incremental 
values of  τ . The recycle delay, d 1 , is typically 

1 – 3   s; (b) A CPMG sequence allows for much 
faster T 2  measurements because multiple 
echos are acquired in rapid succession by a 
series of 180    °   y  phase RF pulses and signal 
acquisitions. T 2  measurements acquired with 
a CPMG sequence avoids diffusion artifacts 
because of the short time over which the 
measurement occurs.  
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separated by a recycle delay,  d  1 , to allow the system to return to equilibrium as 
dictated by the spin - lattice relaxation time T 1  (typically 1 – 5   s). Fitting a plot of the 
maximal echo signal as a function of  τ  yields the time constant, T 2 .   

 Using the spin echo sequence to measure T 2  values has two limitations. The 
fi rst limitation is that any diffusion of spins during the long  d  1  delay time between 
experiments can decrease the observed T 2  values. The second limitation is the long 
delay time,  d  1 . Because at least fi ve datum points are necessary for a data fi t, spin 
echo sequences can require over 20   s for the measurement of one T 2  value. A much 
faster and more effi cient means of measuring T 2  is the  CPMG pulse sequence , in 
which additional 180    °  RF pulses spaced by time 2 τ  are included to provide for the 
repeated refocusing of the echo signal. The amplitude of the echos measured 
between the pulses decays with the time constant T 2  (Figure  1.6 b). As the time 
constant  τ  is typically less than a few milliseconds, a single T 2  measurement of 
several hundred echos can be completed in less than 1   s. However, one must be 
aware that CPMG and spin echo measurements can yield different T 2  values for 
some systems. Typically, CPMG sequences are sensitive to magnetic fi eld varia-
tions that occur over periods of time less than hundreds of milliseconds, whereas 
spin echoes are sensitive to variations that occur over periods of time of less than 
seconds. One result of this difference is that CPMG T 2  measurements are inde-
pendent of diffusion phenomena, while spin echo T 2  measurements are heavily 
dependent on diffusion, and this difference must be borne in mind when compar-
ing T 2  values obtained by the two methods. In addition, CPMG T 2  measurements 
can exhibit a heavy dependence on the inter - echo delay time, 2 τ . However, as will 
be described below, this dependence may be very useful for MRSw characteriza-
tion and optimization.  

  1.4.3 
 Theoretical Model for  T  2  and Nanoparticle Size 

 Although the use of MRSw biosensors was fi rst demonstrated in 2001  [1] , the 
theoretical foundation for how superparamagnetic nanoparticles affect measured 
T 2  relaxation rates began to take shape as early as 1991  [53] . These theory - based 
investigations were made possible by the early experimental observations that 
solvent relaxivity was a function of SPIO particle size  [18] . In this early study, SPIO 
particles of various sizes were prepared by varying the number of iron oxide cores 
per particle, and the effect of ferromagnetic, paramagnetic, and superparamag-
netic iron oxide particles on the longitudinal and transverse relaxivity,  R  1    =   1/T 1  
and  R  2    =   1/T 2 , respectively, was reported  [18] . Subsequently, a group of theoreti-
cians in Belgium, including Robert Muller, Pierre Gillis, Rodney Brooks, and Alan 
Roch, began exploring the underpinnings of magnetic, paramagnetic, and super-
paramagnetic particles that were used as contrast agents for MRI. The initial 
studies demonstrated that Monte Carlo numerical simulations of a distribution 
of magnetic particles surrounding by hydrogen nuclei could be used to accurately 
reproduce the observed dependence of  R  2  on the size of iron oxide micro and 
nanoparticles  [53, 54] . Simulations and experimental data showed that both  R  2  
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and   R R2 2 21* * *=( )T  increased with particle diameter until  ∼ 50   nm, whereas  R  2  
measured with spin echos decreased with increasing particle size, and   R2*  mea-
sured with a 90    °  pulse - detect reached a plateau (Figure  1.7 ). Subsequent experi-
mental studies and computer simulations explored the dependence of  R  2  on the 
concentration of dissolved iron, magnetic susceptibility, and temperature  [54] . 
These early investigations laid the foundations for the development of a set of 
analytical models that accurately reproduced the dependence of transverse relaxiv-
ity on particle size, magnetization, iron concentration, temperature, and inter - echo 
delay for both strongly  [55 – 57]  and weakly magnetized nanoparticles  [58] .   

 According to developed theory, superparamagnetic nanoparticles are divided 
into categories of strongly magnetized and weakly magnetized. The boundaries 
between these two regimes depends on the relative magnitude of the frequency 
difference between nuclei at the surface of the nanoparticle and nuclei distant 
from the nanoparticle,  Δ  ω , and the inter - echo delay used in the CPMG detection 
sequence,  τ  CP .  Δ  ω  is essentially a relative measure of the effect of the dipolar 

     Figure 1.7     Sketch of the relationship between 
 R  2  (1/T 2 ) and SPIO radius. In the motional 
averaging regime (solid dark line),  R  2  
increases with nanoparticle size, while in the 
visit - limited regime  R  2  decreases with 
nanoparticle size (dashed lines). In the 
motional averaging regime,  R  2  is equal to   R2

*, 
whereas in the visit - limited regime (also 
termed the static dephasing regime)  R  2  no 
longer equals   R2*  (gray solid line). The static 
dephasing regime does not apply to most 
permanent magnet systems because   R2* is 
dominated by their magnetic fi eld 
nonuniformity; therefore, for portable systems 

  R2*  is always much larger than  R  2 . A unique 
property of the visit - limited regime is that  R  2  
exhibits a dependence on the inter - echo delay. 
The appropriate regime for a given SPIO 
system can be determined experimentally by 
measuring the  R  2  and   R2*, if using a high - fi eld 
homogeneous magnet, or by measuring  R  2  as 
a function of different inter - echo delays. These 
curves are a representative sketch of curves 
shown in Refs.  [53]  and  [56] , respectively. The 
exact position and curvature of the plots 
depends on the conditions used to generate 
the original curves.  



 16  1 Nanomaterials-Based Magnetic Relaxation Switch Biosensors

magnetic fi eld generated by a superparamagnetic particle on the resonant fre-
quency of hydrogen nuclei in adjacent water molecules. When  Δ  ω  τ  CP     >    1, then the 
particles are termed  “ strongly ”  magnetized, but when  Δ  ω  τ  CP     <    1 the particles are 
termed  “ weakly ”  magnetized. Since, for a typical relaxometer,  τ  CP  is no shorter 
than tens of microseconds,  Δ  ω  must be less than 10 5  for the particles to be within 
the weakly magnetized regime. Therefore, most superparamagnetic nanoparticles 
used for magnetic relaxation assays are in the strongly magnetized theoretical 
region because  Δ  ω  ( ∼ 1    ×    10 7 ) is large compared to the inverse of achievable echo 
times (1/ τ  CP    =   10 3 ). This means that the inter - echo delay is always longer than the 
amount of dephasing that occurs at the surface of a particle. Particles with weaker 
magnetizations ( Δ  ω   ∼  10 3 ) induce less dephasing and are, within the theoretical 
regime, referred to as  “ weakly ”  magnetized. 

 Another characteristic of superparamagnetic nanoparticle solutions that is used 
to differentiate physical behavior is the diffusion time, or travel time, of water ( τ   D  ) 
relative to the inter - echo time of the pulse sequence,  τ  CP . Nanoparticle solutions 
are in the long echo limit when the  τ   D   is signifi cantly less than  τ  CP .  τ   D   can be 
determined by the relationship:

   τD
R

D
=

2

    (1.3)  

where  τ   D   is the time taken for a water molecule to diffuse the distance of a nanopar-
ticle radius,  R , and  D  is the diffusion constant of water (10  − 9    m 2    s  – 1 ). Here,  τ   D   can 
be thought of as the time taken for a water molecule to pass a hemisphere of a 
nanoparticle, or a  “ fl yby ”  time. When  τ   D   is much larger than  τ  CP , then the nanopar-
ticle system is within the short echo limit. Typical CPMG sequences have echo 
times on the order of hundreds of microseconds to several milliseconds, and 
therefore the short echo limit cannot be approached unless the nanoparticle diam-
eter approaches 1000   nm. The most common MRSw biosensors are within the 
 “ long echo limit ”  because the length of the inter - echo delays ( τ  CP   >  0.25   ms) is 
longer than the time taken for a water molecule to diffuse pass the hemisphere 
of a nanoparticle (0.2 – 100    μ s). 

 As the particle size of a solution of superparamagnetic particles at fi xed iron 
concentration is increased, there is an initial increase in  R  2 , followed by a plateau 
and a later decrease (Figure  1.7 ). The regime on the left - hand side of the curve 
has been termed the  motional averaging regime , the regime in the middle the 
 static dephasing regime , and the regime on the right the  visit - limited , or  slow -
 motion regime   [57] . The boundaries between the motional averaging and visit -
 limited regimes can be determined by generating plots such as that shown in 
Figure  1.7 , or they can be determined by the relationship between  Δ  ω  and  τ   D  . If 
 Δ  ω  τ   D      <    1, then the system is in the motional averaging regime, but if  Δ  ω  τ   D      >    1 
then the system is in the visit - limited regime. As the diameter of the particles 
increase in the motional averaging regime, the refocusing echos in the CPMG 
pulse sequence (used to measure T 2 ) cannot effi ciently refocus the magnetization 
that has been dephased by the nanoparticles    –    hence the increase in  R  2  (or decrease 
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in T 2 ). In other words, the refocusing pulses cannot compensate for increased 
dephasing by larger nanoparticles. The fl at region of the static dephasing regime 
is due to  R  2  being limited by   R2* . The decreasing  R  2  with increasing diameter in 
the visit - limited regime results in the refocusing pulses being able to refocus the 
dephasing caused by the nanoparticles. Also apparent in Figure  1.7  is that  R  2  in 
the slow - motion regime exhibits a dependence on the inter - echo delay of the spin 
echo sequence  [53] . 

 In a homogeneous magnetic fi eld, it is possible to determine which regime 
applies to a sample by comparing  R  2  to   R2* . If these values are identical, then one 
is in the motional averaging or static dephasing regime, but if they are different 
then one is in the visit - limited regime  [53, 54] . This approach has been employed 
for determining the physical characteristics of MRSw biosensor systems  [59 – 61] . 
However, as discussed above, the   T2*  of bench - top relaxometers is rarely larger 
than 5   ms, resulting in a lower limit for   R2*  of 200   s  − 1 . This means that, on bench -
 top relaxometers,  R  2  will never be equivalent to   R2*  except at extremely high iron 
concentrations. For example, a typical solution of nanoparticles such as CLIO - 47 
has an  R  2  of 40   m M   − 1    s  − 1 , so for   R2*  to equal  R  2  the concentration of iron would 
need to exceed 5   m M , which is 50 - fold higher than typical iron conditions. The 
relationship between   R2*  and fi eld homogeneity is important to bear in mind 
when selecting instruments for characterizing MRSws. Fortunately, the echo time 
dependence of  R  2  allows an easy method for determining whether one is in the 
motional averaging or visit - limited regime. 

 The conditions used to generate the analytical models that explain the 
dependence of  R  2  on particle size were similar to the conditions used for 
MRSw assays. That is, the concentration of iron was held constant while  R  2  
was monitored as a function of nanoparticle diameter. The analytical models 
have been shown to accurately predict the dependence of  R  2  on parameters that 
a biosensor designer can control, such as iron concentration, temperature, 
magnetic susceptibility, particle size, and particle size  [54] . Interestingly, all 
of these parameters remain relatively constant for a given MRSw in comparison 
to particle size, which dominates the change in  R  2 . The same group which 
developed the analytical models was the fi rst to demonstrate that these models 
could be used to explain the behavior of a system of clustering superparamagnetic 
particles  [62] . Their experimental system consisted of superparamagnetic nanopar-
ticles that clustered due to a change in the pH of the solution. After an initial 
phase that was attributed to a stabilization of the dispersed particles,  R  2  was seen 
to increase with agglomeration until a plateau was reached prior to a decrease in 
 R  2  with agglomeration. The shape of the  R  2  response as the particles agglomerated 
generally matched the expected trend for the increase in average nanoparticle size, 
which was similar to the shape of both dashed lines in Figure  1.7 . Additionally, 
Roch  et al.  demonstrated a general quantitative agreement between the measured 
and expected  R  2  values. Similar exercises have since been carried out by subse-
quent authors to validate the qualitative nature of the T 2  response they were 
observing, and to determine which regime their nanoparticle assays fell within 
 [20, 59, 61] . 
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 The similarity between the  R  2  of particle agglomerates and that of spherical 
nanoparticles suggests that one can equate nanoparticle aggregates and spherical 
shapes. Even though this assumption may seem to be in contradiction with the 
fractal nature of nanoparticle agglomerates, the shape of the nanoparticle 
aggregates observed by with magnetic resonance measurements is determined 
by the ensemble of diffusing water molecules in solution, which can be approxi-
mated by the radius of hydration measured by light scattering. Recent studies by 
the group of A. Jasanoff at the Massachusetts Institute of Technology demon-
strated an extension of the original outer sphere theory to nanoparticle aggregates 
by outlining the relationship between the parameters of the outer sphere theory 
and the fractal nature of nanoparticle aggregates  [59] . These studies were subse-
quently extended by the research group at MGH, who showed that nanoparticle 
cluster size was inversely related to the T 2  of clusters in the motional averaging 
regime  [61] , and linearly related to the T 2  of clusters in the visit - limited regime 
 [20] , thus validating application of the outer - sphere theory to MRSws. Additionally, 
because the fractal dimension of nanoparticle clusters is approximately 2, the 
number of nanoparticles in an aggregate has been shown to be linearly related to 
the measured T 2  value for particles and clusters in the visit - limited regime. These 
observations indicate that application of the outer - sphere theory can provide useful 
insight on at least a semi - quantitative level into understanding and designing 
MRSw biosensors.   

  1.5 
 Kinetics of Magnetic Relaxation Switch Biosensors 

 Rapid measurements are often critical for biosensor performance and application. 
For MRSws, the rate of the transition between dispersed and clustered nanopar-
ticles depends on various parameters that can be controlled for a specifi c set 
of biosensor conditions. T 2  measurements can be measured in real - time during 
the analyte - induced response, or at the end point of the clustering reaction. 
For the former case, T 2  changes as a function of measurement time and the 
rate of T 2  change can be correlated to a quantitative amount of analyte; for 
the latter case, after an incubation time T 2  remains constant as a function of 
measurement time, and the magnitude of T 2  can be correlated to a quantitative 
amount of analyte. Both measurement approaches have been used for MRSw 
biosensors to date. 

 Sample mixing and loading, as well as T 2  measurements, can be completed in 
tens of seconds, making sample incubation the rate - limiting step for MRSw mea-
surements. To date, incubation times have ranged between 0 and 120 min. 
Although several studies have demonstrated real - time T 2  measurements immedi-
ately after sample mixing  [1, 45, 63, 64] , most quantitative data acquired to date 
has used end - point readings. In some cases, faster kinetics can be achieved by 
using systems that transition from clustered nanoparticles to dispersed nanopar-
ticles  [63 – 65] . However, for both types of assay design a signifi cant variation in 
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reaction rates has been observed. A recent theoretical study conducted in the labo-
ratory of A. Jasanoff suggested how several parameters, including particle concen-
tration, functional group density, and ratio of particle types, can be optimized to 
achieve reaction rates on the order of seconds  [59] . The group ’ s simulations pre-
dicted that reaction rates could vary over three orders of magnitude within reason-
able activation kinetics, biomolecular on and off rates, particle concentrations, and 
functionalization levels. 

 Shapiro  et al.  have proposed a two - step model for MRSw agglomeration, with 
the fi rst step consisting of an activation of both species of nanoparticles due to the 
presence of an analyte  [59] . Such activation results from the analyte binding to or 
analyte - induced modifi cation of the particle surface. The second step consisted of 
agglomeration of the activated nanoparticles. These two steps are shown in Equa-
tion  1.4   :

   A B A B A B+ → + → ∑* * * *j j     (1.4)  

where A and B denote nanoparticles of two different functionalities, A *  and B *  
represent activated A and B particles, respectively, and   A Bi j* *  represent an aggre-
gate composed of  i  A particles and  j  B particles  [59] . These authors assumed that 
the rate of the fi rst step was much faster than that of the second step, thus causing 
agglomeration to be the rate - limiting step. Interestingly, for sensors that are based 
on nanoparticle dispersion, deactivation and dispersion are likely both to be fast 
steps, which explains why for some sensors much faster rates are observed for 
nanoparticle dispersion. Because T 2  measurements made by CPMG echos can be 
less than seconds, the signal acquisition is rapid compared to the fi rst two steps, 
and will not signifi cantly infl uence most observed reaction rates. 

 This two - step model was used to predict how changes in particle concentration, 
the number of functional groups per particle, and also the ratio between particle 
types, could infl uence the observed binding kinetics and particle size. Reaction 
rates for different conditions were compared in terms of an observed time constant 
(T obs ). T obs  is the time required for the reaction to reach 63% completion (one expo-
nential unit). A reaction following fi rst - order kinetics is 95% complete after 3    ×    T obs , 
and 99% complete after 5    ×    T obs . Particle concentrations of 23   n M  (iron content 
10    μ g   ml  – 1 ), which are similar to those used for most MRSw studies, have a pre-
dicted T obs  value of  < 100 s. This suggests that these reactions should be complete 
in less than 10   min, which is faster than many observed reaction times. This dis-
crepancy may arise from the number of functional groups for the experimental 
results being much lower than those used for the simulations. Particle concentra-
tions as low as  ∼ 10   p M  have predicted T obs  values longer than 1000   s, while concen-
trations as high as 0.1    μ  M  and 60 functional groups per particle have predicted T obs  
values of 2   s. Under all reaction conditions, the optimal ratio of particle types A and 
B was predicted to be 1   :   1. According to these theoretical results, relatively fast reac-
tion times should be observed for particles at concentrations  > 50   n M  that have been 
decorated with a high number of functional groups ( > 50). Many MRSw nanopar-
ticles have had much fewer functional groups on their surface, corresponding with 
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reaction rates on the order of several minutes. These simulations can serve as 
general guidelines for navigating the parameter space of MRSw biosensor design. 
The results of studies conducted by Shapiro  et al.  have indicated that a measure-
ment time of less than 10   min can be achieved for most nanoparticle preparations, 
and that that optimized sensors may allow for single - second measurement times.  

  1.6 
 Demonstrations of Magnetic Relaxation Switch Biosensors 

 The two most distinguishing properties of MRSws is their breadth of application 
and capability to detect target analytes in opaque samples. To date, MRSws have 
been used to detect DNA, RNA, proteins, enzymes, small molecules, hormones, 
bacterial cells, ions, eukaryotic cells, viruses, and antibodies (Table  1.1 ). Demon-
strated sample matrices include whole - cell lysates, whole blood, serum, plasma, 
and urine (Table  1.2 ). The high tolerance for opaque samples and large amounts 
of background substances stems from the nonoptical nature of the magnetic reso-
nance measurement and the properties of the superparamagnetic nanoparticles. 
For most other biosensor methods, nonspecifi c binding and other surface - 
mediated effects lead to background interference and necessitate a washing step. 
The breadth of application and high background tolerance of MRSws is unprec-
edented among biosensor technologies.   

 The following sections describe the variety of examples of magnetic relaxation 
switch biosensor technology. The examples have been roughly grouped by analyte 
type, with each being described in terms of the biosensor design, reported observa-

 Table 1.1     Classes of analyte detected with  MRS w assay 
technology. 

   Analyte     Reference(s)  

  Virus     [46]   
  Small molecules, peptides     [23, 63, 65]   
  DNA, mRNA     [1, 45, 46, 66, 67]   
  Peroxidases     [48]   
  Proteases     [45, 47, 68]   
  Telomerase     [66]   
  Methylase     [46]   
  Hormone     [69, 70]   
  Ions     [60, 71, 72]   
  Bacterial cells     [23, 48]   
  Proteins     [23, 45, 49, 61, 69]   
  Immunoglobulins     [19]   
   Eukaryotic cells      [23]   
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tions and conclusions, and likely future directions. In all cases, the reader is 
encouraged to investigate the primary literature for more detail. 

  1.6.1 
 Detecting Nucleic Acids 

 Magnetic relaxation switch biosensor technology was invented by a team led by 
Lee Josephson and Ralph Weissleder at the Center for Molecular Imaging Research 
at MGH. In a fi rst report, the group presented details of a biosensor that was sensi-
tive to the presence of a 24 -  base pair  ( bp ) synthetic oligonucleotide sequence  [1] . 
The biosensor design consisted of a solution composed of a 1   :   1 mixture of two 
types of CLIO that differed only by the sequence of the 36 - bp oligonucleotides 
attached to the particle surface. An average of three synthetic oligonucleotides was 
attached to the nanoparticles by a standard heterobifunctional crosslinker reactive 
with the thiol - functionalized oligonucleotide and the amino - CLIO. When the 
target sequence was added to this solution, a change in turbidity was observed 
after 3   h, and a visible brown precipitate after 16   h. The T 2  relaxation rate, measured 
as a function of time, was shown to have decreased from 63   ms to 45   ms within 
20   min of adding the target sequence (Figure  1.8 ). This change in T 2  was accom-
panied by a change in the size of suspended particles, from 53    ±    11   nm to 
215    ±    19   nm, as measured by light scattering. As with most sizing data reported 
for MRSws, these data were measured using photon correlation light scattering. 
The change in particle size and T 2  was confi rmed to be a result of the specifi c 
interaction between the target DNA sequence and the nanoparticle - bound oligo-
nucleotides by adding non - complementary oligonucleotides, which resulted in no 
nanoparticle clustering nor any change in T 2 ; by gel electrophoresis, which showed 
no free DNA under nondenaturing conditions; and by temperature cycling, which 
showed that the nanoparticle clustering was reversible upon DNA melting and 
annealing  [1] .   

 Table 1.2     Conduction of  MRS w assays in various media to 
validate potential for minimal sample processing and 
measurement in dirty samples. 

   Specimen     Analyte     Reference  

  Whole - cell lysates    Nucleic acids     [45]   
  Cell culture media    Enzyme     [47]   
  10% blood    Bacterial cells     [48]   
  2% whole blood    Enzyme     [47]   
  Serum    Virus     [46]   
  50% whole blood    Protein     [73]   
  50% serum    Protein     [73]   
  50% plasma    Protein     [73]   
   50% urine     Protein      [73]   
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 One common means of characterizing the transverse relaxivity of SPIO is to 
report  R  1  and  R  2 . For these particles, the addition of a complementary target DNA 
sequence led to a change in  R  2 , from 75   s  − 1    m M   − 1  to 128   s  − 1    m M   − 1 , but no change 
in the  R  1  of 27   s  − 1    mM  − 1 . A linear dependence of measured T 2  values on the amount 
of nucleic acid analyte was reported (Figure  1.8 ), which was consistent with the 
above - discussed observations of particle size and relaxivity  [20, 61] . Josephson 
 et al.  were able to detect tens of femtomoles of DNA in 1   ml, and suggested that 
amounts as low even as attomoles might be detected. This sensitivity was realized 
three years later when by tens of attomoles of DNA oligonucleotides were detected 
in a volume of 50    μ l (0.2   p M  concentration) after a incubation time of 40 – 60   min 
and a change in T 2  of 30   ms  [66] . Grimm  et al.  compared the sensitivity and dose 
response of their MRSws to a standard telomeric repeat hybridization assay, which 
was a PCR - dependent, ELISA - based photometric assay. For their 54 - mer telomeric 
repeat test sequence, these authors showed a very tight correlation ( r  2    =   0.99) and 
equivalent sensitivity between the two methods. Grimm  et al.  concluded that the 
performance of MRSws matched that of PCR - independent assays, and was within 
the upper range of PCR - based assays. Additionally, MRSws have advantages over 
other DNA assays in that they are inherently quantitative, quick and simple to run, 
have no requirement for a solid phase, and inherently lack the PCR - related arti-
facts  [66] . 

     Figure 1.8     First demonstration of a magnetic 
relaxation switch biosensor. On the addition 
of femtomoles of single - stranded 
oligonucleotide the T 2  value was decreased by 
20   ms due to nanoparticle clustering ( � ). No 
change in T2 was observed in the absence of 
complementary oligonucleotide ( � ). T 2  values 

responded linearly with increasing amounts of 
analyte (inset). Original fi gure provided by Dr 
Lee Josephson, Center for Molecule Imaging 
Research, Massachusetts General Hospital, 
Boston, MA.  Reproduced with permission 
from Ref.  [1] ;  ©  2001, Wiley-VCH Verlag 
GmbH & Co. KGaA.   
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 Much of the early development of MRSw biosensors was pioneered by J. Manual 
Perez, while working in the groups of Lee Josephson and Ralph Weissleder. A 
follow - up study of the fi rst report introducing the DNA MRSw sensor further 
demonstrated the potential for nucleic acid sensing, and also introduced the capa-
bility to detect single - base pair mismatches  [45] . The DNA - functionalized nanopar-
ticle sensors in this study transitioned from 45   nm diameter particles to 140   nm 
diameter clusters upon addition of complementary mRNA, with an accompanying 
change in T 2  of 20   ms. The change in T 2  was shown to be sensitive to single base 
insertions and mismatches, and to be completely eliminated for double base inser-
tions or mismatches  [45] . 

 Perez  et al.  also demonstrated the detection of a target mRNA from a transfected 
 green fl uorescent protein  ( GFP ) gene in various eukaryotic cell lines  [45] . T 2  - based 
measurements were shown to correlate with GFP activity for both extracted 
GFP mRNA and GFP mRNA directly in cell lysate after overnight incubation 
with the MRSw nanoparticles. The mRNA sensors were confi gured similarly 
to those previously used for DNA sensing. Two different 12 bp, thiolated oligo-
nucleotides were attached to two different batches of nanoparticles. The target 
mRNA bridged the multivalent nanoparticles to induce nanoparticle assembly 
into clusters  [45] . 

 These initial reports on DNA - based sensing demonstrated that the addition of 
a bivalent biomolecular target to trivalent DNA – nanoparticle conjugates could 
induce nanoparticle clustering such that a change in T 2  corresponded linearly to 
the amount of added analyte. These initial studies also demonstrated that light -
 impermeable samples could be measured, and that the assay was homogeneous 
because it did not require a washing step. 

 A recent study conducted by the group of S. Pun at the University of Washington 
demonstrated the use of USSPIO for gene delivery  [67] . These authors functional-
ized 10   nm USSPIO with polyethylenimine to form positively charged USSPIO 
that were  ∼ 24   nm in diameter. The addition of plasmid DNA led to the formation 
of 100   nm complexes and an increase in the T 2  relaxation time, from 600   ms to 
1400   ms. The USSPIO complexation by plasmid DNA was shown to be inhibited 
by the addition of high salt concentrations, which disrupted the electrostatic inter-
actions between the negatively charged DNA and positively charged nanoparticles. 
In this study, all measurements were obtained on a 3   T MRI scanner with a multi -
 spin echo pulse sequence  [67] . Based on the outer sphere theory and the particle 
sizes, it would be expected that these particles would undergo a decrease in T 2  
upon plasmid DNA complex formation; however, the nanoparticle concentration, 
magnetization, solution viscosity, and external magnetic fi eld must have been such 
that the nanoparticles were in the visit - limited regime (Figure  1.7 ). The authors 
could have determined the cause of their increase in T 2  by obtaining   T2*  measure-
ments of their nanoparticle solutions or T 2  measurements using different inter -
 echo delays. If   T2*  had been different than T 2 , or if T 2  would have changed with 
inter - echo delay, then the visit - limited regime would have been confi rmed. The 
USSPIO nanoparticles used by Park  et al.  were synthesized by a new formulation 
 [36] , which might also explain their unique behavior. The further characterization 
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of these nanoparticles, in terms of magnetic relaxation biosensing, will clarify the 
apparent discrepancy in the observed change in T 2 .  

  1.6.2 
 Detecting Proteins 

 The general applicability of MRSw design introduced with DNA detection was 
quickly demonstrated for other types of analyte. A team led by J. M. Perez, whilst 
at MGH, demonstrated the capability of MRSws for measuring proteins by attach-
ing biotinylated anti - GFP polyclonal antibodies to the surface of avidin - function-
alized, dextran - coated SPIO nanoparticles. When GFP was introduced to a solution 
of anti - GFP decorated nanoparticles (45   nm diameter), there was a time -  and dose -
 dependent response in the measured T 2  values. After about 30   min, however, the 
T 2  signal stabilized, indicating that the clustering reaction had reached completion. 
Concentrations of GFP as low as single nanomolar were detected with T 2  changes 
on the order of 10 – 20   ms  [45] . 

 Subsequent studies led by S. Taktak at MGH demonstrated that proteins could 
be detected by decorating the nanoparticles with a ligand for which a multivalent 
protein target had a selective binding affi nity. This biosensor was created by func-
tionalizing superparamagnetic nanoparticles with the ligand biotin, such that 
there were  ∼ 70 biotins per nanoparticle  [61] . Addition of the tetravalent protein 
avidin led to nanoparticle clustering and a change in average particle size, from 
30   nm to 150   nm. There was a concomitant increase in  R  2 , from 37   m M   − 1    s  − 1  to 
132   m M   − 1    s  − 1 , which corresponded to a decrease in T 2  of 135   ms to 38   ms at an iron 
concentration of 0.2   m M . Taktak  et al.  extensively characterized the biophysical 
characteristics of their avidin MRSw system by introducing the concept of report-
ing analyte titrations in terms of the ratio of moles of analyte to moles of nanopar-
ticles. According to their observations, the linear T 2  response for avidin spanned 
0.4 and 1.2 avidin per nanoparticle equivalent. This approach, which relies on 
knowing the moles of iron atoms per nanoparticle, has been shown to be particu-
larly useful for determining the point at which cluster formation leads to unstable 
aggregates  [61, 69] . 

 Taktak  et al.  reported T 2  and   T2*  measurements at 1.5   T, 4.7   T, and 9.4   T to 
confi rm that their system was in the motional averaging regime, which was con-
sistent with the linear dependence of  R  2  on average particle size (Figure  1.7 ). From 
these data and the available theory, the group predicted that there was a decrease 
in cluster magnetization as the cluster size increased, and an accompanying 
increase in volume fraction of the clusters during agglomeration. These results 
were consistent with the clusters being porous fractal aggregates, as determined 
by other theoretical and experimental observations  [59, 61] . The use of this avidin 
MRSw sensor for the development of new sensitivity enhancement methods is 
discussed in greater detail below. 

 The protein hormone  human chorionic gonadotropin  ( hCG ) was detected by 
antibody - decorated nanoparticles by a team in Michael Cima ’ s laboratory at the 
MIT  [69] . hCG functions as a clinical pregnancy marker, and is also overexpressed 
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by certain types of malignant cancers. G. Kim and coworkers used two monoclonal 
antibodies to generate a sandwich assay MRSw which consisted of two types of 
nanoparticle, each decorated with a different monoclonal antibody, mixed in a 1   :   1 
ratio. The two monovalent antibodies bound to nonoverlapping epitopes on the 
hCG protein. Antibody – nanoparticle coupling was then conducted such that, on 
average, there were between 2 and 4.5 antibodies per nanoparticle. The addition of 
hCG to a 1   :   1 mixture of nanoparticles led to an increase in particle size as well as 
to a decrease in T 2 . The limit of detection for this biosensor was 3.6   n M  hCG, or 0.1 
molecules of analyte per nanoparticle, after a 1   h incubation at 40    ° C. As predicted 
by theoretical modeling  [59] , the nanoparticles with higher a antibody valency dem-
onstrated greater sensitivity. These nanoparticle reagents also exhibited a time -
 dependent instability manifest by micron - sized cluster formation and precipitation. 
Interestingly, this instability was also greater at a higher antibody functionality. 
This same MRSw system was used to demonstrate detection of the multivalent 
protein A, for which there was a limit of detection of 1    μ g   ml  – 1  protein A, with an 
incubation time of 1   h at 40    ° C. The limit of detection in terms of target molecules 
per nanoparticle was on the order of 0.1 to 1 for both hCG and protein A  [69] . 

 T2 Biosystems has demonstrated the potential for enhancing the sensitivity of 
a protein assay by using the hCG assay introduced by Kim  et al.  and improving 
its limit of detection to beyond that offered by commercial hCG diagnostic assays. 
Efforts aided by a fundamental theoretical understanding of agglomerative - based 
assays and novel signal enhancement methods provided a 3000 - fold improvement 
in sensitivity over that reported by Kim  et al.   [74] . 

 The demonstrations of protein detection with MRSws extended their range of 
application to include any biomolecular target for which an antibody is available. 
Because of the long history of commercial immunoassays, antibodies are available 
for thousands of medically relevant targets. The adaptability of MRSws to the 
immunoassay format will most likely enable new applications that rely on speed 
to obtain results, on simple sample processing, and also portability to the fi eld of 
 in vitro  medical diagnostics.  

  1.6.3 
 Detecting Enzymes 

 Both, nucleic acid and protein sensing require a molecular binding step between 
the nanoparticle reagent and analyte. At an early stage of MRSw research, the 
range of application was extended to detect enzymatic targets, which cannot be 
sensed via molecular binding interactions. 

 The fi rst demonstration of enzyme sensing with MRSw biosensors was made 
shortly after their fi rst being reported. These studies, led by J. M. Perez, utilized 
two different nanoparticle – oligonucleotide conjugates which were created by func-
tionalizing a monodisperse solution of nanoparticles with one of two complemen-
tary 18 bp strands of DNA  [64] . When these two types of nanoparticle were mixed 
in an equimolar ratio, their oligonucleotides hybridized to create nanoparticle 
agglomerates that were crosslinked via  double - stranded DNA  ( dsDNA ). By design, 
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the crosslinking dsDNA contained a GATC sequence that could be selectively 
cleaved by  Bam H1 endonuclease; indeed, the addition of  Bam H1 to these nanopar-
ticle clusters led to a change in T 2  from 32.3    ±    0.6   ms to 59.4    ±    0.4   ms as the 
nanoparticles transitioned from a clustered to a dispersed state. The increase in 
T 2  arose from the nanoparticles transitioning from  ∼ 350   nm clusters to  ∼ 55   nm 
dispersed particles  [64] . This diameter - dependent T 2  response corresponded to the 
motional averaging regime (Figure  1.7 ), and has been termed a  dispersive assay  
because analyte addition leads to agglomerate dispersion. This restriction endo-
nuclease sensor introduced by Perez  et al.  represents the fi rst reported dispersive 
MRSw assay.  Bam H1 activity was confi rmed as the source of this change in T 2  by 
means of gel electrophoresis on the nanoparticle reagents, and also by observing 
no change in T 2  when endonucleases with different selectivities were added. These 
results showed that, in cases where a chemical moiety exists that can be cleaved 
by an enzyme, that enzyme could be sensed by appropriately crosslinking nanopar-
ticle clusters  [64] . 

 Perez  et al.  subsequently demonstrated how a simple enzyme sensor could be 
confi gured to detect other enzymatic targets, given the correct biochemical rela-
tionship. In these studies, the DNA involved in crosslinking the nanoparticles was 
methylated by the addition of dam methylase. The addition of a methylated - DNA -
 selective GATC endonuclease,  Dpn 1, then resulted in a T 2  change only when the 
sensor had been exposed to active dam methylase. Figure  1.9  shows that there was 

     Figure 1.9     Demonstration of MRSw enzyme 
detection. SPIO nanoparticles were 
crosslinked via DNA hybridization to form 
nanoparticle aggregates. Aggregates that had 
been pretreated with methylase ( � ) exhibited 
an increase in T 2  over time after exposure to 
the endonuclease  Dpn I, which selectively 
cleaves methylated double - stranded DNA. The 
increase in T 2  arose from nanoparticle 

dispersion. Untreated nanoparticle clusters 
( � ) were not affected by the presence of 
 Dpn I, and no change in T 2  was observed  [64] . 
Original fi gure provided by Dr Lee Josephson, 
Center for Molecule Imaging Research, 
Massachusetts General Hospital, Boston, MA.  
Reproduced with permission from Ref.  [64] ; 
 ©  2002, American Chemical Society.   
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a change in T 2  from  ∼ 40   ms to  ∼ 120   ms over 1   h only for those nanoassemblies 
that had been methylated, thus demonstrating that dam methylase activity could 
be monitored via these nanoassemblies and  Dpn 1  [64] . Although no dose – response 
curve was reported for dam methylase activity, these results showed that MRSws 
could be confi gured to monitor enzymatic activity in both a direct and an indirect 
manner. This approach expands the types of target enzyme beyond those that can 
cut or cleave a crosslinking moiety. It also indicates that MRSws can be confi gured 
with coupled enzyme assays to further expand the types of enzyme and analyte 
that can be detected. These results also demonstrated that the internal architecture 
of nanoparticle clusters could be accessed by enzymes.   

 Shortly after the sensitivity of MRSw biosensors to endonuclease and methylase 
activities were reported, an analogous architecture was used to demonstrate pro-
tease detection. The same nanoparticle scaffold was decorated with either a bioti-
nylated peptide containing the DEVD amino acid sequence, or with the protein 
avidin. A combination of these two types of particle led to cluster formation. Addi-
tion of the protease Caspase 3 to these clustered nanoparticles led to an increase 
in T 2 , from 27   ms to 80   ms within 15   min  [45] . In the presence of a Caspase 3 
inhibitor, however, no change in T 2  was observed, thus validating the Caspase -
 specifi c T 2  response. These data further demonstrated that an enzyme activity -
 dependent T 2  signal could be generated by appropriately designed nanoparticle 
reagents  [45] . 

 Achieving true enzyme activity measurements requires a calibration curve to 
be obtained for a fi xed reaction conditions and increasing amounts of protease. 
Another team at MGH, led by M. Zhao, achieved this goal and benchmarked 
their protease biosensor against  fl uorescence resonance energy transfer  ( FRET ). 
Unlike the previous single - step methods, Zhao  et al.  used a two - step method 
for measuring protease activity  [47] . The fi rst step consisted of adding the 
protease of interest to a bi - biotinylated peptide that contained a cleavable 
amino acid sequence. After incubation at room temperature for 1   h, the second 
step was completed by adding the incubated sample to a solution of monodisperse 
avidin - coated nanoparticles. As the amount of intact bi - biotinylated peptide 
was inversely proportional to the protease activity, the extent of agglomeration 
and concomitant decrease in T 2  was, therefore, proportional to the protease 
activity. For the clinically relevant renin protease this assay had a similar limit 
of detection (69   ng   ml  − 1    h  − 1  or 31   n M    h  − 1  substrate hydrolyzed) to FRET, and had 
an approximately linear correlation plot with FRET over the 170   ms sampled 
by the T 2  measurement. If mouse whole blood was added to a volume fraction 
of 2% prior to signal readout, the FRET signal was completely lost, but the T 2  
signal was unaffected. This demonstrated the capability for such measurements 
to be conducted in complex, opaque samples, and was the fi rst reported example 
of a MRSw biosensor being used in diluted whole blood  [47] . The fact that this 
two - step format did not require the direct conjugation of the peptide to the 
nanoparticles allowed much simplifi cation of the reagent preparation, which in 
turn allowed the application of a single set of nanoparticle reagents to a broader 
range of protease targets. 
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 The same two - step format was used to measure the trypsin and  matrix 
metalloproteinase 2  ( MMP - 2 ) proteases, with limits of detection as low as 
0.05    μ g   ml  – 1  being demonstrated for trypsin. MMP - 2 protease activity, which has 
been linked to metastasis and tumor angiogenesis, was successfully measured, 
using MRSws, in unpurifi ed fi brosarcoma cell growth supernatant    –    conditions 
under which the standard MMP - 2 fl uorescence assay could not function  [47] . This 
is a further example of the ability of MRSws to sample complex, turbid sample 
environments. 

 Another enzyme disease biomarker targeted by MRSw was  telomerase , the 
activity of which may be elevated in tumor malignancies  [66] . Magnetic relaxation 
switches were confi gured to monitor telomerase activity by decorating the nanopar-
ticles with oligonucleotides that hybridized to the TTAGGG repeats synthesized 
by telomerase. After coupling four oligonucleotides per nanoparticle, the average 
nanoparticle diameter was 45    ±    4   nm. Addition of these nanoparticles to solutions 
containing telomeric repeats resulted in a biphasic change in T 2 , with the 
rapid phase complete within 30   s, and the slow phase within 40 – 60   min. Although 
the exact mechanism that caused the biphasic change in T 2  was not fully character-
ized, the authors suggested that the nanoparticles might form pseudo - linear 
agglomerates along the telomeric repeats. Grimm  et al.  characterized this sensor 
in terms of a nucleic acid sensor that could also monitor telomerase activity  [66]  
and, accordingly, the design provided an indirect means of measuring enzyme 
activity. 

 On realizing that enzyme activity could also be sensed by means of activating 
surface groups on nanoparticles to facilitate particle agglomeration, two different 
groups took this approach for measuring enzymes. In the fi rst report, made by J. 
M. Perez at MGH, the activities of two different peroxidases    –     horseradish peroxi-
dase  ( HRP ) and  myeloperoxidase  ( MPO )    –    were measured. The latter of these 
peroxidases has been shown to play a role in atherosclerosis and infl ammation 
 [75] . In order to detect these enzymes, either dopamine (for HRP) or serotonin 
(for MPO) was attached to create SPIO nanoparticles that could act as electron 
donors to the enzyme - catalyzed reduction of H 2 O 2 . After functionalizing the SPIO, 
each solution of nanoparticle reagent was monodisperse with a diameter of 50   nm 
and a ratio of  ∼ 40 reactive groups per particle. The reported  R  1  was 25.8   m M   − 1    s  − 1 , 
and  R  2  67   m M   − 1    s  − 1 . In both cases, the peroxidase - catalyzed reduction of H 2 O 2  
converted the phenol group on dopamine or serotonin to a radical, which led to a 
radical - based crosslinking of the nanoparticles and the formation of nanoassem-
blies. Incubation with 0.9   units    μ l  – 1  HRP for 2   h resulted in an increase in the 
diameter of dopamine - coated nanoparticles, from 50   nm to 440   nm, and a con-
comitant change in T 2  by 30   ms in a dose - dependent manner at 1.5   T. The MPO 
concentrations, which were as low as 0.003   U    μ l  – 1 , were measured in a MPO titra-
tion over one order of magnitude enzyme concentration and a range of change in 
T 2  between 20   ms to 300   ms at 1.5   T. At 0.5   T, the HRP sensor had a limit of detec-
tion of 0.1   U   ml  – 1 , and a change in T 2  of 32   ms after a 2   h incubation at 4    ° C. When 
H 2 O 2  was not present, or a peroxidase inhibitor was added, there was no change 
in T 2  or nanoparticle cluster size, which indicated that the aggregate formation 
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was indeed due to peroxidase activity  [75] . These two MRSw sensors represented 
the fi rst example of agglomerative format sensing enzyme activity, and the fi rst 
example of a covalently crosslinked nanoparticle assembly. 

 A similar approach was used by a collaborative group at MIT, the Brigham  &  
Women ’ s Hospital in Boston, the University of California at San Diego, and the 
Burnham Institute. This group, which was led by Todd Harris of the MIT, used 
an approach which differed from that of Zhao  et al.  to measure MMP - 2 activity 
 [68] . Rather than detecting MMP - 2 by monitoring its proteolysis of a divalent 
peptide that has been activated to enable nanoparticle crosslinking, Harris  et al.  
decorated two types of nanoparticle coated with biotin or avidin with a cleavable 
peptide attached to  polyethyleneglycol  ( PEG ). The bulky PEG groups inhibited 
binding between the biotin and streptavidin. The addition of MMP - 2 led to cleav-
age of the peptide linker that attached PEG to the nanoparticles, thus exposing the 
biotin and avidin coatings so that the nanoparticles could self - assemble into clus-
ters  [68] . This indirect agglomeration approach was analogous to that used for 
detecting peroxidases, namely that the nanoparticle surface groups are activated 
by the presence of a target enzyme to facilitate particle agglomeration. Harris  
et al.  reported a limit of detection of 170   ng   ml  – 1  (9.4   U   ml  – 1 ) and a T 2  change of 
150   ms at 4.7   T after a 3   h incubation. Their dispersed nanoparticles were 50   nm 
in diameter prior to coating with the PEG - peptide, and could be separated magneti-
cally, which indicated that they were indeed different in nature to those used by 
Zhao  et al.  The MMP - 2 cleavable peptide was eight residues long, and PEG chains 
of 2   kDa, 5   kDa, 10   kDa, and 20   kDa were tested. PEG sizes below 10   kDa did not 
inhibit biotin – avidin - mediated particle agglomeration in the absence of MMP - 2 
 [68] . The sensitivity of this sensor was within the concentration range of MMP - 2 
typically found in tumor cells. 

 These demonstrations of enzyme detection showed not only the feasibility of 
detecting enzyme activity in both direct and indirect ways, but also the architec-
tural fl exibility of MRSws that would in turn allow designers to tailor these 
nanoparticle assays in a specifi c manner. Although, to date such fl exibility has 
enabled the broad application of MRSws, as their development continues it is most 
likely that such fl exibility that will lead to not only a wide range of applications but 
also excellent performance and sensitivity.  

  1.6.4 
 Detecting Viruses 

 One of the most impressive applications of MRSws has been the detection of the 
herpes simplex virus (HSV - 1) and adenovirus (ADV)  [46] . Due to the multivalent 
nature of these analytes, extremely low concentrations of virus could be detected 
in serum; in fact, a limit of detection as low as fi ve viral particles in 10    μ l was 
achieved, which is subattomolar in terms of viral concentration. These viral sensors 
were constructed by decorating superparamagnetic nanoparticles with monoclonal 
antibodies by means of a protein G coupling method. The monovalent antibodies 
bound selectively to coat proteins on the surface of either HSV - 1 or ADV. The 
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addition of virus lead to a change in particle dispersity and size, from a monodis-
perse solution of nanoparticles with 46   nm diameter to a polydisperse solution 
containing both 46   nm particles and particles of up to 550   nm, as measured by 
light scattering. The aggregate size of 550   nm was consistent with a superassembly 
of nanoparticles and HSV or ADV viruses, as the ADV virus is  ∼ 80   nm in diameter 
 [76]  and the HSV - 1 virus  ∼ 125   nm in diameter  [77] ; large aggregates were observed 
using  atomic force microscopy  ( AFM )  [46] . The addition of virus to the nanopar-
ticle sensors led to a change in T 2  of up to 45   ms over the course of 100   min. For 
HSV - 1, the limit of detection was 100 viral particles per 100    μ l, and for ADV it was 
fi ve viral particles per 10    μ l. In both cases, the T 2  values were measured at 1.5   T. 
On a commercial instrument at 0.47   T, a similar dose and time - dependent response 
in T 2  was observed following the addition of viral particles  [46] . 

 In their report, Perez  et al.  noted that MRSw biosensors offered several advan-
tages over current PCR - based viral detection methods. These included speed of 
obtaining results, ease of use, no requirement for enzymatic amplifi cation, and a 
greater robustness. These attributes of MRSw biosensors distinguish them from 
many diagnostic and biosensing technologies. The most signifi cant conclusion of 
the viral - based sensors has been that an increased target valency can provide 
greater sensitivity, a hypothesis which was later expanded upon by Hong  et al.  at 
MGH to provide means of increased sensitivity  [20] .  

  1.6.5 
 Detecting Small Molecules 

 Although the multivalency of viral targets provided an extremely high sensitivity 
for target quantifi cation, small - molecule targets    –    unlike viral targets    –    are not mul-
tivalent. In fact, a major challenge exists to design molecule - affi nity agents (e.g., 
antibodies) to attach in even a bivalent fashion to many small molecules. Despite 
this limitation, agglomeration - based assays can be confi gured to detect monova-
lent analytes by means of a competitive – dispersive format. In this case, a bivalent 
or multivalent binding agent is used to cluster nanoparticles that have been deco-
rated with a derivative of the target small molecule. If the desired small molecule 
is present in the sample, it will compete with the modifi ed nanoparticles from the 
multivalent binding agent, leading to dispersion of the nanoparticles in an amount 
which is proportional to the concentration of the target. 

 The fi rst demonstration of a MRSw capable of detecting small molecules was 
made by Tsourkas  et al. , where the  D  stereoisomer of phenylalanine (D - Phe) was 
selectively detected with background   L  phenylalanine  ( L - Phe )  [63] . This report was 
also the fi rst example of a nonenzymatic dispersive MRSw biosensor assay. The 
biosensor was capable not only of detecting a small molecule but could do so in 
a stereoselective manner; that is, it could distinguish D - Phe from L - Phe. Tsourkas 
 et al.  accomplished this by decorating superparamagnetic nanoparticles with a 
derivative of D - Phe in a manner that conserved the stereochemistry of D - Phe, and 
loaded the particles with 15 D - Phe per nanoparticle  [63] . The addition of a bivalent 
antibody that binds  D  - amino acids (anti - D - AA) led to nanoparticle clustering. The 
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subsequent introduction of free D - Phe led to displacement of the antibody –
 nanoparticle complex and a dispersion of the clustered nanoparticles. For the 
conditions sampled, the T 2  changed by more than 100   ms for 500    μ  M  D - Phe and 
by about 10   ms for 5    μ  M  D - Phe. The group reported a limit of detection of 0.1    μ  M  
and a  coeffi cient of variation  ( CV ) of  < 5%  [63] . The kinetics of this sensor was rela-
tively rapid (Figure  1.10 ), which was in general agreement with kinetic theory for 
dispersive assays  [59] . Figure  1.10  also shows that almost two orders of magnitude 
in dynamic range were achieved for this MRSw. Additionally, interference studies 
showed that the cross - reactivity to L - Phe was 0.075%  [63] . As with all MRSw bion-
sensors, the selectivity of the MRSw was determined by the selectivity of the 
binding agent, which was anti - D - AA antibody in this case.   

 The competitive – dispersive format was used for three other small - molecule 
MRSws used to measure glucose, the  hemagglutinin  ( HA ) peptide, and folic acid 
 [65] . For glucose, the nanoparticles were decorated with two glucosamine hydro-
chlorides and pre - complexed with the glucose - binding protein, concanavalin A. 
The addition of glucose led to a quantitative change in T 2  of over 40   ms within 
50   min, using a kinetic reading, and a limit of detection of  < 50   mg   dl  – 1  for glucose. 
For the detection of the infl uenza HA peptide, the nanoparticles were functional-
ized with HA peptide and pre - clustered with anti - HA antibody. This sensor had a 
T 2  change of  > 150   ms over a time of 100   min, and a limit of detection of  < 50   n M  
HA. The folic acid biosensor consisted of nanoparticles decorated with folic acid, 
and an anti - folic acid antibody that pre - clustered the nanoparticles. The addition 
of folic acid led to T 2  changes over 120   ms with reaction completion times of almost 
20   min and a limit of detection of  < 3   n M   [65] . 

     Figure 1.10     A stereoselective, small - molecule, 
dispersive magnetic relaxation switch 
biosensor. The addition of D - Phe to a solution 
of D - Phe - functionalized CLIO nanoparticles 
and antibody that binds  D  amino acids 
(anti - D - AA) led to a dispersion of the 
antibody – nanoparticle complex as a function 
of time. The rate and magnitude of the 

change in T 2  increased with increasing 
amounts of D - Phe  [63] . Original fi gure 
provided by Dr Lee Josephson, Center for 
Molecule Imaging Research, Massachusetts 
General Hospital, Boston, MA.  Reproduced 
with permission from Ref.  [63] ; 2004, 
 ©  Wiley-VCH Verlag GmbH & Co. KGaA.   
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 A comparison of these three small - molecule assays demonstrates the wide range 
of assay performance that can be achieved with MRSw biosensors. The HA assay 
was 80 - fold more sensitive than the glucose assay, while the folic acid assay was 
1000 - fold more sensitive than the glucose assay  [65] . Although these authors did 
not offer any explanation for these differences in assay performance, the variation 
further confi rmed that the fl exibility in MRSw design could be used to tailor biosen-
sors for specifi c diagnostic applications. The characteristics of the folic assay were 
surprisingly similar to the commercial diagnostic assay for folic assay, thus validat-
ing the capabilities of this technology to meet commercial specifi cations  [78] . 

 The primary motivation of Sun  et al.  was to demonstrate the reversible nature 
of MRSws. This was achieved by containing the nanoparticle sensor solution 
inside semipermeable Spectra/Por tubing. Increasing and decreasing the amount 
of analyte, by altering its concentration in the surrounding solution, led to a cor-
responding change in the nanoparticle agglomeration state. Due to the membrane 
pore size, the nanoparticles could not diffuse across the membrane, whereas the 
small - molecule analytes could diffuse. In the case of the glucose sensor, the con-
centration of glucose was cycled six times, and this was refl ected in the correspond-
ing changes in T 2  values  [65] . The reversible nature of these three sensors was 
made possible by the equilibrium that can exist between the dispersed and clus-
tered nanoparticles, due to the binding characteristics of the functionalized 
nanoparticles and binding protein or antibodies. 

 These types of sensor show great promise for applications that require the con-
tinuous monitoring of target analyte levels, such as real - time environmental 
sensors or implantable sensors  [65] . The potential for reversible sensing for 
implantable MRSws was introduced by the laboratories of Michael Cima and 
Robert Langer, using the protein biosensor for hCG and a  polydimethylsiloxane  
( PDMS ) device. The PDMS unit was designed to contain the nanoparticle reagents 
between two polycarbonate membranes, each of which had 10   nm pores that 
allowed passage of the hCG target but contained the nanoparticle reagents. The 
feasibility of this device for real - time sensing was confi rmed by observing changes 
in T 2  inside the reservoirs due to changes in hCG levels in the surrounding solu-
tion, by means of MRI  [70] . Subsequent studies with this device should demon-
strate its use for detecting  in vivo  circulating biomarkers. In this respect, studies 
conducted by Daniel and coworkers have demonstrated the unique potential of 
MRSws in applications that require continuous monitoring. Given the appropriate 
instrumentation, applications can be envisioned where implanted MRSw devices 
are measured in a simple, portable format. Indeed, such instrumentation and 
applications are currently under development at T2 Biosystems and in the labora-
tories of both Michael Cima and Robert Langer.  

  1.6.6 
 Detecting Ions 

 The capability of extending the possible target analytes for MRSw biosensors to 
ions has been demonstrated by two ingenious experiments, both of which have 
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used the same general approach. This consisted of separating selective ion - binding 
moieties between separate nanoparticles, such that the presence of the target ion 
led to self - assembly of the ion - binding groups and concomitant nanoparticle 
agglomeration. 

 The fi rst demonstration of ion detection was made by a team at the MIT in Alan 
Jasanoff ’ s laboratory, led by T. Atanasijevic  [60, 71] . Atanasijevic and colleagues 
used the reversible calcium - dependent protein – peptide interaction of the calmo-
dulin protein and a calmodulin - binding peptide to endow calcium - dependent 
agglomeration upon superparamagnetic iron oxide nanoparticles. Streptavidin -
 coated nanoparticles (from Miltenyi Biotech) were decorated with either the 
calmodulin protein or with one of the two calmodulin - binding peptides, the kinase 
M13 peptide or kinase RS20 peptide. These nanoparticles were signifi cantly dif-
ferent in terms of size and relaxivity from those used by the teams at MGH, having 
an iron oxide core size of 10   nm, a Fe 2 O 3  content of 50% prior to protein conjuga-
tion, and with a distribution of average diameter of between 20   nm and 100   nm 
after conjugation to the targeting groups. In addition, because of their larger size 
and iron content, their  R  2  was much higher at 410   m M   − 1    s  − 1   [60, 71] . 

 The addition of calcium to a mixture of the calmodulin - functionalized nanopar-
ticles and kinase - peptide - functionalized nanoparticles led to an increase in the 
average nanoparticle diameter by a factor of two, and an increase in T 2  from 27   ms 
to 50   ms  [60] . The increase in T 2  upon cluster formation arose from the bulk of 
the nanoparticles being in the visit - limited regime, or the right - hand side of the 
T 2  versus diameter curve in Figure  1.7 . This was supported by the observation of 
echo - time dependence of the measured T 2  values and by the authors ’  calculations 
 [60] . 

 The addition of a calcium chelator (e.g., EDTA) reversed the biosensor reaction 
and caused the calcium - clustered nanoparticles to disperse. As expected, reaction 
rates for nanoparticle dispersion were much faster than those for nanoparticle 
agglomeration, the latter requiring an incubation time of up to 60   min  [60, 71] . 
The team led by T. Atanasijevic elegantly showed that the calcium concentration 
range over which the sensor responded could be tuned by altering the affi nity of 
the particle - attached binding groups. The mid - point of the response curve, or EC 50 , 
for wild - type calmodulin was 1.4    μ  M , while that for a variant of calmodulin was 
10    μ  M . The total response range for the former was 0.1 – 1.0    μ  M , which spans 
typical  in vivo  calcium concentrations, and that for the latter was 1 – 100    μ  M . These 
two sensors could be combined to achieve an optimal dynamic range, sensitivity, 
and selectivity for a given application  [60, 71] . 

 A more general approach for ion detection with nanoparticles was introduced 
by S. Taktak in the Josephson laboratory at MGH  [72] . Taktak  et al.  showed that 
the surface chemistry used for ion - selective electrodes could be adapted for use 
with MRSw biosensors. The group targeted CLIO nanoparticles by functionaliza-
tion with diglycolic anhydride, which complexes Ca 2+  at molar ratios of 2   :   1 and 
3   :   1. Because calcium can induce the self - assembly of multiple diglycolic anhy-
dride moieties, the addition of Ca 2+  to the targeted nanoparticles led to cluster 
formation and a decrease in T 2 , from 200   ms to 50   ms for the lowest concentration 
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of nanoparticles used by Taktak  et al.  As has been shown for the avidin protein 
biosensor, the calcium concentration range over which there was a T 2  response 
could be tuned by changing the concentration of nanoparticles. The addition of 
K + , Li 2+  and NH 4+  did not elicit a change in T 2 , but the addition of Mg 2+  led to a 
change in T 2  which was similar to that for Ca 2+ . This was a result of the cross -
 reactivity of the chelating group attached to the nanoparticles. When Ca 2+  was 
added to the targeted nanoparticles in the presence of EDTA, no change in T 2  was 
observed, consistent with a Ca 2+  - dependent T 2  response. The addition of EDTA to 
Ca 2+  - induced clusters led to a dispersion of the clusters, and exhibited the revers-
ible nature of this assay system. Taktak  et al.  suggested a range of chelating groups 
used by ion - selective electrodes that could be adapted in a similar manner to create 
MRSw biosensors that were sensitive to magnesium and copper  [72] . This approach 
to ion sensor design greatly expands the range of possible target ions for MRSw 
biosensors due to the available chemistries used for electrochemical ion detection. 
Despite the commercial availability of many ion - detection technologies, the ability 
to detect ions with MRSw not only enables the creation of more sophisticated  
in vivo  biosensors  [72]  but also expands the available test menu for  in vitro  
biosensing.  

  1.6.7 
 Detecting Cells 

 One of the most recent developments in MRSw technology has been the demon-
stration of a capability for cell detection. This can be achieved either via indirect 
means, such as detecting nucleic acids or excreted biomarkers which are associ-
ated with the presence of a cell type, or by direct means, such as cell staining. 
Many indirect cell detection methods, including molecular testing such as PCR 
and immunoassays, have moderate turn - around times and costs. In contrast, 
direct cell detection methods, such as cell culture or cell sorting, may have slow 
turn - around times and high costs  [79] . MRSw - based indirect and direct cell detec-
tion would allow for a low - cost, rapid turn - around time quantitative cellular testing. 
Whilst indirect cell detection could be achieved using many of the assays discussed 
above, two different groups have recently extended the use of MRSws to direct cell 
detection. In both cases, biomarkers expressed on the surface of the desired cell 
were targeted with appropriately decorated superparamagnetic nanoparticles. 

 The fi rst group to report cell detection was that of J.M. Perez, at the University 
of Central Florida. In these studies, the group targeted the organism   Mycobacte-
rium avium paratuberculosis   ( MAP ) by conjugating anti - MAP antibodies to the 
surface of superparamagnetic nanoparticles that were 70   nm in diameter, and had 
an  R  2  of 320   m M   − 1    s  − 1   [48] . These characteristics were much more similar to those 
employed by A. Jasanoff ’ s group than by the Josephson and Weissleder groups at 
MGH. The titration of these particles with MAP cells led to larger changes in T 2  
at lower MAP concentrations than at higher MAP concentrations. The maximum 
observed change in T 2  occurred at 6 – 8   ms after incubation times of 30 – 60   min 
at 37    ° C. Although this change in T 2  approaches the run - to - run precision limit 
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observed by another research group  [19] , the reported limit of detection was 40 
 colony - forming unit s ( CFU ) in 10    μ l of milk, and 40 CFU in 20    μ l of blood  [48] . 

 The nature of the response curve observed by the authors was unlike any previ-
ously reported response curves. MRSw response curves typically approach a 
change in T 2  of zero as the concentration of the target decreases. For this sensor, 
the change in T 2  approached a maximum as the concentration of analyte approached 
zero. In order to explain this abnormal binding curve, the authors hypothesized 
that the change in T 2  was derived from a mechanism which was different than 
that of nanoparticle agglomeration. According to their hypothesis, the change in 
T 2  was a function of the proximity between superparamagnetic nanoparticles on 
the surface of the target cells. Accordingly, at high cell concentrations, the nanopar-
ticles were distributed between many cells, thereby having a more distant inter -
 particle proximity. In addition, at low cell concentrations the nanoparticles were 
distributed between only a few cells, and thus had a close inter - particle proximity. 
Although the group validated the specifi city of their observed T 2  response to the 
desired target cell, they failed to conduct any independent tests and controls to 
validate their proposed mechanism for cell detection. Consequently, further 
investigations will be required to confi rm the source of these unprecedented T 2  
response curves. 

 More recently, a group in the Weissleder laboratory reported the detection of 
intact whole cells with MRSw biosensors; these included bacterial cells from 
 Staphylococcus aureus  and a variety of mammalian cells. The detection of  S. aureus  
was achieved by derivatizing nanoparticles with vancomycin, which binds to 
peptide moieties on the bacterial cell wall. Following a 15   min incubation of the 
vancomycin – nanoparticles with increasing amounts of  S. aureus  (from 10 0  to 10 3  
cells), a linear dose – response curve with a change in T 2  of 30   ms was observed  [23] . 
The group also reported a limit of detection of 10   CFU in 10    μ l, and verifi ed that 
the nanoparticles were indeed attaching to the cell surface by using TEM and 
 energy dispersive X - ray spectrometry  ( EDS ). This observation, in combination 
with a fairly extensive set of controls, indicated that the T 2  sensitivity arose from 
a vancomycin - dependent interaction between the nanoparticles and the cell sur-
faces  [23] . 

 Lee  et al.  also demonstrated the detection of mammalian cells and cell biomarker 
profi ling. For this, mouse macrophages were detected via a multistep method that 
consisted of incubating the cells with fl uorescein - conjugated, dextran - coated 
nanoparticles. Following a 3   h incubation at 37    ° C to allow the macrophages to take 
up the dextran - coated nanoparticles, the nanoparticle - labeled cells were separated 
from any unbound nanoparticles by multiple washing. The resultant solution, 
after calibration with a hemocytometer, was used to determine the limit of detec-
tion for nanoparticle - labeled mouse macrophages; this proved to be a single cell 
in 10    μ l, or 100 cells per ml. This multistep approach differed from the method 
used to detect  S. aureus , in that the unbound nanoparticles were separated from 
the cell - immobilized nanoparticles. A similar multistep approach was used to 
profi le different types of cancer cell by means of various antibody - targeted nanopar-
ticles  [23] . Although mammalian cell detection required the inclusion of washing 
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steps to remove any free magnetic nanoparticles, the application of tailored fl uidic 
and separation methods will probably permit the necessary washing steps required 
for apparent single - step mammalian cell detection. 

 Although cells can be detected with MRSws via many secondary markers, cell 
detection via direct surface binding will undoubtedly broaden the  “ menu ”  of avail-
able tests so as to include very powerful methods such as profi ling cellular expres-
sion pathways. Ultimately, many of these should enable the use of low - cost and 
portable applications for circulating tumor cell analysis, as well as other diagnoses 
that currently are possible only by utilizing cell - sorting technologies.   

  1.7 
 Methods Development 

 Although much of the available MRSw - related literature has demonstrated the 
versatility of the technology in detecting a wide range of analytes in many sample 
types, a subset has introduced new methods of reagent preparation and character-
ization, biosensor confi guration, and relaxation rate measurements; these various 
methods are detailed in the following sections. 

  1.7.1 
 Reagent Synthesis, Preparation, and Characterization 

 An understanding of the physical characteristics of a nanoparticle system can be 
critical for the successful design of an MRSw system. During their early studies, 
both Shen and Jung and the coworkers relied on TEM measurements and knowl-
edge of the iron oxide crystal form in order to determine the number of iron atoms 
per nanoparticle iron core (this is also referred to as the  nanoparticle core weight ) 
 [17, 24, 25, 30] . Later studies performed by F. Reynolds at MGH led to the intro-
duction of a simpler method for determining the nanoparticle core weight which 
used viscosity measurements and light scattering. Four parameters were used to 
determine nanoparticle core weight: 

   •      The partial specifi c volume, as determined by a range of viscosity measurements.  
   •      The volume of a single nanoparticle, as determined by diameter measurements 

with light scattering.  
   •      The weight per volume of nanoparticles.  
   •      The weight per volume of iron  [80] .    

 This method was easier to implement than TEM due to its use of more common 
laboratory equipment and faster turn - around time. Because the CLIO core weight 
depends on the conditions used in nanoparticle synthesis, it is important to deter-
mine the core size for new nanoparticle formulations. Knowledge of the nanopar-
ticle core weight is necessary when calculating the average number of functional 
groups per nanoparticle, with cores sizes of 2000 and 8000 irons atoms per core 
having been reported  [30, 80] . 
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 Another essential component when designing MRSws is the attachment of 
an appropriate targeting group, so as to endow proper binding selectivity and 
sensitivity upon the nanoparticles. Because the iron oxide nanocrystal is entrapped 
within an aminated polysaccharide coating, many common chemical crosslinking 
strategies can be employed. However, a specifi c bioconjugation method has 
been shown to greatly infl uence the performance of targeted SPIO nanosensors 
by altering the number and nature of the targeting groups per nanoparticle 
 [81] . Several different types of bioconjugation strategies have been used to 
activate the nanoparticles. For example, a team led by E. Y. Sun demonstrated 
the use a CLIO variant termed a  magnetofl uorescent nanoparticle , which consisted 
of two  fl uorescein isothiocyanate  ( FITC ) molecules attached to amino - CLIO 
nanoparticles, to demonstrate the rapid development of nanoparticle libraries. 
For these particles, the  R  1  was 21   m M   − 1    s  − 1  and  R  2  62   m M   − 1    s  − 1 , while the FITC 
absorbed at 494   nm with an extinction coeffi cient of 73   m M   − 1    cm  − 1   [82] . Small 
molecules were attached via a variety of reactive handles to the  ∼ 62 free 
amines per nanoparticle. The small - molecule reactive handles included anhydride, 
amino, hydroxyl, carboxyl, thiol, and epoxy. Each of the resulting conjugates 
had unique functionality in terms of MRSw biosensor response and macrophage 
uptake, demonstrating that the specifi city and selectivity of a nanoparticle 
conjugate is determined by the surface functionality  [82] . Other crosslinkers 
that have been to date used include Pierce Biotech (Rockford, IL, USA) heterobi-
functional crosslinking agents such as   N  - succinimidyl 3 - (2 - pyridyldithio) - propio-
nate  ( SPDP ) and   N  - succinimidyl -  S  - acetylthioacetate  ( SATA ), generic activating 
and crosslinking agents such as succinimidyl iodoacetate,  1 - ethyl - 3 - [3 - dimethyl-
aminopropyl]carbodiimide hydrochloride  ( EDC  or EDAC),   N  - hydroxysulfosuccin-
imide  ( Sulfo - NHS ), and antibody - specifi c coupling reagents such as protein G. 
In another series of studies, a team led by E.Y. Sun demonstrated the use of 
azide - alkyne reactions (known as  “ click chemistry ” ) for the attachment of targeting 
groups. Sun ’ s group demonstrated that stable alkyne -  or azido - functionalized 
CLIO nanoparticles could be generated for click chemistry attachment to a 
variety of appropriately functionalized small molecules  [83] . Unfortunately, 
the details of bioconjugation methods are beyond the scope of this chapter; thus, 
the reader is referred to the original data (as cited) and to more comprehensive 
sources  [84] . 

 Regardless of the specifi c coupling method used, a number of critical issues 
must be considered in particle design. These include the activity and number of 
targeting groups attached on each nanoparticle    –    an issue was explored by a team 
led by D. Hogeman at MGH. In these studies, it was shown that nonselective 
oxidative coupling of the protein transferrin led to an inferior biosensor perfor-
mance when compared to that coupled with the heterobifunctional linker, SPDP 
 [81] . The SPDP linker led to a fourfold increase in the number of transferrin 
molecules per nanoparticle, and also preserved the activity of the transferrin 
protein, leading to an increased binding affi nity for their cellular target. The 
reduced affi nity of transferrin when coupled to nanoparticles via oxidative cou-
pling most likely arose from the nonselective nature of the coupling, which may 
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lead to cross - reactions. Directed coupling with SPDP led to increased affi nities and 
increased binding densities, as had been shown previously for other applications 
 [81] . The increased affi nity and valency of the particles led to a 16 - fold increase in 
the performance of the nanoparticle sensor for cell internalization. Although these 
studies focused on targeting superparamagnetic nanoparticles for cell encapsula-
tion with endosomes, the dependence of performance on the bioconjuga-
tion method may be generalized for nanoparticle - based sensors  [81] . Similar 
observations were made for a cell - targeted biosensor that used multivalent - RGD -
 decorated nanoparticles to bind cell - surface integrin proteins  [85] . 

 Several other reports have been made of the methods used for coupling 
targeting groups to polymer - coated, superparamagnetic nanoparticles. Some 
of these have utilized bifunctional nanoparticles, such as fl uorescently labeled 
CLIO nanoparticles, to conduct parallel synthesis and  high - throughput screening  
( HTS ) on large numbers of nanoparticles for cell recognition applications 
 [86] . Robotic systems have also been used to conjugate 146 different small 
molecules ( < 500   Da) to fl uorescently functionalized CLIO nanoparticles  [87] , with 
the average coupling ratios being 60 small molecules per nanoparticle. These 
nanoparticle conjugates were also screened for eukaryotic cellular uptake, thus 
demonstrating that nanoparticle surface modifi cation can target nanoparticles not 
only to different cell types but also to different physiological states of the same cell 
type  [88] .  

  1.7.2 
 Measurement and Sensitivity Enhancement Methods 

 A variety of reports have introduced new methods for measuring MRSw assays to 
improve measurement accuracy and sensitivity. One such report, made by a team 
led by S. Taktak, utilized a biotin – avidin model system to examine the physical 
characteristics of the MRSw biosensor system  [61] . The model system was created 
from biotinylated nanoparticles that agglomerated in the presence of the tetra-
meric protein avidin. Upon the addition of avidin, the T 2  changed from 100   ms to 
40   ms after incubation at room temperature for 1   h. Taktak  et al.  showed that the 
overall average cluster size increased linearly with the addition of avidin, and that 
the observed  R  2  depended linearly on the average particle size  [61] ; these fi ndings 
were similar to previous results which demonstrated avidin - coated particles and a 
bi - biotinylated peptide  [47] . This relationship corresponded to these nanoparticles 
being within the motional averaging regime (i.e., on the left side of the curve in 
Figure  1.7 ). This correlated well with observations for other MRSw systems  [69] , 
and the proposed porous fractal nature of nanoparticle aggregates  [60, 61] . Based 
on these observations, Taktak  et al.  predicted that, as cluster size increases there 
should be a decrease in the cluster magnetization and increases in the cluster 
volume fraction  [61] . 

 In addition to exploring the fundamental physics that underlie MRSw, Taktak 
 et al.  introduced some new methods for improving assay performance. The fi rst 
method consisted of tuning the dynamic range and sensitivity of the assay by 
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changing the concentration of nanoparticles in solution. For the avidin biosensor, 
the sensitivity of the T 2  response increased and dynamic range, or the target con-
centration range over which the biosensor was responsive, decreased at lower 
nanoparticle concentrations. Conversely, at higher nanoparticle concentrations the 
sensitivity decreased and the dynamic range increased. This observation indicated 
that the dynamic range and sensitivity of an assay could be tuned by means of the 
nanoparticle concentration  [61] . 

 The second method introduced by Taktak  et al.  provided a means for controlling 
nanoparticle precipitation. As discussed in the present and subsequent reports, 
under certain conditions nanoparticle clusters can become unstable in solution 
and precipitate  [49, 61, 69] . Precipitation, which leads to an increase in T 2 , is most 
often caused by the over - titration of analyte, which leads to extremely large clusters 
 [61, 69] . This may be detrimental to MRSw measurements because, in this case, 
it leads to a different change in T 2  than would be expected for target - induced 
clustering. Fortunately, T 1  can be used as an independent marker for particle 
precipitation, because T 1  depends only on the total amount of soluble iron in solu-
tion, and not on the clustering state of the nanoparticles  [61] . Taktak  et al.  dem-
onstrated that T 1  remained constant when T 2  changed from analyte - induced 
nanoparticle clustering, a similar observation to that made for the fi rst MRSw 
biosensor  [1] . Upon over - titration, both the T 2  and T 1  increased, indicating a loss 
of iron from solution and a shift of the assay conditions to outside the linear 
response curve. Taktak and coworkers subsequently recommend a workfl ow to 
validate that an assay is within the linear response curve by taking both T 2  and T 1  
measurements  [61] . Although this workfl ow was initially intended for manual 
sample preparation, it could be integrated into an automated fl uidic handling 
system for applications that require minimal user interaction. 

 A third method introduced by Taktak  et al.  was to monitor the coeffi cient of 
variation between multiple T 2  measurements, and thus to determine if the biosen-
sor solution was within the linear response range, or if the reagents had precipi-
tated or degraded in some way. It was shown that, when three T 2  measurements 
were obtained within several minutes, the coeffi cient of variation between mea-
surements was increased dramatically when particle precipitation or instability 
had occurred. The utility of this approach was analogous to that of the T 1  measure-
ment system, in that it allowed for an independent verifi cation that the measured 
T 2  value could be used to obtain the concentration of target via a calibration curve 
 [61] . These methods are important when independently validating the integrity of 
biosensor measurements. 

 The methods introduced by Taktak  et al.  were later extended at T2 Biosystems 
to demonstrate how splitting a sample between multiple nanoparticle reagent 
chambers could provide validated results, and also expand the biosensor dynamic 
range  [49] . These methods were demonstrated with the same avidin - sensitive 
biotinylated MRSw architecture. The addition of avidin led to nanoparticle cluster-
ing and a change in T 2  from 350   ms to 175   ms. The methods introduced by Taktak 
 et al.  were extended to include a control for variations in the background T 2 , 
which can be observed in complex samples such as blood due to variations in the 
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physico - chemical properties that may affect T 2 , such as hemoglobin content and 
viscosity. Sample - to - sample variations could be controlled by splitting the sample 
between two nanoparticle reagent chambers, such that the detection chamber 
contained nanoparticles sensitized to the target analyte, while the reference 
chamber contained identical nanoparticles that were not sensitized to the target 
analyte. The addition of a sample would then lead to a difference in T 2  between 
the two chambers only when the analyte was present (Figure  1.11 ). Accordingly, 
the calibration curve would be determined from the difference in T 2  between the 
sample and control chambers  [49] .   

 Splitting the sample between multiple chambers can also be used to expand the 
dynamic range by preloading chambers with different concentrations of nanopar-
ticles. This would allow for higher sensitivity measurements at low target concen-
trations, and simultaneous lower sensitivity measurements over a much wider 
dynamic range. In time, this approach will most likely diminish the proportion of 
inaccurate readings due to biosensor prozoning, and also avoid the user having to 
prepare sequential dilutions of the sample  [49] . 

 These approaches for validating acquired T 2  values can be applied by measuring 
multiple samples sequentially with a single detector  [61] , or by acquiring T 2  mea-
surements from two samples simultaneously with a single detector  [49] . The T2 
Biosystems team demonstrated that a single detection coil could be used to 
measure the T 2  of two samples at the same time by means of a tailored bi - expo-
nential fi t method. This method was shown to accurately measure two T 2  values 
as long as they were at least 21% different. This approach can also expand the 
number of simultaneous measurements from a single detection coil, thus increas-
ing the number of possible tests on a given hardware system  [49] . However, the 

     Figure 1.11     Background variations in T 2  can 
be controlled by splitting the sample between 
two chambers: one chamber that contains 
particles sensitized to the target analyte (solid 
line), and one that contains particles  not  
sensitized to the target analyte (dashed line). 
(a) In the absence of analyte, the two 

chambers will have identical relaxation curves 
and no change in T 2  will be reported; (b) In 
the presence of analyte, the chamber with 
sensitized nanoparticles will have a different 
T 2  from that of the reference chamber (shaded 
area). The quantitative change in T 2  can be 
obtained by curve fi tting  [49] .  
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methods for addressing background variations in T 2  and expanding the dynamic 
range can be applied in a variety of detection coil confi gurations, including the 
multiplexed detection hardware introduced by H. Lee in the Weissleder group, 
which will be discussed in greater detail below  [23] . 

 A team led by I. Koh in the Josephson laboratory at MGH has demonstrated 
that a combination of methods can be used to increase the projected sensitivity of 
a MRSw assay by fi ve orders of magnitude  [19] . The model system used to dem-
onstrate these methods consisted of superparamagnetic nanoparticles or mic-
roparticles decorated with the Tag peptide, which is from the HA of the human 
infl uenza virus. The addition of an anti - Tag antibody led to clustering of the 
peptide - decorated particles. The method employed CLIO nanoparticles that were 
30   nm in diameter, did not settle, had 20 – 30 attached peptides per nanoparticles, 
an  R  2  of 50   s  − 1    m M   − 1 , a magnetization of 86.6   emu g  − 1  Fe, with 8000 iron atoms per 
nanoparticle, and a concentration of 2.8    ×    10  − 9  for a T 2  of 100   ms. The micropar-
ticles used were 1000   nm in diameter, settled less than 5% in aqueous solution 
 [20] , had 3    ×    10 5  peptides per particle, an  R  2  of 43   s  − 1    m M   − 1 , a magnetization of 
105   emu   g  − 1  Fe, 2.8    ×    10 9  Fe atoms per particle, and a concentration of 5.1    ×    10  − 15  
for a measured T 2  of 100   ms. Koh  et al.  characterized the performance of these 
nanoparticles in terms of EC 50  and projected sensitivity. For simplicity, the pro-
jected sensitivity will be discussed at this point  [19] . 

 When the nanoparticles (NP) and microparticles (MP) were titrated with anti -
 Tag antibody, the T 2  values decreased for the NP and increased for the MP, which 
corresponded to the NP being within the motional averaging regime and the MP 
being within the visit - limited regime  [19] . The NP and MP exhibited projected 
sensitivities of 26   n M  and 0.41   n M , respectively. The  > 60 - fold increase in sensitivity 
for MP arose from the larger mass of iron per unit conjugated peptide that cor-
responded to a much larger  R  2  relaxivity on a per particle basis  [19, 20] . Previous 
studies with viral targets have suggested that crosslinking agents with a greater 
binding valency could lead to increased sensitivity  [46] , and this was confi rmed by 
Koh  et al. , who increased the valency of their bivalent antibody target to a tetrava-
lent target with the addition of an antibody that selectively bound the Fc region 
of the anti - Tag antibody. This increased the projected sensitivity for the MP to 
0.0002   n M , or by a factor of 2000  [19] . 

 The use of MP allows for an additional method for sensitivity enhancement. 
Investigations conducted by Baudry and coworkers in Paris showed that the reac-
tion rate between reactive groups on magnetic MP could be greatly accelerated by 
magnetic fi eld - induced self - assembly of the MP into linear chains  [21 – 23]  or fractal 
agglomerates  [20] . For Koh  et al. , an alignment of the magnetic dipoles of indi-
vidual MP during incubation in a 0.47   T bench - top magnet led to spatial confi ne-
ment of the MP and increased reaction kinetics. During incubation in the magnet, 
the T 2  increased due to the linear self - assembly of the MP. In order to distinguish 
the magnetic - fi eld induced T 2  changes from analyte - induced T 2  changes, the 
sample was removed from the magnet for a few minutes prior to T 2  measurement. 
If analyte was present, the MP remained clustered, but if no analyte was present 
then the MP would disperse due to Brownian motion. This method, termed 
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 magnetic aggregation , resulted in seven -  and two - fold increases in projected sen-
sitivity when used with and without valency enhancement, respectively. Magnetic 
aggregation cannot be applied to NP - based assays due to the attractive forces 
between the magnetic dipoles of individual NP being much smaller than the forces 
of Brownian motion  [20] . Although it has not been exactly determined, the increase 
in sensitivity for MP - based assays from magnetic aggregation most likely arose 
from the more rapid kinetics due to the confi nement and resultant close proximity 
of reactive surfaces. The method of magnetic aggregation has also been applied 
to solution viscosity measurements by monitoring the rate of change in T 2  over 
the course of MP aggregation and dispersion phenomena  [20] . 

 The most important lesson derived from the fi ndings of Koh  et al.  was that many 
different methods can be used to increase MRSw sensitivity. For example, Koh 
 et al.  reported a sensitivity enhancement over the basic NP biosensor confi guration 
of 10 5  due to the use of MP, valency enhancement, and magnetic aggregation. As 
they showed, many sensitivity enhancement methods are multiplicative in their 
effect, providing for highly sensitive, tailored results for a given assay. The ideal 
combination of methods will depend on the particular requirements for a biosens-
ing application, which include reagent stability, time to results, dynamic range, 
and sensitivity.   

  1.8 
 Micro -  NMR  of Magnetic Relaxation Switch Biosensors 

 A key component to enabling the successful application of magnetic relaxation 
switch biosensors is to tailor, in appropriate fashion, the detection platform to the 
setting in which it will be used. A variety of settings would greatly benefi t from a 
universal detection technology such as MRSw biosensors. These include applica-
tions such as biowarfare fi rst responders and home testing, both of which require 
highly mobile, robust, and perhaps handheld, instruments; applications such as 
biomarker discovery, which require automation and high throughput; and applica-
tions such as health clinics or doctor ’ s offi ces, which require a compact, user -
 friendly bench - top unit. Although the majority of commercial magnetic resonance 
detection instruments are very large, recent progress in magnetic resonance tech-
nology engineering has demonstrated scalability and portability. In this section, 
we will introduce the magnetic readers that have been used to obtain MRSw bio-
sensor measurements, summarize the recent progress in magnetic resonance 
instrumentation that has enabled the development of miniaturized detectors for 
biosensor applications, and also provide an update on progress towards developing 
portable MRSw biosensor readers. 

 An alternative measurement approach has been proposed to circumvent the low 
sample measurement throughput of current bench - top systems by a team at MGH, 
led by D. Hogemann. This group demonstrated the use of a 1.5   T magnetic reso-
nance scanner and T 2  - weighted magnetic resonance images to provide HTS for 
nanoparticle - based reagents. By using this method, up to 1920 samples could be 
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measured in 50   min by obtaining T 2  - weighted spin echo images from each sample 
in six 384 - well plates (only 320 samples per plate were measured due to the limited 
fi eld of view of the detection coil)  [89] . Although other research groups have used 
this approach to characterize MRSw biosensors, the associated cost for scanner 
time and challenges in quantitatively relating the T 2  values obtained at 1.5   T to those 
measured at lower fi elds will likely limit the widespread use of this approach. A 
possible high - throughput development platform for MRSw biosensors would 
consist of a bench - top unit with a throughput of between tens and thousands of 
samples per hour. This would enable T 2  measurements to be obtained with detector 
specifi cations that matched those of portable readers, and also to reduce the associ-
ated cost to the level of other bench - top analytical instrumentation. 

 Recent advances in the fi eld of portable and micro NMR have provided the 
technological breakthroughs in miniaturized magnetic resonance detectors and 
magnets for developing truly portable and integrated diagnostic measurement 
devices. These breakthroughs have included new types of detection coil fabrication 
methods that allow for submicroliter detection volumes and submillimeter sizes 
in selenoidal coils that are either hand - wound  [90 – 92]  or machine - wound  [93, 94] ; 
alternatively, planar detection coils would allow straightforward integration with 
silicon microchannels  [95, 96]  and microfl uidic systems  [97, 98] . Additional break-
throughs have demonstrated that nanoliter volumes can be detected with high 
sensitivity using microfabricated coils  [99 – 101] , and high - sensitivity micro - coils of 
novel architectures  [102] . 

 These advances in miniaturized detection coil design and fabrication have been 
applied to magnetic resonance instruments with permanent magnets at fi elds near 
0.5   T  [103, 104] . Recently, a group at the University of New Mexico and Sandia 
National Laboratories, led by L. Sillerud, demonstrated the use of a microfabricated 
detection coil and permanent magnet system for the detection of iron oxide MP 
 [105] . Sillerud  et al.  demonstrated the use of a 550    μ m outer diameter solenoidal 
microcoil (264   nl) in combination with a highly homogeneous (0.06   ppm) 1.04   T 
permanent magnet (weight  >  50   kg) to detect the presence of micron - sized super-
paramagnetic iron oxide nanoparticles, which are similar to oral - SPIO that are 
routinely used for magnetic separations. The presence of magnetic particles was 
detected by detecting a change in the   T2*, which can be measured via the decay 
rate of the time domain signal, or by a change in the linewidth of the frequency 
domain signal  [105] . Although the detection of analyte was not demonstrated, it 
is likely that such systems will be developed for detecting cells that have been 
tagged with superparamagnetic microparticles. The ultimate aim would be to 
attain single cell sensitivity by decreasing the size of the detection coil. 

 A much smaller magnet than that used in the above - described study is currently 
under development  [106] , although the use of a CPMG pulse sequence to measure 
T 2 , rather than measuring   T2*, would inherently allow for measurements in a less 
uniform magnet, which would be smaller and less expensive. The application of 
pulse sequences such as CPMG, which enable accurate measurements to be made 
in highly inhomogeneous magnetic fi elds, will be critical in allowing magnetic 
resonance to enter the fi led of applications that require low cost and portability. 
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Recent improvements and optimizations of the CPMG sequence have permitted 
perhaps the most extreme example of magnetic resonance relaxation measure-
ments in inhomogeneous fi elds, namely  oil well logging , which involves obtaining 
measurements external to a single - sided magnet and planar detection coil inserted 
deep within an oil well  [107] . 

 In recent years, magnet design technology has progressed to move magnetic 
resonance measurements outside of the conventional high - fi eld magnet laboratory 
by creating customized, portable magnets. Many of the current developments in 
magnetic resonance hardware and methods have been directed towards spectro-
scopic and imaging measurements that require much higher magnetic fi eld uni-
formities than the relaxation measurements used for MRSw. The technical advances 
that result from efforts towards creating portable magnetic resonance spectroscopy 
and imaging systems will directly benefi t MRSws. Other applications that have 
benefi ted from such progress include on - site materials characterization  [108 – 114] , 
oil well logging  [107] , foods analyses  [115, 116] , portable tendon injury scanning 
 [117] , imaging  [118 – 121] , and magnetic resonance spectroscopy  [122 – 124]  and 
relaxometry measurements outside of enclosed permanent magnet systems (often 
referred to as  “ ex - situ NMR ” ). Many of these advances have been made with single -
 sided magnets for the measurement of bulky samples that cannot be fi tted within 
an enclosed permanent magnet assembly  [106, 109, 113, 115, 121] . Although such 
architectures are not directly relevant to most MRSw applications, the fabrication 
and measurement methods pioneered for these applications will undoubtedly 
become essential in the design of miniature magnets for diagnostic readers. One 
example of these advances in magnet hardware, which has directly benefi ted the 
development of smaller magnetic resonance instruments, is that of Halbach 
magnet design  [125] . Halbach magnets for magnetic resonance usually consist of 
multiply oriented discrete magnetic blocks that are used to achieve a single homo-
geneous  “ sweet spot ”  at the region of the magnet occupied by the detection coil. 
These magnets have been used for both bench - top, single - sided  [113, 126]  and 
enclosed  [104, 127, 128]  magnetic resonance applications. 

 A team in the Weissleder group has recently demonstrated the use of a down-
sized magnet, downsized detection coils, and downsized spectrometer compo-
nents for the detection of MRSws. This team, led by H. Lee, built a 0.49   T 
relaxometer from a palm - sized magnet and planar microcoils  [23] , with some of 
the spectrometer components being integrated onto a  printed circuit board  ( PCB ). 
When using this system, the authors reported an 80 - fold increase in mass sensitiv-
ity for a MRSw model system. In accordance with microcoil NMR sensitivity 
improvements of mass - limited samples, this increase in mass sensitivity arose 
almost entirely from the decrease in detection volume (from  ∼ 300    μ l to  ∼ 5    μ l). The 
absolute sensitivity of the microcoils in terms of the signal - to - noise ratio of the 
water signal was  ∼ 10 after 64 scans, which was much lower than that of commer-
cial bench - top systems  [23] . This decreased performance most likely arose from 
the less effi cient planar microcoil detector and less homogeneous magnetic fi eld 
used in the miniaturized system; by comparison, the commercial bench - top 
system had a much more sensitive solenoid coil and a more homogeneous magnet. 
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However, for a given amount of sample, there is an optimal RF microcoil geometry 
for maximum sensitivity, the optimization of which will most likely allow for these 
microcoil sensitivity limitations to be overcome. Most importantly, the system 
built by Lee  et al.  proved to be a powerful demonstration of the portability and ease 
of use available to MRSw applications. 

 An additional benefi t of miniaturizing the magnetic resonance detection system 
is a greater multiplexing capability. Because the homogeneous region of a magnet 
is limited, the smaller volume occupied by microcoils can allow for multiple detec-
tion coils within a single magnet. Lee  et al.  utilized this approach by constructing 
an array of eight microfabricated planar detection coils for their miniaturized 
magnetic resonance instrument (Figure  1.12 a). The eight coils were connected to 
a single - channel spectrometer by means of a multiplexer switch, and the system 
was used to detect eight biomarkers from single samples in parallel for both dia-
betes and cancer biomarker panels (Figure  1.12 )  [12] . These studies represented a 
powerful demonstration of how MRSw might provide users with readings for a 
panel of biomarkers relevant to a specifi c diagnostic condition, such as cancer. 
Because of the breadth of the demonstrated target analytes for MRSw, such panels 
would be capable of spanning an unprecedented range of analyte classes (e.g., 
cellular, protein, molecular, protein, enzymatic, and therapeutic, etc.), thus yield-
ing a virtually limitless set of test menus for specifi c applications.   

 Whilst the studies of H. Lee elegantly demonstrated the potential for downsized 
detection coils and magnets for MRSw biosensors  [23] , a subsequent and comple-
mentary effort by the team of Y. Liu  et al.  at Harvard, in the laboratory of Donhee 

(a) (b)

     Figure 1.12     Demonstration of MRSw 
multiplexing by means of microcoils. (a) A 
planar microcoil array of eight detection coils 
fabricated from electroplated copper on a 
glass substrate. Each microcoil was 
positioned under a sample well containing 
nanoparticles sensitized to a different analyte; 
(b) Spiked serum samples representing 
diabetic or cancer sera were analyzed by 

aliquoting the sample between the detection 
coils and measuring the change in T 2  relative 
to normal sera. This approach demonstrated 
the potential of MRSw for monitoring multiple 
biomarkers from a single sample 
simultaneously  [23] .  This fi gure was a 
generous gift from Dr Hakho Lee, Center for 
Systems Biology, Massachusetts General 
Hospital, Boston, MA.   
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Ham, demonstrated the capability of signifi cantly downsizing the spectrometer. 
Although, prior to the studies of Y. Liu  et al. , single PCB spectrometers had 
been demonstrated  [129 – 131] , in order for MRSw biosensor detectors to 
achieve the size, cost, and range of applications of conventional portable electron-
ics, it was necessary to downsize the entire magnetic resonance spectrometer 
to the scale of an  integrated circuit  ( IC ). The studies of Liu  et al.  represented the 
most signifi cant steps towards achieving this, by showing that the heart of a spec-
trometer    –    the transceiver    –    could be hosted on an IC. The CMOS design of Liu 
 et al.  was able to transmit and receive RF pulses to and from a detection coil  [132] , 
although a similar performance was reported (in terms of sensitivity) to that 
achieved by Lee  et al.  with a transceiver built from off - the - shelf, discrete compo-
nents. The RF transceiver of Liu  et al.  has proved to be one of the smallest trans-
ceiver units reported to date  [132] . The integration of other spectrometer 
components should enable an extremely small complete magnetic resonance 
spectrometer. 

 These breakthroughs in magnetic resonance detection instrumentation suggest 
that this technology can be tailored to biosensor applications that require down-
sized and portable readers. In fact, efforts are currently under way at T2 Biosys-
tems to produce completely integrated, portable MRSw biosensor readers that 
would most likely consist of a relaxometer (magnet, detection coil, and spectrom-
eter) as well as a user interface, power source, and connection to external data 
networks. Depending on the application, the MRSw biosensor reader may also 
provide sample incubation, disposable cartridge reading and handling, and fl uidics 
actuation. Recently, a team from T2 Biosystems, led by P. Prado, introduced a 
shoebox - sized, fully integrated relaxometer that weighs less than 4   kg  [73] , and 
consists of a 0.5   T magnet, spectrometer, operating system, touchscreen user 
interface, and DC power input. Additional investigations at T2 Biosystems have 
demonstrated the capability of further downsizing a 0.5   T magnet unit to be 10   000 -
 fold smaller than a commercial bench - top magnet and probehead units  [73] , by 
means of an extremely low - cost magnet and coil architecture. Moreover, when 
using this prototype magnet and microcoil, MRSw biosensor - mediated measure-
ments of hCG protein were conducted at femtomolar levels, in nanoliter sample 
volumes. Due to the range of application of these MRSw biosensor tests, and the 
recent and ongoing breakthroughs in the downsizing of instruments, continued 
development will in time surely enable the deployment of MRSw biosensors 
within virtually any setting, and for virtually any target.  
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 Multiplexed Detection with Magnetic Nanoparticles  
  Robert   Wilson   

        

2

  2.1 
 Introduction 

 Although, during the early stages of their evolution, detection methods were 
designed to detect a single analyte in a large volume of sample, two trends have 
subsequently emerged. In one trend, the sample volume has been decreased with 
the aid of improved sample processing techniques and more sensitive detection 
methods, whilst in the other trend the number of analytes that are detected in the 
same sample has been increased. These trends of increasing numbers and smaller 
size are analogous to what has occurred in the semiconductor industry, where an 
increasing number of electronic components have been compressed into a shrink-
ing volume of hardware. Thus, today, multiple tests can be carried out on the same 
small volume of sample by techniques that are collectively known as  multiplexed 
detection . Over time, however, this term has acquired several different meanings. 
In this chapter, it is defi ned as the detection of multiple analyte (target) molecules 
in the same undivided volume (aliquot) of sample, at the same time. For biomo-
lecular assays, two main platforms are used for multiplexed detection; in one 
platform the sample is interrogated with a  two - dimensional  ( 2 - D ) array of probe 
molecules (Figure  2.1 a)  [1 – 3] , while in the other platform the probe molecules are 
attached (conjugated) to encoded particles and added to the sample (Figure  2.1 b). 
The latter will henceforth be referred to as  suspension arrays   [4 – 6] . Each of these 
alternatives has its own advantages: in general, 2 - D arrays allow many more ana-
lytes to be interrogated in the same sample, but suspension arrays are less expen-
sive and have shorter sample to answer times. Magnetic nanoparticles    –    either on 
their own or as constituents of magnetic microspheres    –    are used in both 
procedures.    
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  2.2 
 Magnetism and Magnetic Particles 

 Magnetism derives from the spin and orbital behavior of electrons. Materials with 
fi lled electron shells in which all electrons are paired are said to be  diamagnetic ; 
thus, the magnetic dipoles of their individual electrons cancel out and they exhibit 
a low negative susceptibility (weak repulsion) in a magnetic fi eld. Examples of 
diamagnetic materials are copper, gold, and silver. Materials with unpaired elec-
trons in which the magnetic dipoles are orientated in random directions at normal 
temperatures are said to be  paramagnetic . Some of these single - electron dipoles 
line up with an applied magnetic fi eld, and therefore paramagnetic materials 
display a low positive susceptibility (weak attraction) in a magnetic fi eld; however, 
they do not remain magnetic when the fi eld is removed, because the ambient 
thermal energy is suffi cient to reorientate the dipoles in random directions. Both, 
ferromagnetic and ferrimagnetic materials also contain unpaired electrons 
although, unlike the unpaired electrons in paramagnetic materials, these are orga-
nized into domains comprising the electrons of many atoms or ions. Each domain 
is a single magnetic dipole that typically has dimensions of less than 100   nm. In an 
equilibrated ferromagnetic or ferrimagnetic material the magnetic dipoles are 
organized in random directions; however, when a magnetic fi eld is applied they 
align with the fi eld, and remain aligned even when the fi eld is removed because the 
ambient thermal energy is insuffi cient to reorientate them. All  “ permanent ”  
magnets are made from ferromagnetic or ferrimagnetic materials; examples 
include iron, cobalt, nickel, and magnetite (iron oxide). Materials in which single 
electron magnetic dipoles are aligned in a regular pattern, and in which the neigh-
boring dipoles cancel out, are classifi ed as  antiferromagnetic . When a ferromag-
netic fi lm is grown on or annealed to an antiferromagnetic material in an aligning 
magnetic fi eld, the direction of magnetization in the ferromagnetic layer remains 
pinned in this direction when the magnetic fi eld has been removed. Typical exam-
ples of antiferromagnetic materials are chromium and nickel oxide. 

(a) (b)

     Figure 2.1     (a) Two - dimensional array consisting of a planar 
grid of probe molecules in which each test is confi ned to 
different locations; (b) Suspension array consisting of a 
mixture of encoded particles in which each test is confi ned to 
a different encoded particle.  
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 Because both ferromagnetic and ferrimagnetic materials depend on their 
domain structure in order to remain magnetic in the absence of an applied fi eld, 
their properties undergo an important change when their dimensions are decreased 
to less than domain size. Particles of this size are said to be  superparamagnetic  
because, although their dipoles line up parallel to an applied magnetic fi eld, the 
ambient thermal energy is suffi cient to spontaneously disorganize the direction 
of their magnetization when the fi eld is no longer applied. This is important for 
biotechnology applications, because it would not be possible to resuspend mag-
netic particles in solution following a magnetic separation due to mutual attraction 
if they remained magnetic. The force (magnetic moment) experienced by a particle 
depends on the strength of the applied fi eld and the size and composition of the 
particle. Because of their small sizes, individual superparamagnetic nanoparticles 
(Figure  2.2 a) respond relatively slowly to an applied magnetic fi eld. The makers 
of large magnetic microspheres overcome this problem by dispersing large 
numbers of superparamagnetic nanoparticles in an organic or silica matrix, as 
shown in Figure  2.2 b. The core of the particle shown is packed with 17% (by 
weight) of  ∼ 7.5   nm diameter magnetite nanoparticles. Because the nanoparticles 
are present in such large numbers, the microspheres respond rapidly to an applied 
fi eld, but because each individual nanoparticle is so small the ambient thermal 
energy is suffi cient to disorganize their dipoles as soon as the applied fi eld is 
removed. Magnetic microspheres are available from companies such as Dynal 
(now part of Invitrogen), Bangs Laboratories, Micromod, Seradyne, Polysciences 
and Estapor, in sizes ranging from 0.3 to 25    μ m, and with a wide range of surface 
chemistries for easy conjugation to biological and other molecules. Magnetic 
nanoparticles are available from Micromod and Microspheres - Nanospheres; 
however, the development of new particles and surface chemistries is at present 
a highly active area of research  [8] .   

(a) (b)

10 nm 1 mm

     Figure 2.2     (a) Transmission electron 
microscopy (TEM) image of water - soluble 
superparamagnetic colbalt nanoparticles. 
 Reproduced from Ref.  [7]  ( http://dx.doi.
org/10.1039/b713528a ), with permission from 

The Royal Society of Chemistry ; (b) TEM 
image of a thin section through a magnetic 
microsphere; the lighter areas correspond to 
the polymer matrix, and the dark specks are 
superparamagnetic iron oxide nanoparticles.  
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  2.2.1 
 Separating and Mixing Magnetic Particles 

 The main reason why magnetic particles are used in biological applications is 
because they are easily separated from ambient matrices under mild conditions, 
with the use of simple and inexpensive equipment. Magnetic separation may be 
as simple as applying a permanent magnet to the outside of a container; such an 
approach is used in commercial separators that allow magnetic particles to be 
retained while supernatant volumes of between 10    μ l and 50   ml are removed 
manually. Automated versions that allow multiple samples to be processed in 
parallel are also available. Until recently, magnetic separations have been mainly 
been confi ned to small volumes of up to a few milliliters, although equipment 
capable of performing separations on larger volumes, of up to several liters, is now 
available from companies such as Dexter Magnetic Technologies, IL, USA. In this 
equipment, the magnets are positioned all around the sample container rather 
than on only one of its sides. As magnetic microspheres will eventually precipitate 
under the infl uence of gravity, some form of forced mixing will be required to 
maintain them in suspension. Because the solution volumes used in biomolecular 
assays are usually very small, traditional stirring is impractical and for most pur-
poses a plate shaker or slow - tilt rotation is suffi cient to maintain the particles in 
suspension. Equipment for slow - tilt rotation is available from Dynal - Invitrogen.   

  2.3 
 Planar Arrays 

 In addition to their use in positioning and separating biological and other mole-
cules, magnetic particles can be used as labels in magnetometric assays. In this 
role they have several advantages over alternative labels, including long - term sta-
bility and high sensitivity due to the low background signals that are present in 
most biological matrices. Detection technologies include  superconducting 
quantum interference device s ( SQUID s)  [9, 10] , cantilever arrays  [11] , magnetore-
sistive sensors  [12 – 14] , induction devices  [15, 16] , and Hall sensors  [17, 18] , 
although not all of these can be confi gured to interrogate 2 - D arrays of probe 
molecules. The most recent attention has focused on magnetoresistive sensors 
[ giant magnetoresistive  ( GMR ) sensors and spin valves) and planar Hall sensors, 
mainly because of the possibility of fabricating arrays of micrometer - sized sensing 
elements by standard semiconductor manufacturing techniques and interfacing 
them with arrays of probe molecules (as shown in Figure  2.3 a). Magnetoresistive 
sensors are based on the GMR effect, which occurs when thin fi lms of ferromag-
netic material are separated by thin fi lms of a nonmagnetic metal. A section 
through a single sensing element in an array of GMR sensors is shown in Figure 
 2.3 b. Here, the sensing resistor is connected to an on - chip reference resistor that 
compensates for variations in temperature, and two off - chip resistors. Together, 
these resistors form a Wheatstone bridge circuit. When the magnetic labels have 
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been captured by the sensing surface, a small sensing current is passed through 
the resistor and an alternating magnetic fi eld applied in a direction perpendicular 
to the surface. The latter magnetizes any bound superparamagnetic labels and 
induces a dipole fi eld in their vicinity (Figure  2.3 c); this in turn causes the direc-
tion of the magnetization in the ferromagnetic layers to rotate and to become more 
aligned. This leads to a decrease in resistance which is proportional to the number 
of magnetic labels captured by the sensing surface. The possibility of using the 
GMR effect for detecting magnetic labels was fi rst described by Baselt and col-
leagues in 1998  [19] , and subsequently the concept has been developed by other 
research groups, notably at the Naval Research Laboratory in Washington DC, 
where arrays of GMR sensors have been fabricated and used for multiplexed 
immunoassays and nucleic acid assays  [20, 21] .   

  Spin valve sensors  are also based on the GMR effect, but in this case each sensing 
resistor is composed of only two ferromagnetic layers, separated by a nonmagnetic 
metallic layer. The direction of the magnetization in the magnetic layer furthest 
from the sensing surface is pinned by interfacing it with a strong antiferromag-
netic material. When magnetic labels bind to the sensing surface they cause the 

(a)

(b) (c)

     Figure 2.3     (a) Section through a two -
 dimensional array of magnetoresistive sensing 
elements. Each sensing resistor (SR) is 
located under one spot of probe molecules in 
the array; (b) Section through individual 
sensing element in a giant magnetoresistive 
(GMR) array. Key: 1   =   silicon substrate; 
2   =   silicon nitride buffer; 3   =   sensing resistor; 
4   =   gold fi lm for anchoring probe molecules; 
5   =   sensing surface with probe molecules 
bound to magnetic labels. The inset shows an 

enlarged section through the multilayer 
structure of the sensing resistor; (c) Scheme 
showing how the direction of the induced 
dipole fi eld surrounding a magnetic label 
(broken blue lines) opposes the applied fi eld 
in the region where it interacts with the 
sensing resistor. The resultant decrease in 
fi eld strength experienced by the sensing 
resistor leads to a decrease in electrical 
resistance.  
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direction magnetization in the unpinned magnetic layer to rotate, which induces 
a decrease in electrical resistance. A number of reports have described how spin 
valves can be used to detect low numbers of magnetic particles, and Graham and 
colleagues have used them to detect streptavidin – biotin interactions and DNA 
hybridization  [22, 23] . Because spin valves are sensitive to the direction of the local 
magnetic fi eld as well as its strength, the effect of magnetic labels interacting with 
opposite sides of a sensing resistor can cancel out, leading to a reduction in sen-
sitivity. Research groups at Philips Research (Eindhoven, The Netherlands) over-
came this problem by immobilizing probe molecules in the region between two 
neighboring spin valves  [24] , while Wirix - Speetjens and colleagues avoided it by 
releasing bound labels from the sensing surface and detecting them after they had 
become aligned along one edge of a spin valve  [25] . The latter group also compared 
the performance of magnetic labels with diameters of 1    μ m and 300   nm in immu-
noassays, and found the latter to produce a lower limit of detection and a broader 
dynamic range. More recently, the teams at Philips Research have carried out 
immunoassays with spin valve sensors located in close proximity to current - car-
rying conductors integrated on the same chip  [26] . These conductors generate 
high - frequency magnetic fi elds that excite those magnetic labels bound to the 
sensing surface. Each chip is embodied in a disposable microfl uidic cartridge that 
inserts into an electronic reader, with potential for miniaturization into a hand -
 held instrument. Hall sensors are based on the Hall effect, whereby when a 
magnetic fi eld is applied at right - angles to the movement of charged particles in 
a conducting material, a voltage is developed at right - angles to the directions of 
their movement and the applied fi eld. For sensing purposes, a small current is 
passed through the conductor, after which an alternating magnetic fi eld is applied 
along the same axis as the direction of current fl ow and a unidirectional magnetic 
fi eld is pulsed on and off at right - angles to it. In the absence of any magnetic labels 
bound to the sensing surface, the latter induces a stable Hall voltage; however, 
when bound magnetic labels are present, the alternation of their dipole fi eld 
superimposes an alternating component on the Hall voltage, which can be detected 
by lock - in electronics. Besse and colleagues have demonstrated the detection of 
single magnetic microspheres with a Hall sensor  [17] , while others have used them 
to detect DNA  [18, 27] . 

 There are a several problems that must be overcome before arrays of magnetic 
sensing elements can be used for multiplexed detection. In common with other 
detection methods that seek to interface arrays of sensing elements with arrays of 
probe molecules, it is necessary to ensure that the latter are immobilized at the 
same location as former. Some probe molecules (e.g., oligonucleotides) can be 
synthesized  in situ  by employing photolithographic methods similar to those used 
to fabricate the sensing elements, although other probe molecules (e.g., antibod-
ies) must be immobilized directly onto the sensing elements. This inevitably 
becomes more diffi cult as the dimensions of the sensing elements become smaller. 
A possible solution to this problem would be a version of the immobilization 
technique developed by Nanogen (San Diego), in which probe molecules are 
directed to individual sensing elements by on - chip electric fi elds. Alternatively, the 
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sensing element(s) can be scanned over the probe molecules in much the same 
way as an  atomic force microscopy  ( AFM ) tip is scanned over a substrate (as shown 
in Figure  2.4 ). Although this concept is used in magnetic force microscopy  [29] , 
Rudnitsky and colleagues have suggested its use also for the detection of magnetic 
labels bound to very high - density arrays of probe molecules  [11] . The idea of using 
a scanning probe rather than a fi xed array of sensing elements could also be 
extended to other detection methods, as recently reported by Kazakova and col-
leagues, who used a scanning Hall microscope to detect individual magnetic 
particles distributed on a planar substrate  [30] .   

 Most of the studies that have been carried out with magnetic sensors have 
emphasized their potential sensitivity by detecting very low numbers of magnetic 
particles; however, very few studies have extended to the detection of actual analyte 
molecules, let alone such molecules in real samples. At some point in any real 
detection protocol the analyte molecules must be concentrated at the sensing site. 
In a simple sandwich assay, this is normally achieved by binding the analyte mol-
ecules directly to surface - immobilized probe molecules, but when magnetic labels 
are used they can also be concentrated by binding to the reporter molecules in 
solution. One advantage of this alternative approach is that the initial binding 
events take place under conditions where they are favored by faster kinetics. The 
magnetic labels can then be concentrated into a much smaller volume, as shown 
schematically in Figure  2.5 a, and even focused at particular sensing sites by the 
application of one or more magnetic fi eld gradients. Graham and colleagues have 
demonstrated how magnetic particles can be concentrated on spin valve sensors 
using the magnetic fi eld of adjacent current carrying conductors  [31] , while Sandhu 
and colleagues have used a similar approach to concentrate magnetic particles on 
Hall sensors  [32] . Lee and coworkers have demonstrated the microscale manipula-
tion of magnetic particles with 2 - D grids of current - carrying wires  [33] , and 
Graham and colleagues have shown how on - chip current - carrying wires can be 

     Figure 2.4     The defl ection of a scanning cantilever tipped with 
a ferromagnetic particle can be used to detect magnetic labels 
bound to an array of probe molecules (although in practice 
this would be very slow). A faster interrogation could be 
achieved by scanning with 2 - D arrays of cantilevers, as 
described for dip - pen lithography in Ref.  [28] .  
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used to focus magnetically labeled nucleic acid sequences onto spin valve sensors 
for hybridization with the corresponding probe sequence  [23] . One problem with 
this approach is that, for maximum sensitivity, it would be necessary to concen-
trate all magnetic labels on one sensing site before moving on to the next, as shown 
in Figure  2.5 b. In multiplexed detection, where there would be multiple sensing 
sites, the total time required would be equal to the number of sensing sites, mul-
tiplied by the time taken to complete the process of concentration and hybridiza-
tion at each individual sensing site. Given that the latter takes at least 30   min, it 
can easily be understood that the concentration at individual sensor sites would 
not be practical for multiplexed detection.    

(a)

(b)

     Figure 2.5     (a) An advantage of magnetic 
labels is that, subsequent to interrogating a 
large sample volume, they can be 
concentrated onto a small sensing surface; 
(b) By moving the applied magnetic fi eld from 
site to site in the direction of the colored 

arrows, the magnetic labels can also be 
concentrated on each individual sensing spot 
in series, but the time required for binding at 
each site makes this impractical for 
multiplexed detection.  
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  2.4 
 Rotating Discs 

 In many cases, methods that allow magnetic labels to be detected with great sen-
sitivity cannot be confi gured to interrogate even low - density 2 - D arrays of probe 
molecules, because of their size. SQUID sensors consist of two Josephson tunnel 
junctions in parallel, in association with a pick - up coil (antenna) that focuses the 
signal from the magnetic labels onto them. Small currents are able to pass through 
the junctions without developing a voltage, but when the current exceeds a certain 
critical value then a voltage is developed. The magnitude of this critical current 
depends on the ambient magnetic fi eld in a way that allows trace amounts of 
magnetic label to be detected, although in order to operate the SQUID sensors 
must be cooled with liquid nitrogen. The size of the cooling apparatus, and the 
need to insulate biological molecules from contact with very low temperatures, 
make it impractical to interface SQUID sensors directly with each individual spot 
in a 2 - D array. Nonetheless, Tsukamoto and colleagues overcame this problem by 
locating individual tests around the perimeter of a rotating disc, as shown in 
Figure  2.6   [34] . A magnetic fi eld was applied to samples outside the magnetic 
shield, and the residual magnetism of the labels was detected as they passed over 
the SQUID. This allowed the bound labels to be distinguished from the unbound 

     Figure 2.6     Schematic representation showing how liquid 
samples organized around the rim of a disk are rotated 
(in the direction of the red arrow) to locate individual samples 
in close proximity to a high - temperature SQUID sensor.  
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labels, without a separation step. A similar method of detection is currently being 
developed by MagneSensors (San Diego, CA, USA;  http://home.san.rr.com/mag-
nesensors/ ) in which attomolar sensitivity is achieved by bringing the sample to 
within less than 1   mm of the SQUID sensor.    

  2.5 
 Diagnostic Devices 

 Today, lateral fl ow devices are one of the most important products of the  in vitro  
diagnostics industry. In their simplest form they consist of a rectangular strip of 
plastic - backed porous material which is striped with lines of immobilized probe 
molecules, and fi tted with a conjugate release and wicking pads (as shown in 
Figure  2.7 a). When a device is inserted into the sample, liquid migrates along the 
strip and releases labeled capture molecules from the conjugate release pad. These 
bind to analyte molecules present in the sample and develop a signal when they 
interact with immobilized probe molecules at the test line. The lateral fl ow devices 
are completely self - contained, and can be stored in dry form without refrigeration 
for many months. Existing devices, based mainly on dyed latex particle or gold 
nanoparticles, at - best produce semi - quantitative results that must often be inter-
preted by the user without additional equipment. However, demands for improved 
sensitivity, numerical outputs and multiplexed detection are driving development 
in the direction of devices that can be interfaced with inexpensive fi eld - portable 
detectors. MagnaBioSciences (San Diego, CA, USA;  http://www.qdusa.com/
biotech06/index.html )  [35]  and Magnasense (Finland; magnasense.com) have 
both developed lateral fl ow device readers based on electromagnetic induction. 
This penetrates further from the sensing interface than the GMR and Hall effects, 
and is therefore better able to interrogate the entire thickness of a lateral fl ow strip. 
In these readers the device is placed in a strong magnetic fi eld in close proximity 
to an array of planar coils (Figure  2.7 b). The array is designed such that the net 
current induced in the coils is zero, unless magnetic particles are present. When 
these particles accumulate at the test line they distort the magnetic fi eld and induce 
a net voltage which is proportional to number of particles, and hence to the 
amount of analyte in the sample. Sensitivity is said to range from 10 -  to 1000 - fold 
greater than traditional lateral fl ow devices, and MagnaBioSciences have claimed 
that their preliminary work have shown the technology capable of being adapted 
for use with planar arrays. Magnisense (France;  www.magnisense.com ) has devel-
oped an improved detection technology based on the nonlinear magnetization of 
superparamagnetic particles  [36, 37] . In this method, the particles are subjected 
to an alternating magnetic fi eld that has two components: a high - amplitude, low -
 frequency component capable of switching off further magnetization of the par-
ticles; and a low - amplitude, high - frequency component that contributes to the 
resulting induction signal. This promotes high sensitivity because it permits the 
signal from superparamagnetic labels to be discriminated from background 
signals derived from paramagnetic sources. The improved method has been incor-
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porated into a lateral fl ow device reader based on electromagnetic induction, but 
it also has the potential to improve the sensitivity of Hall, GMR, and other sensors. 
Diagnostic Biosensors (Minneapolis, USA;  www.diagnosticbiosensors.com ) is cur-
rently developing arrays of GMR sensors for use with lateral fl ow and microfl uidic 
devices. One problem with GMR as a means of interrogating lateral fl ow strips is 
that the sensitivity to the presence of magnetic particles decreases according to 

(a)

(b)

     Figure 2.7     (a) A lateral fl ow device. The liquid 
sample (drops) releases magnetic labels from 
the conjugate pad, after which the analyte 
molecules bind to the labels as they migrate 
(in the direction of the arrow) towards the 
test line (TL). At the TL, the labels bind to 
capture molecules in proportion to the 
amount of analyte in the sample. The device 
is then inserted into a reader; (b) A plan - view 
showing part of lateral fl ow device located 

above an array of coils (impedance bridge) in 
the reader developed by Magnasense. 
Magnetic labels bound to the test line 
unbalance the impedance bridge, leading to a 
change in the output voltage (V). The reader 
developed by MagnaBioSciences is based on 
a different approach, in which the lateral fl ow 
device is located in a uniform magnetic fi eld 
above an array of coils.  
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the inverse cube of the distance between the particles and the sensing resistor. 
Thus, sensitivity to labels located on the far side of the plastic backing support of 
a lateral fl ow device would be low. In order to overcome this problem, Tondra has 
suggested that sensing elements could be fabricated directly onto the backing 
material, thereby placing them in closer proximity to magnetic labels in the porous 
membrane  [38] .    

  2.6 
 Bio - Barcode Assays Based on Magnetic Microspheres 

 In its most common embodiment, the bio - barcode approach uses magnetic sepa-
ration to carry out multiplexed nucleic acid assays and immunoassays  [39, 40] . 
Bio - barcodes are gold nanoparticles conjugated to recognition molecules and DNA 
barcodes. In multiplexed assays, target molecules are sandwiched between capture 
probe molecules conjugated to magnetic microspheres and bio - barcodes, as shown 
in Figure  2.8 . The magnetic microspheres, and the bio - barcodes bound to them, 
are magnetically separated and washed, after which the barcodes are released and 
detected by hybridization to a 2 - D array. Multiplexed assays for both antigenic and 
nucleic acid target molecules have been reported in which released barcodes are 
detected by sandwiching them between arrays of capture probes and reporter 
probes. In most cases, the reporter probes are labeled with gold nanoparticles that 
are detected after silver enhancement.    

  2.7 
 Spectrally Encoded Suspension Arrays of Magnetic Microspheres 

 The fi rst suspension arrays to be introduced were based on nonmagnetic micro-
spheres encoded with fl uorescent dyes  [6, 41] . For this method of encoding, the 

     Figure 2.8     Scheme of the bio - barcode assay. Stage I: Analyte 
molecules are sandwiched between magnetic microspheres 
and bio - barcodes (gold nanoparticles conjugated to 
antibodies and DNA barcodes); Stage II: the microspheres are 
magnetically precipitated; Stage III: the DNA barcodes 
precipitated in Stage II are released and detected by 
hybridization to a 2 - D array.  
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microspheres are swollen in a solution of the dyes in a nonpolar solvent. The dyes 
are able to partition into the microspheres which, on being transferred to a polar 
solvent, will shrink such that the dyes become entrapped. This method is used to 
encode microspheres for use in the commercial suspension arrays, although the 
number of codes that can be prepared is limited by the properties of the fl uorescent 
dyes. 

 Many of the limitations imposed by fl uorescent dyes can be eliminated, however, 
by using semiconductor  quantum dot s ( QD s)  [42 – 44] . These photoluminescent 
nanoparticles have narrow, size - tunable emission spectra, and many colors can be 
excited at a single wavelength far removed ( > 100   nm) from their emission wave-
lengths. In theory, up to eight different colors of QDs can be resolved in the 
visible/near - infra - red region of the spectrum, with acceptable spectral overlap. Nie 
and colleagues conferred both a spectral code and magnetic properties on porous 
silica microspheres by doping them with CdSe@ZnS QDs and iron oxide nanopar-
ticles capped with hydrophobic ligands  [45] . The microspheres had a diameter of 
3 – 5    μ m and a mean pore size of 30   nm, and all surfaces    –    both internal and exter-
nal    –    were functionalized with hydrophobic octadecyl silane. For encoding pur-
poses, the microspheres were fi rst mixed with the nanoparticles in butanol. Then, 
after allowing time for the particles to partition into the pores, the microspheres 
were washed with ethanol and then rendered hydrophilic by coating them with 
amphiphilic poly(acrylic acid) functionalized with octylamine. One potential 
problem with this method is that iron oxide nanoparticles signifi cantly reduce the 
photoluminescence intensities of the QDs because of their broad absorbance 
spectrum, which interferes with both excitation and emission. Some commercial 
microspheres have structures which comprise a core containing iron oxide 
nanoparticles that does not swell in nonpolar solvents, but is surrounded by a shell 
that does. Whitman and colleagues used solvent swelling to incorporate either 
fl uorescent dyes or QDs into the shells of microspheres with this structure, and 
then used these in immunoassays for  Bacillus anthracis  spores  [46] . In these immu-
noassays, an applied magnetic fi eld was used to remove any microspheres bound 
to the substrate by weak nonspecifi c interactions, thereby reducing the background 
and increasing sensitivity. 

 One problem with solvent swelling as a means of encoding microspheres is that 
all dyes must be incorporated at the same time, but this becomes increasingly 
imprecise as the number of dyes and their concentrations are increased.  Layer - by -
 layer  ( LBL ) self - assembly is a technique in which materials are assembled in 
sequence by virtue of their mutual attraction  [47] . As a method of encoding micro-
spheres, this imposes a high degree of control over the amount of photolumines-
cent polymers or nanoparticles that can be deposited on the microsphere cores. 
Provided that the encoding elements are in excess, the amount assembled will 
depend only on the surface area of the microspheres, and therefore precise control 
over their concentrations is unnecessary. A number of reports have been produced 
describing the LBL assembly of QDs on nonmagnetic microspheres  [48 – 51] , most 
of which have involved iterative cycles of assembly and washing, with the latter 
generally being carried out by either centrifugal precipitation  [48 – 51]  or fi ltration 
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 [50] . Unfortunately, this is a time - consuming procedure, and results in a progres-
sive loss of microsphere cores as more layers are assembled. In one study, 80% 
of the microspheres were found to be lost when centrifugal washing was used 
during the assembly of 20 polyelectrolyte layers on nonmagnetic microspheres 
 [51] . However, Wilson and colleagues overcame this problem by using magnetic 
separation to perform the washing steps, as shown in Figure  2.9 a  [52, 53] , as this 
allows many layers of QDs to be assembled on magnetic cores, without any sig-
nifi cant loss of microspheres and in less than one - quarter of the time required 
when centrifugal precipitation is used. Because the QDs are assembled in a shell 

(a)

(b)

     Figure 2.9     (a) Simplifi ed scheme of LBL 
self - assembly of photoluminescent QDs on 
magnetic cores. Step I, mix magnetic particles 
and QDs; Step II, precipitate magnetic 
particles and remove excess QDs; Step III, 
assemble new layer of QDs; (b) By combining 
LBL self - assembly and magnetic separation, 
sophisticated nanoscale architectures can be 
constructed. In the scheme on the left, a 
magnetic core is surrounded by an inner shell 
of QDs and an outer shell of silica 

nanoparticles (SiNPs). The latter is 
functionalized with an immunosorbent 
antigenic surface (AS) for use in multiplexed 
immunoassays. The TEM image on the right 
shows a thin section though a magnetic 
microsphere, with the architecture shown in 
the scheme on the left. The encoding QDs are 
visible as a dark line between the magnetic 
core and outer shell of SiNPs.  The TEM 
image was reproduced from Ref.  [53] ; 
 ©  American Chemical Society.   
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surrounding the magnetic core, their photoluminescence is not quenched by the 
iron oxide nanoparticles. In one example, three colors of QDs were assembled on 
paramagnetic microspheres, followed by an outer shell of silica nanoparticles, as 
shown in Figure  2.9 b. The latter    –    which are completely transparent at all excitation 
and emission wavelengths    –    were subsequently silanized and functionalized with 
an antigenic surface for use in multiplexed immunoassays for serum proteins. In 
these immunoassays, three sets of microspheres were incubated with the sample 
(as shown in Figure  2.10 a), and results were determined by decoding the particles 
and detecting molecules bound to them with a fl uorescence reader (Figure  2.10 b). 
By combining solution - phase kinetics and magnetic separation the immunoassays 
could be completed in less than 30   min.   

(a)

(b)

     Figure 2.10     (a) Scheme of multiplexed 
competitive immunoassay for serum proteins. 
Stage I, three sets of magnetic particles, each 
with a different color code and a different 
antigenic surface, are incubated with the 
corresponding antibodies and the sample; in 
this example the sample contains bovine 
serum albumin (BSA); Stage II, the magnetic 
particles are precipitated and the sample is 
removed; Stage III, the magnetic particles are 
incubated with fl uorescent Cy - 5 - labeled 
antibodies; Stage IV, the particles are 
precipitated and washed; Stage V, the 
particles are imaged with a fl uorescence 

reader; (b) Fluorescence images showing 
colors of the encoding QDs and Cy - 5 
fl uorescence, for one particle from each set at 
the end of the immunoassay. Particles with a 
code of red and green QDs are not 
fl uorescent in the Cy - 5 (cyanine - 5) window 
because BSA was present in the sample. 
However, particles with other codes are 
fl uorescent because OVA (ovalbumin) and 
HSA (human serum albumin) were not 
present in the sample.  Reproduced with 
permission from Ref.  [53] ;  ©  American 
Chemical Society.   
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 The Quantum Dot Corporation (now part of Invitrogen) has also developed 
magnetic microspheres encoded by what appears to be some form of LBL process, 
although insuffi cient details have been revealed to be certain of this  [44] . The 
microspheres have a diameter of 8    μ m and are encoded with up to four colors of 
QDs at 12 different intensity levels; in theory, this could yield up to 455 spectral 
codes. The encoding QDs had emission peaks at 525, 545, 565, and 585   nm, while 
a fi fth QD conjugated to streptavidin with an emission peak at a longer wavelength 
was used as a reporter label. The encoded microspheres were used for the multi-
plexed gene expression profi ling of 100 cRNA sequences and 20 calibrator 
sequences. The results clearly demonstrated the advantages of performing multi-
plexed detection with suspension arrays combining QD encoding and magnetic 
separation. In comparison with microarrays, the duration of the assay was an order 
of magnitude faster, the dynamic range was 2 – 3 log units broader; the sensitivity 
was an order of magnitude better, and reproducibility approached that of an 
Affymetrix GeneChip microarray. Moreover, quality control was straightforward 
because encoded microspheres can be prepared in gram - sized batches, with each 
gram being suffi cient to perform at least 10 9  assays. 

  2.7.1 
 Magnetically Encoded Suspension Arrays 

 The possibility of encoding suspension arrays with a combination of luminescent 
and magnetic entities has been described elsewhere  [54] . The maximum number 
of spectral codes that can be resolved by fl uorescence alone is ultimately limited 
by the ability of the detector to distinguish between different colors and intensities. 
The number of resolvable codes can be doubled by the simple expedient of incor-
porating additional magnetic encoding elements into some of the fl uorescent 
particles. Two suspension arrays with identical spectral codes are prepared, with 
the single difference that one of them is based on magnetic particles; the arrays 
can therefore be separated by the application of a magnetic fi eld gradient before 
reading the spectral code. In a variation on this idea, Kim and Park carried out 
dual analyte sandwich immunoassays in which the identity of captured analyte 
molecules was indicated by the fl uorescence code of the microsphere, and the 
amount of target molecule captured by them was determined from their velocity 
in an applied magnetic fi eld  [55] . Particles in a suspension array can also be identi-
fi ed by means of magnetic codes alone. The force on a magnetic particle in a 
magnetic fi eld depends on its size and composition; thus, particles in a suspension 
arrays could in theory be separated and identifi ed on the basis of their magnetic 
content. The separation of particles in a magnetic fi eld, which is known as  mag-
netophoresis  or  magnetic spectrometry , has been used to separate populations of 
cells labeled with antibodies conjugated to magnetic nanoparticles  [56, 57] , and 
more recently to separate particles on the basis of their size and magnetic moment. 
In one of these reports, magnetic particles were injected into a planar fl ow cell 
and separated into eight outlet bins by the application of a magnetic fi eld gradient 
at right - angles to the direction of fl ow (see Figure  2.11 )  [58] ; similar separations 
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have been carried out in microfl uidic devices  [59] . At present, the main barrier to 
further progress in this area is that most existing particles vary widely in their 
magnetic moments. Baselt and colleagues, for example, found that microspheres 
in the same batch of M - 280 Dynabeads (2.8    μ m diameter) had a relative standard 
deviation of 72%  [19] . Recently, Wang and colleagues have synthesized nanopar-
ticles with a multiplayer structure that promotes low magnetic remanence and 
allows the magnetic moment of particles to be tuned  [60] . Particles such as these 
should prove to be useful for investigating the potential of magnetic encoding, 

     Figure 2.11     Particles encoded with different amounts of 
magnetic material in a fl owing stream can be resolved by 
applying a magnetic fi eld at right - angles to the direction of 
fl ow. In this scheme, particles with a higher magnetic content 
are indicated by circles of a darker color; the higher the 
magnetic content of the particles, the more they are defl ected 
by the magnetic fi eld.  
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although because of the way in which they are made it would not be possible to 
produce them in suffi cient numbers to offer a practical alternative to suspension 
arrays based on spectrally encoded microspheres.     

  2.8 
 Summary and Conclusions 

 Magnetic nanoparticles, either on their own or embedded in microspheres, are 
used in multiplexed assays based on both planar and suspension arrays. Two -
 dimensional arrays of sensing elements for magnetometric assays can be made 
and integrated into the requisite circuitry by standard semiconductor manufactur-
ing techniques, although diffi culties exist in locating probe molecules at precisely 
the same sites as the sensing elements. It may be possible to overcome this 
problem by directing probe molecules to the desired location with on - chip electric 
or magnetic fi elds, but the ancillary components necessary to do this would them-
selves occupy space. Because of these limitations, it is likely that arrays of magnetic 
sensing elements will be limited to low -  and medium - density arrays, such as those 
used in fi eld - portable, point - of - use devices. Although the use of microspheres 
containing magnetic nanoparticles in suspension arrays for separation purposes 
is well established, the possibility of using magnetic nanoparticles as encoding 
elements has recently been explored. At present, a lack of microspheres with well -
 defi ned magnetic moments is said to be delaying advances in this area, but pre-
sumably these could be prepared in relatively large numbers using the same LBL 
techniques that have been used to assemble magnetic and other nanoparticles on 
nonmagnetic microspheres. Even when suitable microspheres become available, 
however, it is unlikely that a purely magnetic - based method of encoding would 
yield the same number of codes as would fl uorescent dyes or luminescent nanopar-
ticles. A more realistic prospect is that a combination of luminescent and magnetic 
encoding could be used to achieve signifi cantly higher levels of multiplexing than 
is currently possible with luminescence encoding alone. During the past few years, 
Chen and colleagues have described suspension arrays composed of at least 100 
different codes based on QDs  [44] , while Carr and colleagues have shown how 
microspheres can be separated into eight different sets in a magnetic fi eld gradient 
 [58] . A combination of these approaches would yield at least 800 resolvable codes, 
without losing any of the advantages that have contributed to the success of sus-
pension arrays.  
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3

  3.1 
 Introduction 

 Nanomaterials have shown, and continue to show, considerable promise for the 
detection and separation of objects of interest, and in this context have been widely 
used in biology and medicine for over 50 years  [1, 2] . Today, many advanced tech-
niques have been devised for the straightforward production of homogeneous 
nanomaterials, which involve: fi rst, the reaction of a gaseous mixture at a hot 
surface; second, a cooling of the mixture from a hot gas or plasma; and third, the 
formation of intermolecular forces during the self - assembly of individual compo-
nents  [3] . Consequently, nanomaterials continue to attract a great deal of attention 
because, by using these new techniques, their application can be easily and exten-
sively controlled and tuned. 

 Among currently available nanomaterials, magnetic variants are used in a wide 
range of research areas, including catalysis, biomedicine, and  magnetic resonance 
imaging  ( MRI ), generally on the basis of their functional versatility  [4 – 10] . In 
particular, magnetic nanomaterials have the potential to create a sensation among 
current clinical diagnostics, biosensors, separations, and drug delivery applica-
tions, based on not only their unique physical properties but also their ability to 
function at the cellular and molecular level in biological interactions. Most often, 
magnetic nanomaterials consist of magnetic elements such as iron, nickel, cobalt 
and manganese (and chemical compounds thereof), and so may be easily provided 
with a biocompatible surface coating that endows them with great stability under 
physiological conditions. It is on account of these properties that the use of mag-
netic nanomaterials in biological detections and separations leads not only to an 
enhancement of the sensor ’ s signal sensitivity but also to a reduction in the physi-
cal size of the detection and separation systems. 

  Magnetophoresis  is a phenomenon which describes the particle migration that 
occurs when a magnetic force is exerted on a particle. The magnetic force induced 
by an external magnetic fi eld causes an object to move towards a denser or more 
sparse magnetic fi eld. Whilst all particles exhibit their own magnetic properties, 
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according to their chemical compositions, the intensity of the magnetic force    –    and 
its direction    –    depend on the magnetic properties of the materials and also on their 
surroundings, including their  diamagnetism  and  paramagnetism . The principle 
of magnetophoresis was recently applied to magnetic biosensors, in which mag-
netic microbeads and nanoparticles were used as a solid support and a labeling, 
respectively  [11 – 15] . Originally, the role of magnetic microbeads in magnetic bio-
sensors was linked with the function of separation, because they provided biomol-
ecules of interest which not only had a reaction space but could also be used to 
separate the biomolecules. The same strategy has also been adapted to other detec-
tion methods, but based on principles of fl uorescence and electrochemistry  [16 –
 18] . While magnetic microbeads are generally used for the separation of target 
materials, magnetic nanoparticles can be used directly for magnetophoretic 
sensing in biosensors, these actions being based on the detection of biologically 
functionalized magnetic labels of cells or microbeads in a magnetic fi eld - induced 
microchannel with high sensitivity. Recently, a number of magnetophoretic bio-
sensors using magnetic nanoparticles as labels have been developed  [19, 20]  and 
applied to the analysis of biomolecule concentrations. This approach employs 
the magnetophoretic mobility of a microbead, and depends on the amount of 
associated superparamagnetic nanoparticles under a magnetic fi eld gradient in a 
microfl uidic channel. By measuring the magnetophoretic defl ection velocity of 
microbeads as a signal for the presence of analytes, it was possible to quantify 
multiple analytes, in simultaneous fashion, by using conjugated nanoparticles as 
labels. 

 Magnetic microparticles and nanoparticles have long been used for the separa-
tion of biomolecules  [21] , and among the various separation applications  [22]  can 
be included the immunomagnetic separation of cells. Such separation has been 
especially important in cell biology and medicine, where  magnetic - activated cell 
sorting  ( MACS ) has provided the means to separate cells of interest from mixed -
 cell populations  [17, 23 – 27] . In MACS, magnetic microparticles and nanoparticles 
are fi rst conjugated with antibodies specifi c to the cell membrane protein of inter-
est. Subsequently, when the magnetic particle - bound cells are maintained in a 
strong magnetic fi eld, the target cells will be separated from any untreated samples 
containing impurities. 

 In general, two cell separation methods are used, namely direct and indirect 
 [28] : 

   •      In the  direct method , magnetic nanoparticles with appropriate affi nity ligands are 
applied directly to the target cells. When the magnetic nanoparticles have 
become bound to the target cells, the solution containing the complexes is 
allowed to fl ow through a separating column to which is applied a magnetic 
fi eld.  

   •      In the  indirect method , a free affi nity ligand (in most cases an appropriate 
antibody, which often is biotinylated) is fi rst added to the cell suspension, after 
which the labeled cells are captured by magnetic nanoparticles bearing an 
affi nity ligand against the primary label (e.g., secondary antibodies or 
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streptavidin). As with the direct method, the resultant magnetic complex can be 
separated by using an appropriate magnetic separator.    

 The magnetic nanoparticles which are used to label the cells have no negative 
effect on cell viability, and the isolated cells will remain unaffected. The extremely 
small size of the magnetic nanoparticles also means that the cells avoid mechani-
cal stress, and that the incubation time will be short and the processing rapid. The 
nanoparticles form a stable colloidal suspension, and neither sediment nor aggre-
gate in the magnetic fi eld. Their size and composition would normally render the 
particles biodegradable, but typically they neither activate the cells nor infl uence 
cell function and viability. Accordingly, the cells are able to retain their physiologi-
cal function during the separation process  [29] . 

 In this chapter, we describe both existing and emerging magnetophoretic 
biosensors and separation applications using magnetic nanomaterials, the 
aim being to outline the basic principles and major issues that arise within 
each technology. The concepts of the magnetic properties of a material, mag-
netophoresis and  high - gradient magnetic separation  ( HGMS ) are fi rst outlined, 
after which the details of magnetophoresis in a microfl uidic system, including 
the microfabrication of microfl uidic devices and measurement/analysis, are 
addressed. Biosensing and separation applications using magnetophoresis 
are then described, and some conclusions and possible future research directions 
proposed.  

  3.2 
 Theory 

  3.2.1 
 Magnetic Properties of a Material 

 The classifi cation of a material ’ s magnetic properties is based on its magnetic 
susceptibility ( χ ), which is defi ned by the ratio of the induced magnetization ( M ) 
to the applied magnetic fi eld ( H ). In diamagnetic materials, the magnetic moment 
is antiparallel to  H , resulting in very small and negative susceptibilities ( − 10  − 6  
to  − 10  − 3 ). Diamagnetic materials do not retain magnetic properties when the 
external fi eld is removed; likewise, they have no unpaired electrons and tend to be 
repelled from the magnetic fi eld. By contrast, magnetic materials show magnetic 
properties even if no external magnetic fi eld is present. Magnetic materials 
may be divided broadly into three classes; paramagnetic; ferromagnetic; and 
superparamagnetic. 

   •      Materials with magnetic moments aligned parallel to  H  and susceptibilities on 
the order of 10  − 6  to 10  − 1  are described as  paramagnetic , in which they show 
magnetism only in the presence of an externally applied magnetic fi eld. They 
have induced magnetic forces which respond linearly to the applied magnetic 
fi eld and tend to be attracted to the external magnetic fi eld.  
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   •      In  ferromagnetic  materials, the magnetic moments also align parallel to  H , 
coupling interactions between the electrons of the material result in ordered 
magnetic states, that is, magnetic domains, and large spontaneous magnetization. 
Therefore, they can become saturated with a strong magnetic force and a residual 
magnetism exists when the applied magnetic fi eld is removed. They are 
permanently magnetized when exposed to the external magnetic fi eld. The 
susceptibilities of these materials depend on their atomic structures, temperature, 
and the external magnetic fi eld,  H .  

   •      If the ferromagnetic materials are of a smaller size (on the order of tens of 
nanometers), they become a single magnetic domain and therefore maintain 
one large magnetic moment; they are then known as  superparamagnetic  
materials. Superparamagnetic materials have lost their net magnetization in 
the absence of an external fi eld at suffi ciently high temperatures because the 
magnetic dipole – dipole interaction energy is weaker than thermal energy. This 
superparamagnetic property enables the particles to maintain their colloidal 
stability and to avoid aggregation, which makes their use feasible in biomedical 
applications. Furthermore, the coupling interactions within these single 
magnetic domains result in much higher magnetic susceptibilities than for 
paramagnetic materials. Due to these properties of superparamagnetic materials, 
magnetic nanomaterials have been used in biosensors which require a high 
sensitivity and biomolecular separation systems, although ferromagnetic 
materials may be used in certain systems.     

  3.2.2 
 Magnetophoresis 

 The force on a magnetic particle ( F m  ) in a magnetic fi eld can be controlled with 
the volume of the particle, the difference in magnetic susceptibility, and the 
strength and gradient of the applied magnetic fi eld.  F m   is given by:

   F V Btsm m= Δ ∇1

2 0

2

μ
χ     (3.1)  

where  μ  0  is the magnetic permeability of free space,  Δ  χ  is the difference 
( Δ  χ    =    χ  p     −     χ  m ) in magnetic susceptibility between the magnetic material ( χ  p ) and 
the surrounding medium ( χ  m ),  V m   is the volume of magnetic material, and  B  is 
the magnetic fl ux density. 

 As mentioned in Section  3.1 , nanoparticles are used for magnetophoretic bio-
sensing and separation. When the magnetic nanoparticles are conjugated with a 
cell or a microbead, the applied magnetic fi eld will induce the magnetic force on 
them. The total magnetic force ( F tm  ) of the magnetic nanoparticles on the cell or 
microbead is the sum of the magnetic forces acting on each magnetic nanoparticle. 
 F tm   is described by:

   F N F N V Btm m m m m= = Δ ∇1

2 0

2

μ
χ     (3.2)  



 3.2 Theory  81

where  N m   is the number of the magnetic nanoparticles conjugated with a cell or 
a microbead. In a microfl uidic channel, the fl uid generates a laminar rather than 
a turbulent fl ow. While the Reynolds number is  < 0.1, it can be assumed that drag 
forces follow Stokes ’  equation, and thus  F d   is defi ned as:

   F R vd m= −6π η     (3.3)  

where  R m   is the radius of the cell or microbead,  η  is the viscosity of the aqueous 
medium, and  v  is the velocity of the cell or microbead. The force balance on the 
cell or microbead can be written as:

   F m a F F F Ftm d g bou= ⋅ = + + +     (3.4)  

where  F g   is the gravity force and  F bou   the buoyancy force. For micrometer - scale 
materials, the term on the left - hand side of Equation  3.4  is much smaller than 
those of the magnetic and drag forces of fast - moving particles. Accordingly, the 
left - hand side of Equation  3.4  can be assumed to zero  [30] . As the direction of the 
magnetic force is perpendicular to the fl uid fl ow and gravity, we are only interested 
in the horizontal movement of the cell or microbead through the fl uid. Based on 
this fact, Equation  3.4  is rewritten as:

   0 = +F Ftm d     (3.5)   

 Substituting Equations  3.2  and  3.3  into Equation  3.5 , the velocity of the cell or 
microbead conjugated with magnetic nanoparticles in the microfl uidic channel is 
represented by:

   v
N V

R
Bm m

m

= Δ ∇χ
π ημ12 0

2     (3.6)   

 Equation  3.6  describes the magnetophoretic mobility of cells or microbeads 
conjugated with magnetic nanoparticles. If the sizes of the magnetic nanoparticles 
( V m  ) and cells or microbeads ( R m  ) are assumed to be uniform, then their velocities 
are affected by the number of magnetic nanoparticles conjugated on the cell or 
microbead ( N m  ) and the magnetic fi eld gradient and intensity. From this view-
point, the principle of magnetophoresis can be applied to applications such as 
biosensing, in which the presence of a target biomolecule is detected and analyzed 
quantitatively, and separation techniques, where the cells or materials of interest 
are sorted from various mixtures.  

  3.2.3 
 High - Gradient Magnetic Separation 

 For applications using magnetic forces, two types of magnetic fi eld are available: 
a homogeneous magnetic fi eld and an inhomogeneous magnetic fi eld. In a  homo-
geneous magnetic fi eld , there is no gradient in the magnetic fi eld because the 
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magnetic fl ux density is constant over a distance. Thus, this fi eld is unable to either 
attract or repel magnetic materials. In an inhomogeneous magnetic fi eld, however, 
there exists a gradient in the magnetic fl ux density. In magnetophoresis applica-
tions, an  inhomogeneous magnetic fi eld  is required to trap materials with mag-
netic properties and to manipulate cells using magnetic nanoparticles. In addition, 
the steeper the slope of the gradient in a magnetic fi eld, the more profi table it is 
in magnetophoresis. To this end, microscale ferromagnetic materials are used to 
enhance the magnetic fi eld gradient in microfl uidic applications. 

 In HGMS, ferromagnetic materials are used to concentrate the external 
magnetic fi eld so that the magnetic fi eld gradient is larger and the magnetic 
force becomes stronger  [21, 31] . The magnetic fi eld gradient in HGMS is 
usually obtained by placing ferromagnetic wire into the magnetic fi eld; this 
causes the ferromagnetic materials to become magnetically saturated, such that 
a gradient using only external magnetic fi eld (e.g., a permanent magnet) cannot 
be increased by increasing the fi eld. In HGMS, the direction of the external 
magnetic fi eld and the orientation of the ferromagnetic wire can have important 
effects on the separation  [32, 33] . According to the direction of the external 
magnetic fi eld relative to the ferromagnetic wire    –    that is, perpendicular or 
horizontal    –    the magnetized wire can attract paramagnetic particles to part of 
its surface while repelling the same particles at other locations (Figure  3.1 ). Thus, 
it is possible to manipulate diamagnetic objects with magnetic fi elds. Such 
objects experience a force towards magnetic fi eld minima, allowing for levitation 
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     Figure 3.1     The principle of high - gradient 
magnetic separation (HGMS). A 
ferromagnetic wire in a uniform external 
magnetic fl ux concentrates the external 
magnetic fi eld towards itself, so that the 
magnetic fi eld deforms near the ferromagnetic 
wire and a high gradient magnetic fi eld is 
generated. (a) The case of a magnetic fi eld 

applied in a perpendicular direction to the 
ferromagnetic wire.  Reprinted with permission 
from Ref.  [32] ;  ©  2004, American Institute of 
Physics;  (b) The case of a magnetic fi eld 
applied in a horizontal direction to the 
ferromagnetic wire.  Reproduced with 
permission from Ref.  [33] ;  ©  2006, The Royal 
Society of Chemistry.   
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and trapping. It may also be very easy to separate and purify target materials 
such as mammalian cells,  red blood cell s ( RBC s) and  carbon nanotube s ( CNT s) 
with high precision by arranging the ferromagnetic materials in a variety of 
structures  [34 – 37] .   

 Because a microchannel in which the fl uid containing the cells or microbeads 
fl ows is located beside the wire, attention will be focused on the magnetic fi eld 
gradient alongside the ferromagnetic wire. When applied in a perpendicular direc-
tion to the ferromagnetic wire, the magnetic fi eld is relatively more sparse along-
side the wire than at more distant regions. As shown in Figure  3.1 a, the RBCs will 
be repelled from a magnetized wire, despite their having natural magnetic proper-
ties. In contrast, the  white blood cell s ( WBC s), which have diamagnetic properties, 
are attracted to the magnetized wire. When the magnetic fi eld is applied in a hori-
zontal direction to the ferromagnetic wire, the fi eld will be more dense alongside 
the wire; consequently, any paramagnetic particles (RBCs) will be attracted to the 
magnetized wire, whereas any diamagnetic particles (WBCs) will be forced away 
to the sparse magnetic fi eld (Figure  3.1b ).   

  3.3 
 Magnetophoresis in Microfl uidic Devices 

  3.3.1 
 Design and Microfabrication Processes 

 The microfl uidic device for magnetophoresis generally requires several compo-
nents for the microchannels and the magnetic energy source. The most popular 
fabrication methods for microfl uidic channels include the  poly(dimethylsiloxane)  
( PDMS ) micromolding process and Si - wafer micromachining. Other fabrication 
processes, such as hot embossing and injection molding, can provide low - cost and 
single - use plastic chips for magnetophoresis. However, when considering the 
applications and integration of microchannels with a magnetic energy source, 
there will be a restriction in the choice of available microfabrication process. In 
general, magnetic energy sources are provided either by an electromagnet or a 
permanent magnet. As shown in Table  3.1 , the electromagnetic system  [38]  is 
advantageous for controlling magnetic forces on substances in the microchannel, 
although several problems may arise due to Joule heating and complicated fabrica-
tion processes.   

 A permanent magnet system is preferable in microfl uidic magnetophoresis, 
because present - day, laboratory - based research investigations require simple 
and easy accessibility rather than the complicated, on - chip integration used 
in a commercial set - up  [39] . In the case of the permanent magnetic system, 
several approaches have been shown to improve the magnetic fl ux density gradient 
across the microfl uidic channel, using ferromagnetic microstructures  [33, 40 – 42] . 
As described in Section  3.2.2 , the magnetic force acting on a particle is propor-
tional to the magnetic fl ux density gradient (d B /d x ), and this is rapidly reduced 
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with distance from the magnetic energy source. Therefore, when designing 
the microfl uidic device it is critical that the microchannel is adjacent either to 
the magnetic energy source or to the magnetic fi eld - applied ferromagnetic micro-
structure. Because the magnetic fl ux lines diverge from, and converge into, the 
corner of the permanent magnet (which results in a high magnetic fl ux density 
gradient in the region of the corner), it is advantageous to use the edge of the 
magnet adjacent to the microchannels in order to obtain an enhanced magnetic 
force. Unfortunately, a potential problem may arise when using an enhanced 
magnetic fi eld at the edge that provides nonuniform directions of the magnetic 
fl ux lines, as this may result in magnetic forces acting on the particle, as shown 
in Figure  3.2 .   

 In the past, nickel has often been used as a ferromagnetic material to enhance 
the magnetic fl ux density gradient, mainly because nickel microstructures can be 
obtained relatively easily by using conventional electroplating processes. Details 
of the microfabrication and of the microfl uidic PDMS device are shown in Figures 
 3.3  and  3.4 . Although not described in detail, the remaining PDMS fi lm (ca. 
 < 10    μ m) at the thermal compression method (stage A5 in Figure  3.3 ) plays a crucial 
role in the prevention of fl uid leakage at the interface between the microchannel 
and nickel microstructures. Because the deposition rate in electroplating is depen-
dent on the current density within the electroplating seed layer, the thickness of 
the nickel microstructures is not uniform; consequently, a  chemical mechanical 
polishing  ( CMP ) process should be followed to obtain an even height of the micro-
structure. An alternative approach would be to use a permanent magnet to deposit 
a thick fi lm of the permanent magnet (e.g., NdFeB), using triode sputtering (see 
Figure  3.5 ); this method is often used for integrated microscaled rather than mac-
roscaled permanent magnets  [43] . The same method is also useful for producing 
integrated microfl uidic devices for magnetophoresis, although it does not allow 
the magnetic fi eld to be switched on and off.    

 Table 3.1     Comparison of magnetic energy sources. 

   Magnetic energy source     Advantages     Disadvantages  

  Electromagnet    On - chip integration 
 Magnetic fi eld switching 
 Reliable  

  Joule heating 
 Energy consumption 
 Limited fi eld strength 
 Nonuniform magnetic fi eld 
 Complicated fabrication  

   Permanent magnet     Inexpensive 
 No power consumption 
 Confi ned fringe fi eld 
 Easy accessibility  

   Limited fi eld strength 
 Limited fi eld uniformity 
 Temperature sensitivity 
 Weight  
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  3.3.2 
 Experimental Set - Up 

 Measurements for magnetophoretic biosensing and separation in microfl uidic 
devices are carried out using a  charge - coupled device  ( CCD ) - mounted microscopic 
system. If the materials used to create the device are transparent (e.g., glass or 
PDMS), it is possible to use an inverted microscope; however, if the materials are 
opaque (e.g., Si wafers or metal layers), then a refl ecting microscope should be 
used. As shown in Figure  3.6 , the inverted microscopic system is generally 
employed for PDMS - based microfl uidic devices, with the images being captured 
simultaneously by a CCD camera linked to a computer. Aqueous solutions injected 
into the microfl uidic devices are manipulated precisely with syringe pumps, with 
the syringes and devices being connected by silicone tubes. When a permanent 
magnet which is several tens of millimeters in size is used, care must be taken to 
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     Figure 3.2     (a, b) Schematic view of the 
relationship between a permanent magnet 
and a ferromagnetic microstructure 
positioned near a permanent magnet. 
According to the magnetization direction of 
the magnet, magnetic - fi eld generation appears 
in different shapes. Because of the 
ferromagnetic structure located around the 
edge of the magnet, a magnetic fl ux - density 
gradient is generated in a slanted direction, 
rather than horizontal to the sidewall of the 
ferromagnetic structure. In order to effectively 

exploit the enhanced magnetic fl ux - density 
gradient, microchannels must be located in 
area A rather than area B, in (a) and (b), 
respectively; (c) Experimental set - up of a 
microfl uidic device and a permanent magnet 
and an inverted microscope. The dark - circled 
edges of ferromagnetic structures in (a – c) 
depict highly converged points of magnetic 
fl ux lines; while the open circles represent a 
depletion of the fl ux lines.  Reproduced with 
permission from Ref.  [41] ;  ©  2007, Wiley-
VCH Verlag GmbH & Co. KGaA.   
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     Figure 3.3     Fabrication process of a 
microfl uidic device for magnetophoresis. The 
microfabrication process consists of PDMS 
micromolding and nickel electroplating. In the 
nickel electroplating step (A3), a CMP process 
ensures the even height of the nickel 
structures. After air plasma treatment of 

PDMS substrates, the microfl uidic devices 
were achieved by an alignment between the 
microchannels and the nickel microstructures. 
 Reproduced with permission from Ref.  [41] ; 
 ©  2007, Wiley-VCH Verlag GmbH & Co. 
KGaA.   

     Figure 3.4     The microfl uidic PDMS device fabricated by the processes described in Figure  3.3 .  
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     Figure 3.5     Scanning electron microscopy images of 30    μ m -
 thick NdFeB micro - magnets. 1, top view; 2, cross - sectional 
view.  Reproduced with permission from Ref.  [43] ;  ©  2007, 
IEEE - Copyrighted Material.   
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     Figure 3.6     Experimental set - up for microfl uidic 
magnetophoresis. The microfl uidic device is mounted on an 
inverted microscope and a permanent magnet is located near 
the device. The aqueous samples are injected by syringe 
pumps, and the movements of particles, including cells, are 
observed with a CCD camera.  
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prevent the magnet from suddenly moving to the ferromagnetic compartments 
of the microscope. The surroundings of the microfl uidic device and permanent 
magnet (objective lens, stages, microscope frame) should not contain any ferro-
magnetic materials such as nickel, iron, cobalt, nor alloys of them, because these 
can affect and reduce the magnetic fi eld around the microfl uidic channels. The 
magnetic fi eld intensity can be modulated in a permanent magnet system, where 
the distance between the permanent magnet and the device can be manipulated 
by using a linear moving stage (M - 460A - XYZ; Newport Corporation, CA, USA) to 
modulate the magnetic fi eld intensity acting on the microfl uidic channel  [19] .    

  3.3.3 
 Measurement and Analysis 

 Microscaled particles (e.g., polystyrene particles) and cells can be observed by the 
CCD camera, and their movement traced by using either commercialized software 
(e.g., i - Solution; IMT i - Solution Inc., Vancouver, Canada) or custom - made pro-
grams coded by Matlab® and C++. The positions of the fl uorescent particles can 
be easily measured using fl uorescence microscopy, and analyzed with an image 
analysis program. However, those particles which do not contain fl uorescent dyes 
cannot be simply distinguished from the background images, and their positions 
( x  -  y  coordinates) are rarely detectable via any automatic acquisition mode of the 
software. Several steps of image processing, followed by image capture, can be 
used to improve image quality and assist in the automatic measurement of the 
particle positions determined by the software. If the automatic image program for 
the particle position measurement is not available due to the background noise of 
the images, then each image containing the particles should be analyzed manually 
using programs such as ImageJ (W. Rasband, ImageJ 1.29, freeware,  http://rsb.
info.nih.gov/ij/ ) and i - Solution. 

 Nanoscale particles, such as CNTs and magnetic nanoparticles, are rarely detect-
able by using a conventional CCD camera, due to their inherent small size. 
Consequently, a variety of alternative analytical procedures should be applied to 
determine magnetophoretic separation, including  energy - dispersive X - ray spec-
troscopy  ( EDS ),  scanning electron microscopy  ( SEM ),  transmission electron 
microscopy  ( TEM ), thermogravimetric analysis (TGA),  superconducting quantum 
interference device s ( SQUID ), and Raman spectroscopy  [41] . Magnetophoretic 
separation can be evaluated either by an  in situ  analysis in the microfl uidic channel, 
using microscopic tools (CRAIC Technologies, Inc.,  www.microspectra.com , San 
Dimas, CA, USA), or by analyzing samples collected from the microfl uidic devices, 
using the above - described techniques.   

  3.4 
 Magnetophoretic Biosensing 

 Among biosensor applications, a variety of sensing principles, such as detecting 
the magnetic properties of target materials and/or of the magnetic micro/
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nanoparticles conjugated to them, have been widely used over the past few decades. 
In general, biosensors using magnetic materials measure the permeability 
and/or susceptibility of target molecules or magnetic micro/nanoparticles, allow-
ing not only their presence to be determined but also their quantitation  [11, 44 – 48] . 
In addition to these principles, methods which measure changes in the resonant 
frequency of a coil of wire when magnetic micro/nanoparticles are placed, or 
when biomolecules are captured on the substrate inside the coil, have also 
been developed  [49 – 52] . Although these methods show excellent sensitivity, 
they also incorporate several disadvantages, notably a requirement for complex 
and expensive equipment that is also diffi cult to miniaturize. More recently, 
new magnetophoretic principles for biomolecular sensing have also been investi-
gated  [19, 20, 53, 54]  that provide an improved sensitivity and allow the system to 
be miniaturized. Such advances would indeed open the door to  point - of - care  
( POC ) systems. 

  3.4.1 
 Magnetophoretic Sandwich Immunoassay 

 Today, immunoassay is a universal method applied to both routine analyses and 
research investigations in biological and medical sciences, with sandwich immu-
noassays using labeled materials for fl uorescent, electrochemical and magnetic 
detection being used extensively. Among these variations, immunoassays employ-
ing magnetic labels have been especially effective due to their high sensitivity and 
convenience of detection. Recently, Park and coworkers have developed a new 
series of magnetophoretic immunoassay principles  [19] , having described a micro-
fl uidic immunoassay which utilizes the binding of  superparamagnetic nanopar-
ticle s ( SMNP s) to microbeads and the subsequent defl ection of microbeads in a 
magnetic fi eld as the signal for measuring the presence of an analyte. In this 
procedure, the 50   nm SMNPs and 1    μ m fl uorescent polystyrene microbeads are 
immobilized with specifi c antibodies. Subsequently, when the target analytes react 
with the microbeads and SMNPs simultaneously, the latter become attached to 
the microbeads via an antigen – antibody complex. As a result, within the PDMS 
microfl uidic channel, only those microbeads which are conjugated to SMNPs by 
analytes can move to the high - gradient magnetic fi eld under the applied magnetic 
fi eld. In addition, it is possible to perform a quantitative analysis of the analytes, 
because the amount of SMNPs conjugated to a microbead will differ according to 
the concentration of the analytes. If the concentration of SMNPs on a microbead 
increases, then the velocity of a microbead will be increased, since this is propor-
tional to the total volume of magnetic nanoparticles on a microbead and the 
magnetic fi eld gradient  [55] . Consequently, the concentration of target biomole-
cules can be analyzed simply by measuring the velocity of the microbeads. This 
new magnetophoretic immunoassay was verifi ed in the microfl uidic device shown 
in Figure  3.7 . Here, the buffer and sample solutions containing the microbead –
 magnetic nanoparticle complexes is injected into each side of the inlets. The 
microbeads are hydrodynamically focused at the junction part of two inlets (Figure 
 3.7 b), after which the hydrodynamically focused sample solutions may fl ow 
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through a 10   mm - long microchannel, to the right - hand side of which is located a 
permanent magnet.   

 In these studies, the magnetic force - based microfl uidic immunoassay was 
successfully applied to detect rabbit  immunoglobulin G  ( IgG ) and mouse IgG 
as model analytes. For this, a sandwich immunoassay was performed using the 
yellow - green - fl uorescent microbeads immobilized with goat anti mouse IgG, and 
red - fl uorescent microbeads immobilized with goat anti rabbit IgG. The concentra-
tion of the red - fl uorescent microbeads was 2.55  ×  10 5  microbeads in 70    μ l of buffer 
solution, while the antigen solution (10    μ l) contained rabbit IgG at different con-
centrations. A control experiment was carried out with 10   ml of 0.1% bovine serum 
albumin in phosphate - buffered saline, instead of rabbit IgG. A background veloc-
ity, which was defi ned as the velocity of the microbead without attached SMNPs, 
was not observed, except for the oscillation due to the diffusion effect. The back-
ground velocity was  < 0.05    μ m s  − 1 . In contrast, the mean velocity at a concentration 
of 250   ng   ml  − 1  rabbit IgG was 2.39    ±    0.3    μ m   s  − 1  (Figure  3.8 a). As shown in the 
fi gure, the velocities of the microbeads were measured over a range of concentra-
tions of rabbit IgG, from 1   ng   ml  − 1  to 1    μ g   ml  − 1 . When subsequently, and under the 
same experimental conditions, a quantitative analysis of mouse IgG was per-
formed (Figure  3.8 b), the velocities of both rabbit and mouse IgGs were almost 
saturated at approximately 1    μ g   ml  − 1  and 2    μ g   ml  − 1 , respectively. The reason for this 
saturated velocity can be explained by the limited binding capacity of the micro-
bead surface, with the lowest concentrations of rabbit and mouse IgG measured 
over the background being 244   pg   ml  − 1  and 15.6   ng   ml  − 1 , respectively. The velocities 
of microbeads conjugated with SMNPs may be demonstrated by magnetic fi eld 
gradients in microfl uidic channels.   

 In this magnetophoretic assay system, the dynamic range was shown to be 
controlled by the area on which the reactions between the two proteins were 
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     Figure 3.7     (a) Layout of the device which has two inlets and 
one outlet; (b) At the part of the inlet, sample solution was 
hydrodynamically focused; (c) The focused sample solution 
fl owed through the 105    μ m - wide channel before the outlet; 
(d) A photograph of the fabricated device.  Reproduced with 
permission from Ref.  [19] ;  ©  2005, The Royal Society 
of Chemistry.   
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carried out. The experiment was then repeated by assaying rabbit IgG under the 
same conditions, but with a different concentration of microbeads, namely seven-
fold (1.77    ×    10 6  microbeads in 70    μ l). As shown in Figure  3.8 a, the range of detect-
able concentrations was shifted to the right compared to the above experiment, 
which used different concentrations of microbeads (2.55    ×    10 5  microbeads in 
70    μ l). This shift was mainly due to the increased total surface area of the micro-
beads. Based on these results, it appears that the detection ranges can be adjusted 
by changing the concentration of the microbeads. 

 This system enabled the detection of dual analytes within a single reaction, using 
fl uorescent - encoded microbeads in the microfl uidic device. This magnetophoretic 
assay system was also shown to be capable of controlling the detectable range of 
analytes by adjusting the magnetic fi eld (by altering the location of the permanent 
magnet). All of these procedures and reactions were performed in one tube, with 
the reacted microbeads outside the magnetic fi eld gradient fl owing along their 
own focused line (Figure  3.9 a), and thus maintaining their fl ow path. However, 
when the magnet was placed 4   mm away from the microchannel, the fl ow path of 
red - fl uorescent microbeads was shifted such that they fl owed through the upward 
channel; however, the yellow - green - fl uorescent microbeads were restricted to their 
own fl ow path (see Figure  3.9 b). However, when the magnet was adjusted to be 
only 2   mm away from the microchannel, the fl ow paths of both red -  and yellow -
 green - fl uorescent microbeads were switched to the upward channel (Figure  3.9 c).   

 This magnetophoretic assay system differs from any previous assay systems 
using magnetic micro/nanoparticles, in that the magnetic nanoparticles function 
not as a label for direct detection (e.g., via permeability or susceptibility), but rather 
as an epochal tool, without complex measurement equipment. As mentioned 
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     Figure 3.8     (a) Results of magnetic force - based microfl uidic 
sandwich immunoassay for detection of rabbit IgG. Detection 
was feasible over a concentration range from 1   ng   ml  − 1  to 
1    μ g   ml  − 1 ; (b) The dynamic range of mouse IgG was 
62.5   ng   ml  − 1  to 2    μ g   ml  − 1 .  Reproduced with permission from 
Ref.  [19] ;  ©  2005, The Royal Society of Chemistry.   
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above, the dynamic range and detection limit can be easily adjusted via the micro-
bead concentration and a higher magnetic fi eld gradient. In addition, the magnetic 
force detection scheme may possibly be utilized in multiplexed biological assays.  

  3.4.2 
 Highly Sensitive Biosensors Using  HGMS  

 In biosensor applications, the detection limit represents a crucial factor, especially 
when infi nitesimally small biomolecules are to be analyzed for the early diagnosis 
of cancer and the detection of specifi c proteins. In the case of a magnetophoretic 
assay system, the most effective approach is to enhance the magnetic fi eld gradient 
and, for this purpose (see Section  3.2.3 ), ferromagnetic materials are often used 
to concentrate the magnetic fi eld. If ferromagnetic materials are introduced into 
a microfl uidic device, it is possible to detect materials with low paramagnetic 
properties, for example RBCs which contain high concentrations of paramagnetic 
hemoglobin, and/or magnetotactic bacteria which contain small magnetic parti-
cles within their cells  [28] . It is also possible to separate diamagnetic and paramag-
netic materials relatively easily, such that the ferromagnetic material will provide 
a sensor with better sensitivity and resolution  [56] . Moreover, if the ferromagnetic 
material is arranged in a variety of dispositions, the analytes can be detected in a 
desirable region, without the need for a complex magnetic fi eld  [35 – 37] . 

 The effect of a ferromagnetic material in a magnetic fi eld gradient was calculated 
and compared with the case of a permanent magnet  [20] . As the magnetophoretic 
drag velocity is proportional to the analyte concentration and magnetic fi eld gradi-
ent, the detection limit can be improved by increasing the velocity under a higher 
magnetic fi eld gradient. To confi rm this effect, the magnetic fl ux density gradient 
of a permanent magnet and that of a Ni microstructure under an external magnetic 
fi eld were simulated by using a FEMM program. Both, the simulation and 
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     Figure 3.9     CCD images of fl uorescent 
microbeads. The original background images 
of fl uorescent microbeads were dark, but a 
microchannel image on the same place was 
folded on the original images in order to 
show the trace of the microbeads. (a) The 
trace of the microbeads without a permanent 

magnet; (b) The trace of the microbeads with 
a permanent magnet which was 4   mm away 
from the microbeads; (c) The trace of the 
microbeads with a permanent magnet 2   mm 
away from the microbeads.  Reproduced with 
permission from Ref.  [19] ;  ©  2005, The Royal 
Society of Chemistry.   
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experimental conditions were identical. The height, width, and length of the per-
manent magnet were 10, 25, and 50   mm, respectively, while the height and width 
of the Ni microstructure were 50    μ m and 50    μ m, respectively. The distance between 
the permanent magnet and the Ni microstructure was 2   mm. The properties of 
the permanent magnet were as follows: relative recoil permeability, 1.05; density, 
7.4   g   cm  − 3 ; and specifi c resistivity, 144    μ  Ω  · cm. Figures  3.10 a and b show the simu-
lated results with a Ni microstructure under the external magnetic fi eld and a 
permanent magnet only, respectively. The simulated magnetic fi eld gradient of a 
permanent magnet was approximately 200   T   m  − 1  in the region concerned, which 
was approximately 2   mm away from the permanent magnet. By contrast, the Ni 
microstructure under the external magnetic fi eld exhibited about a 50 - fold 
enhanced gradient ( ∼ 10 4    T   m  − 1 ) compared to the permanent magnet, thus confi rm-
ing that the ferromagnetic material had concentrated the magnetic fl ux density. 
On the basis of this expectation, the effect of ferromagnetic material in the biosen-
sor was evaluated  [53] . When compared with previous results  [19] , this case 
increased the sensitivity about 250 - fold, as shown in Figure  3.11 . Whereas, the 
detection limit of the permanent magnet alone was 244   pg   ml  − 1 , that of the ferro-
magnetic material was 1   pg   ml  − 1 . It appears, therefore, that the detection sensitivity 
of this assay system can be improved to cover femtomolar concentrations.    

  3.4.3 
 Disease Diagnosis Using Magnetophoretic Assay Systems 

  Diagnosis  represents a highly important process in evaluating the condition of 
a person and the type of disease(s) that might be present. Often, there is a 
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     Figure 3.10     Comparison of simulated results between a 
permanent magnet and a Ni microstructure under external 
magnetic fi eld: profi les of simulated magnetic fi eld gradient 
(a) with a Ni microstructure under external magnetic fi eld and 
(b) with a permanent magnet only.  Reproduced with 
permission from Ref.  [20] ;  ©  2007, American 
Chemical Society.   
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requirement to monitor the infi nitesimally small levels of specifi c proteins in a 
patient ’ s serum in order to achieve an early diagnosis of a disease. The need for a 
highly sensitive biosensor is a particular diagnostic requirement for the biomarkers 
of cancer, and also of the serum levels of  immunoglobulin E  ( IgE ) as a criterion of 
an allergic response. Based on these needs, a magnetophoretic biosensor for the 
diagnosis of allergies was recently developed  [20]  which incorporated a magneto-
phoretic immunoassay of allergen - specifi c IgEs. This was based on the magneto-
phoretic defl ection velocity of a microbead associated with magnetic nanoparticles 
under an enhanced magnetic fi eld gradient in a microfl uidic channel. In this detec-
tion scheme, two types of house dust mite,  Dermatophagoides farinae  and  Derma-
tophagoides pteronyssinus , were used for the diagnosis of allergy. Polystyrene 
microbeads conjugated with each of the mite extracts were incubated with serum 
samples, and the resultant mixtures reacted with magnetic nanoparticle - 
conjugated anti - human IgE, in order to detect allergen - specifi c IgEs by using 
sandwich immunoreactions. Following the creation of a standard curve for the 
diagnosis system, unknown samples were subjected to a  “ blind ”  test and compared 
with a conventional test kit (CAP system), the aim being to evaluate the reproduc-
ibility and accuracy of the newly developed magnetophoretic immunoassay system. 

 To prepare a standard curve for the diagnosis system, pooled serum samples 
were used from 44 patients (aged from 2 to 62 years)  [20] . It has been reported 
that the sera of patients with different allergies demonstrate different IgE reactivity 
profi les from those of house mite allergens  [57, 58] . In order to minimize the effect 
of such differences on IgE reactivity profi les in the standard curve and in sample -
 to - sample variation of their protein contents, four or fi ve serum samples from 
patients were pooled with the same volume for  D. farinae  and  D. pteronyssinus , 
respectively. Mite allergen - specifi c IgE levels in the pooled serum were then deter-
mined using a commercial diagnostic kit (CAP system). 
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     Figure 3.11     Results of detection for IgG using the microfl uidic 
devices with and without the Ni microstructure.  
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 When the magnetophoretic velocities of microbeads were measured in a micro-
fl uidic channel under an enhanced magnetic fi eld using a ferromagnetic material, 
the defl ection velocity of a SMNP - associated microbead was shown to depend on 
the number of associated SMNPs, as reported previously  [19, 53] . For the back-
ground experiment, the velocity of a microbead for the allergen of  D. farinae  was 
shown to be approximately 0.3    ±    0.16    μ m   s  − 1  (Figure  3.12 a). However, for the nega-
tive control experiment, whereby 1    μ g   ml  − 1  of purifi ed human IgE was added to a 
reaction mixture, the velocity of a microbead was estimated as 0.65    ±    0.36    μ m   s  − 1  
(Figure  3.12 b). The defl ection velocity of a microbead in the negative control 
experiment was generally within the range of background level, despite the con-
centration of purifi ed IgE used being much higher than the maximum concentra-
tion of allergen - specifi c IgE in the  D. farinae  experiment. These results indicated 
that there was a negligible cross - reactivity between  D. farinae  allergen - specifi c 
human IgEs and other human IgEs in this detection system.   

 The mite allergen - specifi c human IgEs in serum were measured using the 
system developed for pooled sera. As a result, the velocity of a microbead 
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     Figure 3.12     CCD images showing the 
movement of  D. farinae  allergen - conjugated 
microbeads at different time intervals for 
various concentrations of analyte. 
(a) Background control (analyte: 10    μ l of 
phosphate - buffered saline); (b) A negative 
control (analyte: 10    μ l of 190    μ  M  purifi ed 

human IgE containing no mite allergen -
 specifi c human IgE); (c) Injection of 547   f M 
D. farinae  allergen - specifi c human IgE; 
(d) Loading of 102.5   p M D. farinae  allergen -
 specifi c human IgE.  Reproduced with 
permission from Ref.  [20] ;  ©  2007, 
American Chemical Society.   
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conjugated with allergen from  D. farinae  increased with the increasing concentra-
tion of  D. farinae  allergen - specifi c human IgE, ranging from 547 f M  to 102.5 p M . 
The lowest concentration of human IgE measured over the background level was 
about 547 f M , while the mean velocity at the lowest concentration (547 f M ) of 
human IgE was 1.78    ±    0.36    μ m   s  − 1  (see Figure  3.12 c). With 102.5 p M  human IgE, 
the velocity was estimated as 14.58    ±    0.81    μ m   s  − 1  (Figure  3.12 d). In a similar experi-
ment conducted with the  D. pteronyssinus  allergen, the velocities in the background 
and negative control experiments were determined as 0.11    ±    0.09    μ m   s  − 1  and 
0.36    ±    0.07    μ m   s  − 1 , respectively. The velocity of a microbead was measured for 
concentrations of  D. pteronyssinus  allergen - specifi c human IgEs ranging from 795 
f M  to 56.2 p M . The lowest concentration of human IgE measured over the back-
ground was approximately 795 f M , and the mean velocity at the lowest concentra-
tion (795 f M ) of human IgE was 1.0    ±    0.48    μ m   s  − 1 . In the presence of 56.2 p M  
human IgE the velocity was 10.0    ±    0.33    μ m   s  − 1 . Based on these measured velocities, 
standard calibration curves for the two allergen - specifi c human IgEs were 
developed (see Figure  3.13 ).   

 In order to evaluate the developed magnetophoretic immunoassay system, 
unknown samples were subjected to blind testing and compared with the results 
obtained with a conventional test kit (Table  3.2 ). Eight patient sera were used for 
the diagnosis of  D. farinae  and  D. pteronyssinus  allergens, respectively. Based on 
the measured velocity of a microbead, and using the same procedure, the concen-
tration of mite allergen - specifi c human IgE in serum was determined from the 
respective calibration curve shown in Figure  3.8 . As with samples of  D. farinae , 
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the concentrations of IgEs in the B - 1, B - 2, B - 3, and B - 4 samples were determined 
as 4.89, 5.63, 21.4, and 76.3 p M , respectively, and coincided well with data acquired 
with the CAP system. In a similar manner, the concentrations of IgEs for  D. ptero-
nyssinus  in four serum samples also correlated well with data provided by the CAP 
system. Blind testing using a magnetophoretic immunoassay revealed a good cor-
relation with the CAP system, with an  R  2  value of 0.9989. The  coeffi cient of vari-
ance  ( CV ) of the magnetophoretic immunoassay system was calculated as 10.2% 
(range: 4.1 – 17.5%), and comparable with that for the CAP system (10.3%; range: 
6 – 14%)  [59] .   

 Based on these results, magnetophoretic immunoassay system has been verifi ed 
as effective for the diagnosis of mite allergy, with a good reliability. In addition, 
the detection limits for  D. farinae  and  D. pteronyssinus  were estimated as 565 f M  
(0.045   IU   ml  − 1 ) and 268 f M  (0.021   IU   ml  − 1 ), respectively, these levels being about 
one order of magnitude lower than those determined with a conventional CAP 
system (0.35   IU   ml  − 1 ). Unfortunately, however, the magnetophoretic assay system 
showed one disadvantage in that it was vulnerable to multiplexing and, conse-
quently, it is imperative that a multiplexed assay system for the biosensor be 
developed. For the purpose of multiplexing, several such assay systems with 
various detection principles have recently been developed (see Section  3.4.4 ).  

  3.4.4 
 Multiplexed Magnetophoretic Immunoassay 

 Although the demand for multiplexed assays of important target analytes contin-
ues to be high, the procedure has attracted much attention in the recent past 
 [60 – 63] . A multiplexed assay can provide quantitative information on target 

 Table 3.2     Blind tests of unknown sera samples, and comparison with a CAP system. 

   Source of 
allergen  

   Patient 
number  

   Microbead 
velocity  a   ( μ m   s  − 1 )  

   IgE concentration  

   From standard 
curve (p M )  

   From standard 
curve (IU   ml  − 1 )  

   From CAP 
system (IU   ml  − 1 )  

   D. farinae     B-1    2.531    ±    0.33    4.89    ±    0.95    0.388    0.37  
  B-2    2.64    ±    0.34    5.63    ±    2.42    0.446    0.5  

  B-3    8.215    ±    0.79    21.4    ±    2.16    1.7    1.74  

  B-4    14.488    ±    0.948    76.3    ±    13.4    6.17    6.33  

   D. pteronyssinus     B-5    1.947    ±    0.35    1.66    ±    0.237    0.13     < 0.35  

  B-6    6.01    ±    0.49    5.0    ±    0.579    0.396    0.38  

  B-7    7.815    ±    0.82    8.26    ±    2.53    0.65    0.85  

   B-8     9.683    ±    0.42     33.8    ±    8.05     2.68     2.83  

    a  Five microbeads were used for determination of the average velocity.   
 Reproduced with permission from Ref.  [20] ;  ©  2007, American Chemical Society. 
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analytes of major physiological signifi cance in a high - throughput manner, thus 
accelerating both disease diagnosis and biomedical studies, and also permitting 
the screening of biomolecules of interest. In the case of multiplexed assays, several 
research groups have focused on microsphere - based suspension arrays, based on 
their high fl exibility for target selection, fast binding kinetics, good reproducibility, 
and easily controlled binding conditions  [64, 65] . Recently, multiplexed micro-
sphere - based suspension arrays have been reported which employ fl uorescent 
molecules, quantum dots, photonic crystals and radiofrequency as encoding tools 
 [66 – 69] . Among these diverse detection methods, fl uorescent dyes are used almost 
universally for the encoding of target analytes  [70 – 72] . However, microspheres 
with fl uorescent dyes are sensitive, because the dyes tend to be either quenched 
or bleached, while their broad emission bands can make the simultaneous evalu-
ation of multiple probes diffi cult due to spectral cross - talk  [73 – 75] . 

 In seeking to substitute the fl uorescent encoding method, a wide variety of 
principles has been investigated, including graphical encoding, physical encoding, 
and colored microspheres or nanoparticles  [76 – 87] . Notably, those methods which 
use colored microspheres or nanoparticles are more suitable than others, in that 
they require no complex detection equipment and are easily applied to microfl uidic 
devices than are other methods. The advantage of colored microspheres was 
recently utilized in the development of a magnetophoretic multiplexed assay 
system  [88] , with colored microspheres being used as an encoding tool in a micro-
channel. The colored microspheres were conjugated with respective capture mol-
ecules and then incubated with a mixture of target analytes; this was followed by 
a reaction with the probe molecules which had been conjugated with SMNPs 
(Figure  3.14 ). Under the magnetic fi eld gradient, the resultant microspheres were 
defl ected from their focused streamlines in a microchannel, and the respective 
colored microspheres detected by using CCD in a specifi c detection region of the 
microchannel. By using this system, it was possible to analyze simultaneously 
three types of biotinylated IgG (e.g., goat, rabbit and mouse), using colored micro-
spheres (red, yellow, and blue, respectively). Here, the corresponding anti - IgGs 
were employed as the capture molecules, and the target analytes probed by using 
streptavidin - modifi ed SMNPs.   

 The color and position of the respective colored microsphere were automatically 
decoded and analyzed by the Matlab program, and their positions correlated with 
the concentrations of corresponding target analytes  [88] . The program for the 
microsphere analysis was composed of four steps. First, the program selected the 
captured images which contained microspheres, recognized the colored micro-
spheres from background of the selected images, measured the positions of 
defl ected colored microspheres, and fi nally determined their color. The positions 
of microspheres were measured by pinpointing the darkest pixels of images when 
the captured images were converted into gray scale. Because it is very important 
to detect the center of mass of a microsphere for an exact color determination, 17 
pixels in long and wide small regions around the darkest pixels were selected. In 
these regions, those pixels with a brightness greater than predefi ned values were 
selected, after which the center of mass of selected pixels was calculated. Based 
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on this program, the colored microspheres of known colors were confi rmed. This 
decoding program showed an accuracy of 92.6%, 96.7%, and 98.9% for red, yellow, 
and blue microspheres, respectively. 

 This magnetophoretic multiplexed system was used to determine analyte con-
centrations by measuring the positions of colored microspheres conjugated with 
SMNPs within a microchannel. Thus, focusing of the microspheres which fl ow 
through the inlet is important. By using hydrodynamic focusing, the microspheres 
could be focused at a location 3.46    ±    1.89    μ m from the left wall of the microchan-
nel, at a fl ow rate of 3    μ l   h  − 1 . However, when the fl ow rate was faster, the results 
of the focusing were below this value. Based on this reference, a standard curve 
of the magnetophoretic multiplexed system, at a fl ow rate of 3    μ l   h  − 1 , is shown in 
Figure  3.15 . The positions of the respective colored microspheres were measured 
over ranges of concentration of goat IgG - biotin and mouse IgG - biotin from 6.7 
to 666.0 f M , and of rabbit IgG - biotin from 26.6 to 799.2 f M . In the case of goat 
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STEP1. Immunereaction of Target Proteins
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STEP3. Multiplexed magnetophoretic immunoassay
a. Focusing of reacted colored microspheres
b. Quantitative deflection by magnetic filed 
c. Decoding & position analysis by Matlab program

Yellow colored microsphere with anti-rabbit IgG 

Red colored microsphere with anti-goat IgG 

Rabbit IgG-Biotin

Mouse IgG-Biotin

Sample inlet

Focusing buffer inlet

Outlet

Ni
microstructure

Permanent magnet

Ni 

microstructure

(a) (b)

(c)

     Figure 3.14     Schematic of magnetophoretic 
multiplexed immunoassays using colored 
microspheres. (a) Design of a 
magnetophoretic chip which comprises four 
detection zones, A - D. The fi rst detection zone 
A was used to obtain a calibration curve by 
magnetophoretic assay; (b) A photograph of 

the fabricated magnetophoretic chip; 
(c) Procedure of magnetophoretic 
immunoassay using colored microspheres. 
No washing steps were required in this assay. 
 Reproduced with permission from Ref.  [88] ; 
 ©  2008, Elsevier Ltd.   
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IgG - biotin, the lowest concentration measured over background was 6.7 f M , and 
the corresponding position of the red - colored microspheres was 6.92    ±    2.22    μ m. 
The lowest concentrations of rabbit IgG - biotin and mouse IgG - biotin were 
26.6 f M  and 6.7   f M , respectively, which corresponded to 8.40    ±    2.46    μ m and 
6.58    ±    2.35    μ m, respectively. The positions of the reacted colored microspheres 
were found to be accordingly higher, as the concentrations of analytes were higher. 
The detection limits for goat IgG - biotin, rabbit IgG - biotin and mouse IgG - biotin 
were 10.9, 30.6 and 12.1 f M , respectively. When this system was applied to analyze 
the concentration and types of respective proteins, known concentrations of three 
types of IgG - biotin were assayed so that the corresponding positions were mea-
sured. With these results of positions, the concentrations of analytes to be analyzed 
were re - estimated from the respective standard curves, in reversible fashion. 
Finally, known analyte concentrations were compared with values estimated from 
standard curves and, as a result, concentrations estimated from three assays cor-
responded well with the known concentrations, within an acceptable error range 
(Table  3.3 ). Here, in assay 1 the number of colored microspheres analyzed was 
47, and all microspheres were decoded to the correct color. In assays 2 and 3, 30 
and 73 of the colored microspheres were detected, and only two and fi ve of the 
colored microspheres, respectively, were decoded incorrectly. Accordingly, the 
accuracy for the decoding of colored microspheres was shown to be 100% in assay 
1, and 93% in assays 2 and 3.     

 In addition, by adjusting the fl ow rate and detection zone, the dynamic range 
of the system can be controlled by more than one order of magnitude. The effect 
of fl ow rate is presented in Figure  3.16 a, where the positions of reacted red 
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     Figure 3.15     Standard curves for three types of IgG by 
magnetophoretic immunoassay. The standard curves were 
obtained at the fi rst detection zone A and a fl ow rate of 
3    μ l   h  − 1 .  Reproduced with permission from Ref.  [88] ; 
 ©  2008, Elsevier Ltd.   
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 Table 3.3     Reproducibility of magnetophoretic multiplexed immunoassays. 

   Immunoassay     Goat IgG - biotin     Rabbit IgG - biotin     Mouse IgG - biotin  

  Assay 1              
     Concentration (f M )    26.6    799.2    266.4  

     Multiplexed immunoassay ( μ m)    17.00    ±    3.00    96.45    ±    5.09    59.44    ±    5.48  

     Fitting into the standard curve (f M )    37.8    ±    11.2    795.6    ±    41.0    285.7    ±    40.6  

  Assay 2              

     Concentration (f M )    666.0    399.6    6.7  

     Multiplexed immunoassay ( μ m)    99.60    ±    0.91    45.50    ±    4.42    6.00  

     Fitting into the standard curve (f M )    682.6    ±    11.8    381.2    ±    37.2    4.5  

  Assay 3              

     Concentration (f M )    266.4    26.6    666  

     Multiplexed immunoassay ( μ m)    56.80    ±    5.97    9.10    ±    3.00    98.70    ±    3.46  

      Fitting into the standard curve (f M )     258.3    ±    44.0     28.10    ±    9.80     654.5    ±    41.4  

   Accuracy of decoding    –    Assay 1: 100%, Assay 2: 93%, Assay 3: 93%.  
  No. of microspheres analyzed    –    Assay 1: 47, Assay 2: 30, Assay 3: 73.   
 Reproduced with permission from Ref.  [88] .;  ©  2008, Elsevier Ltd. 
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     Figure 3.16     (a) Effect of fl ow rate on the 
dynamic range. Goat IgG - biotin was used, 
and red microspheres that had been reacted 
with goat IgG - biotin were detected at the 
detection zone A; (b) Effect of the detection 
zone on the dynamic range. Blue 
microspheres that had been conjugated with 

mouse IgG - biotin were measured at various 
detection zones at a fi xed fl ow rate of 3    μ l   h  − 1 . 
Four different detection zones were used; the 
distance between the detection zones was ca. 
4   mm.  Reproduced with permission from Ref. 
 [88] ;  ©  2008, Elsevier Ltd.   
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microspheres were measured through the fi rst detection zone A of Figure  3.14 a 
and the fl ow rates were changed from 3 to 7    μ l   h  − 1 . As shown in Figure  3.16 a, the 
dynamic range was shifted to a higher concentration as the fl ow rate increased. 
At a fl ow rate of 3    μ l   h  − 1 , the dynamic range of goat IgG - biotin was 6.7 to 666.0 f M . 
Meanwhile, the dynamic range at a fl ow rate of 7    μ l   h  − 1  was shown to be 133.2 f M  
to 1.9 p M . As the fl ow rate became higher, the microsphere would become exposed 
to the magnetic fi eld gradient for a shorter time, and consequently the dynamic 
range at a faster fl ow rate would be extended to a broader range of analyte con-
centration. However, the calibration sensitivity    –    which is defi ned as the ratio of 
channel width to maximum detectable concentration    –    was decreased. In addition, 
the microsphere at the faster fl ow rate was detected at a lower position, even for 
the same concentration of analyte.   

 Finally, this system was applied to adjust the dynamic range by changing the 
detection zone at a fl ow rate of 3    μ l   h  − 1  (Figure  3.16 b). The blue microspheres 
which reacted with mouse IgG - biotins were analyzed at the four detection zones 
(A, B, C, and D), the difference in the detection zones being marginal at the low 
concentration range of the analyte. However, a higher concentration of analyte 
gave rise to a steeper slope in the graph; this occurred because the reacted micro-
spheres were defl ected more as the microspheres became exposed to the magnetic 
fi eld gradient for a longer time    –    in other words, as the detection zone changed 
from A to D. In the fi rst detection zone, A, the position detection showed a higher 
dynamic range (up to 655.8 f M ) than that of other detection zones. Meanwhile, 
although the position detection showed a low dynamic range (up to 266.4 f M ) in 
the last detection zone, D, a higher calibration sensitivity (0.33    μ m f M   − 1  at detection 
zone D) could be achieved than for other detection zones (e.g., 0.14    μ m f M   − 1  at 
detection zone A). Based on these results, an improved detectable concentration 
range and sensitivity for a target analyte could be expected by simply adjusting the 
detection zone in a microchannel. 

 As explained above, the multiplexed assay system using magnetophoresis is 
suitable for the diagnosis of diseases such as cancer and allergy, the various bio-
markers and proteins of which may be detected and quantifi ed simultaneously. 
As the principle of magnetophoresis does not require complex and expensive 
detection equipment, and has a high sensitivity, it has much potential as a biosen-
sor in comparison with other technologies. Based on these merits, further research 
in the fi eld of biosensors will undoubtedly be conducted in the future.   

  3.5 
 Magnetophoretic Separation 

  3.5.1 
 Cell Separation and Analysis 

 Among microtechnologies dedicated to particle (or cell) separation (see Figure 
 3.17 ), magnetophoresis provides several advantages over other methods, in that it 
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allows high selectivity (immunemagnetic), strong force, easy accessibility, minimal 
energy consumption (permanent magnet), and low cost. As magnetic separation 
has been shown frequently as one of the most useful tools in biotechnology, sepa-
ration techniques based on magnetism have been investigated and developed by 
many research groups. Among conventional methods, Zborowski and coworkers 
have reported several cell separation results using magnetic particles  [24, 30, 55, 
89 – 96] . Although infrequently used, those microfabrication methods for preparing 
devices have employed many physical approaches, including magnetic susceptibil-
ity  [30, 91, 94] , binding capacity  [24, 93, 97] , and separation using real cell samples 
 [94, 95] . Yet, despite these previous reports, magnetic cell separation combined 
with microfabrication techniques has achieved very few results  [32, 35, 98] ; studies 
conducted by Han  et al.   [33]  and by the Reich group  [98]  have involved non -
 immunological magnetic separation using the inherent paramagnetic properties 
of RBCs and nanowire - bound cells, respectively.   

 The method of magnetophoretic cell separation can be applied via two 
approaches: (i) an immunomagnetic separation using magnetic particles; and (ii) 
a non - immunomagnetic separation based on the inherent magnetic susceptibility 
of the cells. The immunomagnetic cell - sorting method is advantageous for separat-
ing cells of interest from mixed cell populations, such as peripheral whole 
blood. This approach uses magnetic microparticles and nanoparticles  [99, 100]  

fluid interface

Interdiffusion

Microfluidic channel

OH

acoustic standing wave

Optical sorting
dielectrophoresis

hydrodynamic force

two phase separation

surface interaction
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Magnetic field-induced Ni microstructure

     Figure 3.17     Various principles for particle sorting, as 
demonstrated by microfl uidic technology.  
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conjugated with antibody proteins that are specifi c to the cell membrane protein 
of interest; the magnetic particle - bound cells are attracted by the highly enhanced 
magnetic force such that, fi nally, the cells change their pathway. Non - bound cells, 
however, have no infl uence on the magnetic fi eld and maintain their pathways. 
Recently, Pamme  et al.  reported the details of an immunomagnetic cell sorting 
technique using microfl uidic devices for separating mouse macrophages and 
human ovarian cancer (HeLa) cells  [26] . Likewise, Xia  et al.  reported an integrated 
microfl uidic device for removing  Escherichia coli  bound to magnetic nanoparticles 
from fl owing solutions  [101] . For this, the authors used ferromagnetic microstruc-
tures integrated into the microfl uidic device, which was similar to the scheme of 
the device reported by Kang  et al .  [41, 42]  Subsequently, Inglis  et al.  reported the 
details of a microfl uidic device for the immunomagnetic separation of blood cells, 
by exploited ferromagnetic wires embedded in the bottom glass substrate  [102] . 
The use of magnetic microparticles is preferred in conventional macroscale cell 
separations, because they offer a high magnetic mobility when bound to the cell 
surfaces, whereas the magnetic nanoparticles provide much less magnetic mobil-
ity than do microparticles. However, within the microfl uidic environment, the 
microparticles used for immunomagnetic cell sorting may be inadequate due to 
their high magnetic susceptibility, which consequently results in a high magnetic 
force acting on the cells. This leads to the cell – magnetic particle complexes becom-
ing trapped in the microfl uidic channels, and causes microchannel clogging. In 
addition, the fast drag velocity of the magnetic microparticle - bound cells restricts 
the magnetophoretic analysis for the cell - surface protein - binding capacities  [97] .  

  3.5.2 
 Separation of Nanomaterials 

 Magnetophoresis assisted by microfl uidic techniques can be applied to the separa-
tion of magnetic nanoparticles suspended in aqueous solution. Recently, the mag-
netophoretic continuous separation of nanoparticles attracted interest and was 
demonstrated in a microfl uidic device (Figure  3.18 )  [41] . These authors had previ-
ously reported a microfl uidic purifi cation method using  single - walled carbon 
nanotube s ( SWCNT s), which attracted much attention and promised a wide range 
of applications  [103, 104] . Unfortunately, SWCNTs are synthesized using metal 
catalysts such as Fe, Ni, and Co, and these must be removed from the pure 
SWCNTs in order for the latter to achieve many potential applications. Despite 
various successful reports regarding SWCNT purifi cation, including gas - phase 
oxidation, wet - chemical and thermal treatments, microwave - assisted methods, and 
combined multistep purifi cation platforms  [105, 106] , the current purifi cation 
methods, mainly using chemical, thermal, and ultrasonic treatments, have resulted 
in structural defects or the surface modifi cation of the SWCNTs  [106] . Because 
most metal catalysts used in SWCNT synthesis are superparamagnetic  [107] , 
several approaches for the magnetic purifi cation of SWCNTs have been demon-
strated, using magnetic - trapping methods  [108 – 110] . Unfortunately, however, 
these (largely macroscale) purifi cation schemes have been limited to obtaining 
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high - purity SWCNTs, due to the relatively low magnetic fi eld intensity employed 
and crude control of the SWCNT solutions. Consequently, a microfl uidic device 
for magnetophoresis was used for the purifi cation of SWCNTs, with highly 
enhanced magnetic fl ux density gradient and precise fl uidic controls assisted by 
microfl uidic manipulation techniques.   

 In Figure  3.18 , SWCNTs containing the metal catalysts are shown trapped by 
the highly enhanced magnetic fl ux density gradient across the microfl uidic 
channel. Because the SWCNTs are too small to be visualized with conventional 
microscopy, the analysis of SWCNT purifi cation should be assessed with indirect 
methods such as TGA, TEM, SEM, and SQUID. Figure  3.19  shows two TEM 
images of SWCNTs collected from the device, supporting the purifi ed SWCNTs 
after a single - round purifi cation process of the microfl uidic magnetophoresis. The 
relationship between the mass of the superparamagnetic materials and magne-
tized moments  [107]  allows an evaluation of the purifi ed SWCNTs compared to 
the unpurifi ed samples  [41] . As shown in Figure  3.20 , the  M – H  curves of as - 
prepared and purifi ed SWCNTs (ca. 10.0   mg) were measured using SQUID mag-
netometry at 300   K, and support the fact that purifi ed SWCNTs rarely contain metal 
impurities. In these results, the saturation magnetic moment ( M  S ) should be cali-
brated to the net weight of SWCNTs because the purifi ed SWCNTs are mixed with 
surfactant. The measured moment was 8.37    ×    10  − 4    emu, where the sample weight 
was 11.9   mg. The calibrated  M  S  (0.42   emu   g  − 1 ) was rather smaller than that of the 
SWCNTs, albeit with 98.47    ±    0.33% purity  [107] . The practical  M  S  may be smaller 
than as - calibrated, since the dilution factor (1/6) increases if the collected SWCNTs 
are washed with methanol. When comparing these results with previously 
published data  [107] , the purity of the purifi ed SWCNTs can be estimated as 

     Figure 3.18     Magnetically confi ned impurity - containing 
SWCNTs on the sidewall of the saw - tooth nickel 
microstructure induced by a permanent magnet. Locally 
confi ned impure SWCNTs were repeatedly concentrated in the 
regions of highest magnetic - fl ux density.  Reproduced with 
permission from Ref.  [41] ;  ©  2007, Wiley-VCH Verlag GmbH 
& Co. KGaA.   
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(a) (b)

     Figure 3.19     Transmission electron microscopy images of 
(a) as - dispersed and (b) magnetophoretically purifi ed 
SWCNTs.  Reproduced with permission from Ref.  [41] ; 
 ©  2007, Wiley-VCH Verlag GmbH & Co. KGaA.   

     Figure 3.20      M – H  curve of SWCNTs measured at 300   K using 
SQUID magnetometry, proving that magnetically purifi ed 
SWCNTs have a remarkably reduced iron content, and 
showing the decreased magnetic susceptibility. The inset 
shows a magnifi ed graph of purifi ed SWCNTs below 
0.1   emu   g  − 1  of magnetization.  Reproduced with permission 
from Ref.  [41] ;  ©  2007, Wiley-VCH Verlag GmbH & Co. KGaA.   

approximately 98 – 99%. During the analysis of magnetic nanoparticles using 
various analytical tools, such as EDS and TGA, analytical errors often arise from 
those impurities contained not by the nanomaterials but rather by the surfactant. 
In order to dissolve the nanoparticles in aqueous solution, surfactants are gener-
ally used to modify the surface properties of the nanomaterials. However, if the 
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surfactant contains its own impurities, this will prevent an accurate analysis and 
result in analytical errors  [41] . Therefore, multiple analytical results using a variety 
of tools should be sought when separating nanomaterials in microfl uidic devices.    

  3.5.3 
 Isomagnetophoresis ( IMP ) 

 Since the magnetic susceptibility of a material is determined by a combination of 
constituent elements, electrons, chemical bond, and bond – bond interaction  [111] , 
thereby revealing information about a molecule ’ s properties and composition, this 
characteristic has been widely studied in several research fi elds, including materi-
als science  [112]  and biomedical research  [113, 114] . As a novel principle,  isoelec-
trophoresis  ( IEP ), which has been widely used in molecular biology and analytical 
biochemistry, can be dedicated to improvements of the current magnetophoretic 
analysis techniques. On the other hand,  isomagnetophoresis  ( IMP ) can be dem-
onstrated by generating the magnetic susceptibility gradient across the microfl u-
idic channel, where the magnetic fl ux density gradient also exists. As shown 
in Figure  3.21 , IMP enables one to discriminate the subtle difference in the 
magnetic susceptibility, which cannot be distinguished by using conventional 

     Figure 3.21     Schematic of isomagnetophoretic discrimination 
process of particles having subtle difference of magnetic 
susceptibility ( Δ  χ ) in a microfl uidic channel.  Reproduced with 
permission from Ref.  [42] ;  ©  2008, American 
Chemical Society.   
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magnetophoresis methods. Recently, Kang  et al.  demonstrated a discrimination 
between the polymer particles of  polystyrene  ( PS ),  poly(methyl methacrylate)  
( PMMA ), and  borosilicate  ( BS ), by using IMP in the microfl uidic channel  [42] . As 
the following experimental results and numerical estimation indicate, whilst the 
polymer particles of PS and PMMA cannot be discerned with conventional mag-
netophoresis, IMP is indeed able to discriminate the subtle differences in the 
magnetic susceptibilities of these materials. Although these present demonstra-
tions of IMP have not included any separations using nanomagnetic materials, 
the method is described here because it will surely encourage great advances on 
conventional magnetophoretic analysis, and may even be extended to magnetic 
nanomaterials in further studies.   

 In order to verify the theoretical hypothesis, an analytical model has been estab-
lished by composing several functions of magnetic drag velocity,  V  x ( t,x ), the 
magnetic susceptibility gradient,  K ( t,x ), magnetic fl ux density gradient  B ( x ), and 
particle velocity driven by the parabolic fl ow profi le,  V  y ( x ) (Equation  3.10 ).  K ( t,x ) 
is obtained from the concentration gradient,  C ( t,x ) (Equation  3.9 ), generated across 
the microfl uidic channel in accordance with Wiedemann ’ s additivity law (Equation 
 3.11 )  [115] :
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where  V  x ( t, x ) is the magnetophoretic velocity at time,  t  ( s ) at position of  x, R  is 
the radius of a particle (ca. 7.5    μ m),  χ  p  and  K ( t,x ) are the volumetric magnetic 
susceptibility of a particle and fl uid, respectively,  B ( x ) is the magnetic fl ux density 
gradient (T 2    m  − 1 ),  μ  0  is vacuum permeability,  η  dynamic viscosity of fl uid (Pa   s),  C  0  
the initial concentration,  h  is the width of the initial distribution (50    μ m),  w  is 
the width of the channel (100    μ m),  D  is the diffusion coeffi cient of Gd - DTPA 
(2.3    ×    10  − 6    cm 2    s  − 1 )  [116] , and  v  0  is the average fl uid velocity in the channel (mm   s  − 1 ). 
The magnetic susceptibility of Gd - DTPA and  D  - glucose was obtained from pub-
lished reports  [117, 118] . The  fi nite element method magnetic  ( FEMM ) program 
can be used to estimate the magnetic fl ux density gradient across the microchan-
nel,  B ( x ), and the magnetic permeability of nickel can be obtained from published 
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data  [119] . As presented in Section  3.3.1 , because the microfl uidic channel is 
placed near the edge of a permanent magnet (NdFeB35; 50   mm    ×    25   mm    ×    10   mm; 
Magtopia, Korea) and the nickel microstructures were positioned between the 
permanent magnet and microfl uidic channel, it was diffi cult to estimate the mag-
netic fl ux density around the microchannels using a numerical equation. Fortu-
nately, the width of the microchannel is narrow enough (100    μ m) to make a rough 
assumption that d B /d x  has a linear relationship with the cross - sectional distance 
of the microchannel. Therefore, Equation  3.8  can be used to estimate the magne-
tophoretic velocity,  V  x ( t, x ). 

 In order to compare the numerical estimation with the experimental results, the 
magnetophoretic and isomagnetophoretic analysis was assessed in the microchan-
nels. In Figure  3.22 a, the lateral positions (18.52    ±    1.58    μ m,  n    =   247; 18.20    ±    6.61    μ m, 
 n    =   802, respectively) of the PS and PMMA particles are overlapped so that the 
two types of material cannot be distinguished one from another. A broad deviation 
of the lateral position (PMMA and BS; 52.13    ±    5.33    μ m,  n    =   1097) also results from 
a large size variation of the particles, its deviation being proportional to the size 
variation as described in Equation  3.7 . Isomagnetophoresis, however, in Figure 
 3.22 b exhibits the large difference of the lateral position of PS (17.68    ±    1.62    μ m. 
 n    =   576) and PMMA (30.44    ±    3.48    μ m,  n    =   406) particles providing the enhanced 
discernible capability. Furthermore, it remarkably reduces the deviation width of 
the particle position for all types of particle because the isomagnetophoretic migra-
tion is attenuated by the isopoint of  χ  and the particles stands in the vicinity of 
the their isopoint, without regard for the particle size.   

 By combining the equation stated above, it is possible to predict the particle 
traces in conventional magnetophoresis and new IMP. In the analytical model, 
the microparticle positions in the microchannel are considered as a point in a 

(a) (b)

     Figure 3.22     Measured particle positions of PS, PMMA, and 
borosilicate in conventional magnetophoresis (a) and 
isomagnetophoresis (b). Subtle difference in magnetic 
susceptibility between PS and PMMA was pre - eminently 
discriminated in isomagnetophoretic displacement (b). 
 Reproduced with permission from Ref.  [42] ;  ©  2008, 
American Chemical Society.   
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Cartesian coordinate system, assuming that all parts of a microsphere (polymer 
particle) are exerted by the uniform magnetic force. Then, the composite function 
( V  x  and  V  y ) is iterated by increasing the time (from  t    =   0) until the  y  reaches 11   mm 
(distance along the microfl uidic channel) (Figure  3.23 ).   

 The ideal condition for IMP requires the static gradient of  χ  fl uid  over the microfl u-
idic channels, but the present device scheme does not generate the stationary  χ  fl uid  
profi les across the microfl uidic channel because of diffusion. Therefore, for a theo-
retical consideration of the present quasi - isomagnetophoretic displacement (due to 
transition of the  χ  fl uid  gradient in accordance with time and particle position in  y  -
 axis),  V  x ( t,x ) and  V  y ( x ) are employed to estimate the particle displacement at time,  t . 
By using this model and the experimental data above,  χ  PS ,  χ  PMMA  and  χ  BS  are dis-
criminated to be  − 8.75    ×    10  − 6 ,  − 5.40    ×    10  − 6 , and  − 2.10    ×    10  − 6 , respectively, which are 
comparable with published values  [120] . Figure  3.24 a presents a theoretical predic-
tion of PS and PMMA particles, which shows a clear correlation with the experi-
mental data, comparing the magnetophoretic prediction (Figure  3.24 b). For the 
apparent verifi cation of IMP compared to magnetophoresis, the (iso)magnetopho-
retic distinction coeffi cient in the microfl uidic devices,  D    =    Δ  x / Δ  χ  particle , has been 
newly defi ned, where  Δ  x  (10  − 6    m) and  Δ  χ  particle  are the difference in the lateral posi-
tions of certain types of two particles at the outlet ( P  and  Q,  Δ x   =   x  P     −     x  Q ) and in 
magnetic susceptibility ( Δ  χ  particle    =    χ  P     −     χ  Q ), respectively. We can estimate  D  mag  and 
 D  iso , by considering if the particle,  P , is polystyrene and  χ  Q  varies from  − 0.75    ×    10  − 6  
to  − 15.75    ×    10  − 6 . As reported in Figure  3.24 b,c, IMP provides a larger  D  iso (3.89) 
compared to  D  mag (1.41) and, in addition, it reduces the errors caused by size devia-
tion of the particles, thus supporting the results of Figure  3.22 . The dotted - lines 
(upper and lower) in Figure  3.24 b and c are the plotted results when the particle size 
of  P  is 15.0    μ m, and the particle sizes of  Q  are 16.0    μ m and 14.0    μ m, respectively.   
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     Figure 3.23     (a) Theoretical estimation of the 
microparticle displacement in the microfl uidic 
channels under conventional 
magnetophoresis; (b) Particle traces of the PS 
and PMMA particles, supporting the 
experimental results as described in Figure 
 3.22 . The plot presents the theoretical particle 

traces without particle size deviation. 
Considering the practical particle size 
deviation, the lateral positions of PS and 
PMMA particles in the outlet port become 
indiscernible.  Reproduced with permission 
from Ref.  [42] ;  ©  2008, American 
Chemical Society.   
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 Although IMP as described in this chapter does not present the microfl uidic 
separation using magnetic nanomaterials, it can be expected that this method will 
enable an enhanced separation and biosensing ability in microfl uidic environ-
ments using this platform. It will also pave the way for the improved magnetic 
manipulation and sorting of various materials, including cancer cells, nucleic 
acids, proteins, and CNTs  [41, 120] , by discerning the subtle difference in orien-
tation - averaged magnetic susceptibility as we modulate the magnetic susceptibility 
of the injected solutions and optimize the experimental conditions by using the 
analytical model.   

  3.6 
 Concluding Remarks 

 In this chapter we have summarized magnetophoretic biosensing technologies 
and also separation results, notably those developed using microfl uidic techniques. 
Although the approaches towards magnetophoretic analysis assisted by microfl u-
idics are restricted to within the nanoliter scale, they offer a variety of advantages, 
including high effi ciency, low cost, high purity, and enhanced sensitivity. In addi-
tion, IMP, a novel analytical method, is expected to improve the conventional 
magnetophoretic analysis tools by increasing discriminatory ability in biosensing 
and separation fi elds, if the current technical problems of optimization, such as 
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     Figure 3.24     Theoretical estimation of particle 
displacement in the microchannels. (a) 
Particle traces of PS and PMMA particles 
diverged along the microchannels under 
isomagnetophoresis. The data points in (a) 
are the particle position over the 
microchannel in the  x  -  y  coordinate system. 

The magnetophoretic distinction coeffi cient of 
isomagnetophoresis (c) is greater than that of 
conventional magnetophoresis (b). The 
dotted lines in (b) and (c) are expected errors 
caused by particle size deviation ( ± 1.0    μ m). 
 Reproduced with permission from Ref.  [42] ; 
 ©  2008, American Chemical Society.   
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the magnetic susceptibility gradient conditions, can be addressed. The various 
studies of novel magnetic nanomaterials, such as SMNPs, are crucial to improve 
magnetophoretic effi ciency as well to develop device fabrication technology and 
new physical principles. By combining the magnetophoretic biosensing and IMP, 
it is to be expected that an ultrasensitive isomagnetophoretic immunoassay plat-
form could be developed for the detection of tiny quantities of biomolecules, not 
only in the diagnosis of disease but also for environmental monitoring.  
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4

  4.1 
 Introduction 

 The application of nanomaterials and nanotechnological approaches in medicine 
has opened up new possibilities in both medical diagnostics and therapeutics. 
Because their properties differ from those of their bulk counterparts, and can be 
selected through the control of particle size and architecture, nanoparticulate 
materials offer a wide range of potential applications. Developments in magnetic 
nanomaterials have had an enormous impact on modern science, technology and 
in biomedicine  [1 – 3] . For example, magnetic particles can be utilized as drug 
delivery agents, which can be localized in the body at a site of interest using an 
external magnetic fi eld. When exposed to an alternating magnetic fi eld, magnetic 
nanoparticles can serve as powerful heat sources, and hence can be used in hyper-
thermia therapy for cancer. Magnetic fl uids based on aqueous dispersions of 
small - sized, or  superparamagnetic , nanoparticles have also been utilized as con-
trast agents for  magnetic resonance imaging  ( MRI ). The latter technique has 
proven to be one of the useful modern diagnostic methods in biomedical research 
and clinical medicine, and is perhaps also the technique with the greatest potential 
for further development. 

 The primary advantage of MRI over other instrumental diagnostic methods, is 
that it provides detailed images of soft tissues  in vivo . Most imaging techniques 
offer a single contrast mechanism, for instance based on the differences in tissue 
density and atomic number (X - ray techniques), or acoustic impedance (ultra-
sound). In MRI, however, the contrast arises from the detailed physico - chemical 
environment of water in the tissues; hence, the procedure is sensitive not only to 
water binding, to the concentration of macromolecules in the tissue, and to the 
concentration of iron - containing or other paramagnetic species in the tissues, but 
also to many other parameters, most of which offer the potential for generating 
useful image contrast. 

 The second advantage of MRI is that it is a  functional  imaging modality whereby 
the image contrast can, under certain circumstances, be directly correlated with 
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local biochemical processes or metabolic activity. For instance, MRI can be used 
to measure blood fl ow in vessels or during tissue perfusion, as well as changes in 
blood oxygenation. This facility also serves as the basis for  functional MRI  ( f - MRI ) 
of the brain, which is currently revolutionizing the neuropsychology. 

 A third advantage of MRI is its  dynamic  imaging modality. As the technique is 
apparently safe, images can be acquired continuously and this, in principle, allows 
dynamic studies to be performed. Examples include imaging of the beating heart, 
transport in the vascular system, the movement of joints, or the response of the 
 central nervous system  ( CNS ) to external stimuli  [3] . 

 The enormous versatility and fl exibility of MRI, combined with its relative safety 
and noninvasive nature, has led to a huge increase in demand for clinical scans 
over the past decade. In fact, today ’ s MRI scanner manufacturers are investing 
heavily in the development of new diagnostics, with a view to opening up the 
market to sell more scanners. The same advantages have a powerful infl uence on 
the direction of academic research, where methods for the controlled growth, 
stabilization and functionalization of nanostructures have been imported from 
across the nanotechnology sector to produce a wide range of responsive and smart 
MRI - detected agents that can be applied to the biomedical fi eld. 

 MRI contrast agents act to improve image quality by altering the magnetic reso-
nance relaxation times of water in the tissues surrounding the agent, and hence 
cause a change in the intensity of the water signal in these tissues. Most MRI 
techniques utilize gadolinium complexes as contrast agents, which provide good 
positive contrast, or signal enhancement. However, compared with gadolinium 
chelates such as  diethylenetriaminopenta - acetic acid  ( Gd - DTPA ), magnetic 
nanoparticles are far more effi cient as relaxation enhancers  –  that is, they exhibit 
a higher relaxivity and, in particular, a good negative contrast or signal suppres-
sion. Their effect on the relaxation time of water is measurable even at nanomolar 
concentrations and, as a result, the nanoparticulate agents are in many ways 
complementary to the gadolinium agents. Nanoparticulate agents also have advan-
tages with respect to biocompatibility, selective uptake, targeted delivery, and 
removal from the body, which can be relatively easily tuned by changing the size 
and the nature of the surface coating of nanoparticles. These factors are extremely 
important for  in vivo  medical applications  [2] . One very attractive feature of mag-
netic nanoparticles is the fact that they can be relatively easily functionalized with 
molecules, thus bestowing new properties on the particles. Aside from a range of 
hydrophobic and hydrophilic coatings, which themselves may infl uence biodistri-
bution, the molecules that can be used in this role include a wide range of drugs 
and fl uorescent compounds, all of which can be targeted to a specifi c area or tissue. 
For example, by attaching targeting molecules such as proteins or antibodies to 
the surfaces of the particles, the latter may be directed not only to molecules but 
also to any cell, tissue, or tumor in the body  [4] . Added to this is the extra potential 
offered by the  magnetic moments ; this means that external magnetic fi elds can be 
applied to guide and trap the nanoparticles at the target site, where they may be 
used to effect a hyperthermic response. In particular, signifi cant efforts have been 
directed at producing  “ smart ”  contrast agents, which could allow the very early 
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detection of various pathologies and also serve as presymptomatic diagnostics, and 
which could  –  at least potentially  –  be coupled with highly effective targeted therapy 
 [4 – 7] . 

 Despite these great successes, some very real challenges remain before the 
potential of magnetic nanocomposites as MRI contrast agents can be fully realized. 
One of the main, and most obvious, problems is the complexity in the preparation 
and functionalization of these nanocomposites, which frequently involves a mul-
tistep synthesis and many purifi cation stages. Another typical problem is related 
to the instability and aggregation of these nanocomposites in solutions. Aggrega-
tion can be caused by magnetic, electrostatic or chemical interactions between 
particles, and therefore careful design and an extremely accurate synthesis meth-
odology are required to develop magnetic nanocomposites while avoiding their 
aggregation and precipitation. Another drawback is the problem of avoiding rapid 
opsonization, and removal from the bloodstream, by the  reticuloendothelial 
system  ( RES ). For example, iron oxide - based nanoparticles normally demonstrate 
very good biocompatibility, with no adverse effects detectable from longitudinal 
histological analyses of the liver, spleen, and kidney  [8] . However, the potential for 
nanotoxicity arising from the assembly of nanomaterials must be considered in 
each case  [1] , and therefore detailed studies of the biodistribution, clearance, and 
biocompatibility of any potential magnetic nanoparticle system for  in vivo  biomedi-
cal applications are necessary prior to their being promoted towards clinical use 
 [6, 8] . 

 The main aim of this chapter is to present an overview of those magnetic nano-
composite materials which are utilized as contrast agents for MRI. Hence, the 
various types of nanomaterials will be discussed, together with details of the main 
strategies for the specifi c functionalization of magnetic materials for MRI applica-
tions, and their properties and characterization. Current and potential clinical MRI 
uses, including cell labeling and molecular  in vivo  and  in vitro  imaging, will also 
be discussed.  

  4.2 
 Classifi cation of Magnetic Nanomaterials Used for  MRI  Applications 

 The study of magnetic nanocomposites is a very rapidly developing fi eld, which 
makes the classifi cation of these materials quite diffi cult and sometimes arbitrary. 
In terms of contrast, MRI agents are traditionally classifi ed as T 1  - , or T 2  -  type. T 1 , 
or  positive - contrast  agents reduce the spin - lattice relaxation times of the surround-
ing water; that is, they have a high spin - lattice relaxivity, or  r  1  value. The relaxivity 
is defi ned as the relaxation rate enhancement per millimole of iron, and thus has 
units of s  − 1    m M   − 1 . If the imaging sequence is appropriately weighted, by reducing 
the recycle delay between sequence repetitions, and usually also the echo time, 
those tissues which contain the agent will show up brightly in the image. T 2 , or 
 negative - contrast  agents reduce the spin - spin relaxation times of the surrounding 
water. By increasing the recycle delay between sequence repetitions, and the echo 
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time, those tissues which contain the agent will show up as dark in the image, 
when compared to adjacent tissues. Thus, negative agents have a high spin - spin 
relaxivity, or  r  2  value, although more usually their effi cacy is quantifi ed by high 
values of the  r  2 / r  1  ratio. Typical examples of T 1  - agents are molecular gadolinium 
chelates, while superparamagnetic ferrite - based particles represent T 2  - agents 
 [5, 7] . 

 Based on the chemical nature of nanomaterials, the magnetic nanocomposites 
utilized in various MRI applications can be roughly grouped into three main 
classes: (i) magnetic oxide - based nanoparticles; (ii) metal -  and metal alloy - based 
nanoparticles; and (iii) rare earth (Gd or Dy) chelate - loaded nanocomposites. 

  4.2.1 
 Magnetic Oxide - Based Nanoparticles 

 Typical examples of magnetic iron oxide - based nanoparticles are magnetite (Fe 3 O 4 ) 
and maghemite ( γ  - Fe 2 O 3 ), both of which are members of the ferrites family  [9] . 
Ferrimagnetic oxides are ionic materials, consisting of arrays of positively charged 
iron ions and negatively charged oxide ions. Ferrites adopt a spinel structure based 
on a  cubic close - packed  ( ccp ) array of oxide ions. If the magnetic particles are 
of very small sizes (of the order of 10   nm), they can demonstrate superparamag-
netic behavior  [10] .  Superparamagnetic particles  consist of a single magnetic 
domain where the particle is in a state of uniform magnetization at any fi eld. 
Superparamagnetism arises when the magnetic moments of the particles are 
thermodynamically independent. It is found that if the sample is composed of 
smaller particles, then the total magnetization will decrease with decreasing par-
ticle size. 

 For MRI applications,  superparamagnetic iron oxide nanoparticle s ( SPION s) 
have attracted much interest as they are relatively easy to form, have a low toxicity 
 [11, 12] , and the superparamagnetism increases the colloidal stability. The iron 
oxide - based nanoparticulate agents have been classifi ed as  ultra small particles 
of iron oxide  ( USPIO s),  small particles of iron oxide  ( SPIOs ), and oral (large) 
particles. 

 USPIOs have diameters ranging between 10 and 40   nm, and can be further 
subdivided into  crosslinked iron oxide nanoparticle s ( CLION s) and  monocrystal-
line iron oxide nanoparticle s ( MION s)  [7, 8, 13] . USPIOs are dispersions of stabi-
lized nanocrystals or small clusters of such particles which can have a strong T 1  
(positive) contrast when an appropriate imaging pulse sequence is used  [14] . The 
coatings surrounding the USPIO ’ s inorganic core play a major role in both the  in 
vitro  stability and, overall, in the fate of USPIOs  in vivo   [15] . An example of a 
commercially available USPIO is Ferumoxtran - 10, which is useful as a contrast 
material in MRI for the diagnosis of infl ammatory and degenerative disorders 
associated with high macrophage activity  [16 – 18] . SPIOs (see Section  4.5  and 
Table  4.1 ) are selected for lymph node imaging (AMI - 227; i.e., Sinerem ®  
and Combidex ® ; diameters 20 – 40   nm), bone marrow imaging (AMI - 227), 
perfusion imaging (NC100150; i.e., Clariscan ® ; mean diameter 20   nm), and MR 
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 Table 4.1     Nanoparticulate agents approved for clinical applications or clinically tested. 

   Agent name     Company     Coating agent     Relaxomic 
properties, 
1.5   T 
(m M   − 1    s  − 1 )  

   Hydrody-
namic 
size (nm)  

   Applications     Reference(s)  

  Ferumoxides 
AMI - 25, 
Endorem ® /
Feridex ®   

  Guerbet, 
Advanced 
Magnetics  

  Dextran T10     r  1    =   10.1 
  r  2    =   120  

  120 – 180    Liver imaging; 
cellular labeling  

   [17]   

  Ferumoxtran - 10 
AMI - 227 
BMS - 180549 
 Sinerem ® /
Combidex ®   

  Guerbet, 
Advanced 
Magnetics  

  Dextran T10, 
T1  

   r  1    =   9.9 
  r  2    =   65  

  15 – 30    Metastatic 
lymph node and 
macrophage 
imaging; blood 
pool agents; 
cellular labeling  

   [18, 17]   

  Ferumoxytol 
 Code 7228  

  Advanced 
Magnetics  

  Carboxyl -
 methyl - dextran  

   r  1    =   15 
  r  2    =   89  

  30    Macrophage 
imaging; blood 
pool agent; 
cellular labeling  

   [193]   

  Ferumoxsil 
 AMI - 121 
 Lumirem ® /
GastroMARK ®   

  Guerbet, 
Advanced 
Magnetics  

  Silica    n.a.    300    Oral GIT 
imaging  

   [17, 141]   

  Ferucarbotran 
 SHU - 555A 
 Resovis ®   

  Schering    Carboxy -
 dextran  

   r  1    =   9.7 
  r  2    =   189  

  60    Liver imaging; 
cellular labeling  

   [83]   

  SHU - 555C 
 Supravist ®   

  Schering    Carboxy -
 dextran  

   r  1    =   10.7 
  r  2    =   38  

  21    Blood pool 
agent; cellular 
labeling  

   [194]   

  Feruglose 
 NC100150 
Clariscan ®   

  GE - Healthcare 
(abandoned)  

  PEG - ylated 
starch  

  n.a.    20    Blood pool 
agent  

   [19, 20]   

  Ferristene ®  
 Abdoscan ®   

  GE - Healthcare    Sulfonated 
styrene - divinyl -
 benzene 
copolymer  

  n.a.    20    Oral GIT 
imaging  

   [192]   

   VSOP - C184     Ferropharm     Citrate      r  1    =   14 
  r  2    =   33.4  

   7     Blood pool 
agent; cellular 
labeling  

    [21]   

   GIT   =   gastrointestinal tract; n.a.   =   not applicable.   
 Reproduced from Ref.  [6] . 
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angiography (NC100150). Even smaller monocrystalline iron oxide nanoparticles 
are under research for receptor - directed MRI and magnetically labeled cell probe 
MRI  [8] .   

 SPIOs are suspensions of larger objects, with hydrodynamic diameters  D  hyd  
 > 60   nm (normally 60 – 200   nm), containing multiple nanocrystals within a water -
 permeable shell, often composed of dextran or carboxydextran, and usually gener-
ate a strong T 2  (negative) contrast. Among the nanoparticulate contrast agents 
which are currently in use, or are in the later stages of clinical investigation, all 
are based on suspensions of magnetic iron oxide. These include Endorem ®  
(Guebert)  [17] , a SPIO which incorporates multiple 5   nm magnetic iron oxide cores 
in a larger dextran particle, although the size distribution is very broad ( D  hyd  
120 – 180   nm). Endorem ®  is a negative - contrast agent ( r  2 / r  1     ∼    12) which is used 
primarily for liver imaging. Sinerem (also from Guebert) has a cluster size of 
50   nm and is formed by fractioning Endorem ®  suspensions. Although it is still 
a negative - contrast agent ( r  2 / r  1     ∼    6.6), the improvement in size facilitates the appli-
cation of Sinerem  –  which is usually classifi ed as a USPIO  –  in staging metastatic 
lymph nodes and in blood pool imaging (see Section  4.5  and Table  4.1 ). Reso-
vist ® , a carboxydextran - stabilized USPIO produced by Schering AG, has a hydro-
dynamic size of 60   nm and is also used in liver imaging ( r  2 / r  1     ∼    19.5)  [6] . 

 Large (or Oral) particles of iron oxide (diameter between 300   nm and 3.5    μ m) 
are not suitable for intravenous administration, but may be administered orally 
for gastrointestinal imaging. Examples include AMI - 121 (Lumirem ®  and Gastro-
MARK ® )  [17] , which are used for bowel contrast, and OMP (i.e., Abdoscan ® )  [19, 
20] , which is used in liver/spleen imaging (see Section  4.5 ). 

 From a practical perspective, when examining an image it is easier to identify 
smaller, positively labeled regions than negatively labeled areas, and consequently 
there is ongoing interest in producing positive - contrast nanoparticulate agents. 
This represents a major challenge in colloidal chemistry as the agents must remain 
dispersed during storage, and also for a signifi cant time under physiological condi-
tions, as any aggregation will lead to an increase in  r  2 . Among the more interesting 
newly developed agents is VSOP - C184  [21]  from Ferropharm which, with a hydro-
dynamic size of 7   nm, is among the smallest, and where the dispersed particles 
are stabilized with citrate. The absence of a polysaccharide shell reduces any target-
ing of the particles by the macrophages of the RES, which otherwise would result 
in a rapid accumulation of iron oxide in the liver. In addition, the small particle 
size and good dispersity improve the blood circulation life - time and generate posi-
tive contrast. These characteristics  –  and in particular the extended circulation 
times  –  mean that the agent has potential in blood pool imaging, where it may 
compete with the current industry standard Magnevist ® , a gadolinium - based 
agent  [22] . 

 There are, however, still some drawbacks associated with nanoparticulate iron 
oxide - based contrast agents. Occasionally, they demonstrate unusual magnetic 
susceptibility artifacts which produce dark signals that may not only be misleading 
but also result in an incorrect interpretation of the T 2  - weighted MR images. These 
dark areas can be confused with signals from bleeding, calcifi cation, or metal 
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deposits, while the susceptibility artifacts also distort the background image  [23, 
24] . 

 Consequently, signifi cant efforts have recently been made on the development 
of T 1  MRI contrast agents based on magnetic nanoparticles of other metal oxides. 
These involve mostly manganese and rare earth - based oxides. For example, T 1  MRI 
contrast agents based on biocompatible MnO nanoparticles have recently been 
reported by Hyeon  et al.   [24] . This material facilitated the acquisition of good -
 quality T 1  - weighted MR images of the brain, liver, kidney, and spinal cord, showing 
very fi ne anatomic structure in animal models. It was also noted that the MnO 
nanoparticles could be easily conjugated with a tumor - specifi c antibody and hence 
utilized for selective tumor imaging. 

 Small rare earth (Gd or Dy) oxide nanocrystals have also shown great promise 
as contrast agents for MRI, because they can provide a large number of unpaired 
electrons per unit of contrast agent, as well as the small particle size required for 
low  r  2 / r  1  values. Typically, small gadolinium oxide (Gd 2 O 3 ) nanocrystals can be 
prepared via the polyol route by thermal decomposition of, for example, Gd(NO 3 ) 3  
in the presence of diethylene glycol  [25 – 27] . Diethylene glycol - capped Gd 2 O 3  
nanoparticles have been shown to demonstrate both  r  1  and  r  2  relaxivities almost 
twice as high as the corresponding Gd - chelate - based agents in aqueous solutions 
 [27] . Similar solution - based thermal decomposition methods were employed to 
prepare nanocrystalline Gd 2 O(CO 3 ) 2 *  H 2 O and Gd 2 O 3  particles, which have also 
shown promising positive -  and negative - contrast effects  [28, 29] . However, rare 
earth oxides are highly reactive and must be coated with an appropriate shell in 
order to be utilized in physiological media. For example, when paramagnetic 
Gd 2 O 3  cores were protected and stabilized by encapsulation within a polysiloxane 
shell, the  r  1  values of these materials were found to be higher than those of 
positive contrast agents based on gadolinium chelates  [30] . In another approach 
to improve stability and biocompatibility, gadolinium oxide nanoparticles were 
embedded in albumin microspheres and used as prototype contrast agents for 
multimodal X - ray and MRI studies  [31] .  

  4.2.2 
 Magnetic Metal -  and Alloy - Based Nanoparticles as Contrast Agents 

 Transition metal nanoparticles such as pure Fe and Co, or metallic alloys such as 
FeCo, have been envisaged as potentially promising T 1  and T 2  contrast agents. 
These metallic nanoparticles tend to have a larger magnetic moment than their 
iron oxide counterparts  [32] . 

 Typical examples of metal alloy - based nanoparticles are  face - centered cubic  ( fcc ) 
FePt nanoparticles, which can be synthesized via the pyrolysis of iron(III) ethoxide 
and platinum(II) acetylacetonate. Relaxometry studies have shown that FePt par-
ticles have a higher T 2  effect than superparamagnetic iron oxide, indicating that 
the former might serve as superior negative contrast agents for MRI  [33] . 

 Iron metal - based nanoparticles can also be prepared by the laser - induced pyroly-
sis of iron carbonyl (Fe(CO) 5 ) vapors, the process resulting in the partial oxidation 
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of iron, and a thin iron oxide shell that stabilizes the iron nanoparticles. Typically, 
these particles can be coated with dextran and suspended in water, so as to produce 
strong positive contrast at low applied magnetic fi elds, and a stronger increase in 
negative contrast at higher fi elds, as compared to similar iron oxide nanoparticles 
 [34, 35] . Thus, colloidal iron suspensions have potential applications as both T 1  
and T 2  contrast agents. 

 Recently, much interest has been expressed in the development of stable, iron -
 containing core – shell nanostructures (see Section  4.2.3 ). For example, when 
iron(Fe)/gold(Au) core – shell nanoparticles were prepared using a reverse - micelle 
method, the nanomaterials demonstrated a high saturation magnetization and 
potential as T 1  agents  [36] . Another example is that of Au 3 Cu (gold and copper) 
nanoshell structures, which demonstrated promising MR contrast properties 
but with a degree of toxicity that called into question their suitability for  in vivo  
applications  [37] .  

  4.2.3 
 Rare Earth Metal - Loaded Nanoparticulate Contrast Agents 

 As mentioned above, molecular gadolinium and dysprosium complexes are quite 
commonly used as MRI contrast agents. Unfortunately, however, these rare earth 
chelates demonstrate toxicity, fast diffusion and sometimes also a low contrast 
signal  –  all of which are serious drawbacks in many contrast agent applications. 
The main strategy used to avoid these problems is to incorporate paramagnetic 
rare earth molecular species into the nanoparticles; this allows improvements in 
relaxivity, by increasing the loading of paramagnetic ions and increasing the rota-
tional correlation time of the nanosized particles  [38] . Such a strategy can also 
enable the specifi c targeting of contrast agents to different tissues and organs by 
a further functionalization and vectorization of nanoparticles. The design and 
fabrication of rare earth - containing nanoparticles have been the subjects of several 
reviews  [5, 38, 39] . 

 A large proportion of recent research effort has focused on the development of 
nanoparticles that are labeled, or loaded, with Gd(III) or Dy(III) chelates, using 
a variety of different binding techniques  [38] . These nanocomposites include 
rare earth - loaded polymer (or macromolecule) nanoparticles and rare earth - loaded 
oxide nanoparticles (e.g., SiO 2 , Al 2 O 3 ). The main approaches for the fabrication of 
rare earth metal nanocomposites involve the noncovalent or covalent binding 
of high - spin paramagnetic gadolinium chelates to macromolecules and polymers, 
or the grafting of chelates onto oxide and hydroxide nanoparticles  [40] . 

 Many examples have been described of polymer nanoparticles functionalized 
with gadolinium chelates. One of the most promising strategies is the conjugation 
of Gd - based chelates to biomacromolecules and protein nanoparticles. For 
example, Gd(III) - based MR contrast agents were conjugated to polyarginine oligo-
mers, with the resultant nanocomposites being able to permeate cell membranes 
 [41, 42] . In another report, when amphiphilic gadolinium Gd - DTPA chelates 
were incorporated into low - density lipoprotein nanoparticles (22   nm diameter), a 
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signifi cant contrast enhancement was provided  [43] . Several similar Gd - chelate -
 loaded, low -  or high - density lipoprotein particles (Figure  4.1 ) have also been 
recently reported  [44, 45] . Another interesting development involves the synthesis 
of peptide - derivatized shell - crosslinked nanoparticles, which were functionalized 
with gadolinium chelates and studied as robust MRI agents. The highly hydrated 
nature of the shell layer, in which the Gd was located, coupled with the hydrody-
namic diameter of 40  ±  3   nm, allowed for a rapid water exchange, and the resulting 
material demonstrated both large ionic and molecular relaxivities  [46, 47] .   

 Small particles of various biocompatible polymers have also been used for 
the fabrication of Gd - loaded paramagnetic nanostructured contrast agents. New 
200   nm - diameter nanoparticles, which are composed of a noncovalent adduct 
between a gadolinium complex, a polymer of P - cyclodextrin, and dextran grafted 
with alkyl chains have been recently reported. These nanocomposites demon-
strated a great relaxivity enhancement (48.4   m M   − 1    s  − 1 , at 20   MHz and 37    ° C) com-
pared to a value of 5.2   m M   − 1    s  − 1  for the Gd - III chelate itself  [48] . Latex nanoparticles 
of 100, 400 and 900   nm diameter were doubly derivatized, fi rst with tomato lectin 

     Figure 4.1     Different types of lipoprotein nanoparticle - based 
contrast agent, and the gadolinium complexes used in their 
preparation.  Reproduced from Ref.  [45] .   
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and then with Gd - DTPA to target them to epithelial and endothelial glycocalyceal 
N - glycans and to generate contrast enhancement in MRI  [49] . 

 Lipophilic paramagnetic Gd - chelates have also been incorporated into perfl uo-
rocarbon nanoparticles, resulting in materials which have up to 55% higher relax-
ivity than the corresponding free Gd - chelate  [50] . These Gd - loaded perfl uorocarbon 
nanoparticles could be easily conjugated to antibodies to achieve specifi c localiza-
tion and imaging  [51] . 

 Another group of Gd - based nanoparticulate contrast agents are oxides loaded 
with rare earth metals, the most commonly used examples being rare earth - doped 
silica nanoparticles. For example, silica - Gd core – shell particles with a size of 
71   nm were prepared by homogeneous precipitation from a water/propanol 
solution of Gd(NO 3 ) 3 , urea and  polyvinylpyrrolidone  ( PVP ) in the presence of a 
suspension of the silica particles, followed by successive silica - coating using  tet-
raethoxysilane  ( TEOS ). These particles demonstrated relaxation enhancements 
under MRI conditions  [52] . Mesoporous silica nanorods have been fabricated via 
surfactant - templated self - assembly under basic conditions, and subsequent mixing 
with solutions of GdCl 3  salt and Dye@MSN - R produced novel fl uorescent and 
paramagnetic potential contrast materials  [53] . 

 Gd - DTPA chelates were intercalated into Mg -  and Al - based  layered 
double hydroxide  ( LDH ) nanomaterials by anionic exchange. These novel para-
magnetic bar - like nanomaterials, which had widths of 30 – 60   nm and lengths 
50 – 150   nm, demonstrated fourfold and 12 fold increases in  r  1  and  r  2 , respectively, 
as compared to free Gd(DTPA) chelates in solution under the same reaction 
conditions  [54] . 

 In another study, semiconducting nanoparticles (quantum dots) or colloidal 
metal (Au) nanoparticles were coated with thin silica shells, and covalently 
linked to appropriate gadolinium chelates; the result was a series of nanocompos-
ites of 8 – 15   nm diameter, which demonstrated high relaxivities  [55] . Gold nanopar-
ticles encapsulated by a multilayered organic shell composed of gadolinium 
chelates, bound to each other through disulfi de bonds, have also been reported 
 [56, 57] . 

 Finally, new ultrasensitive pH - smart probes (so - called  gadonanotubes ) have 
been prepared by incorporating nanoscale, superparamagnetic Gd 3+  - ion clusters 
within  single - walled carbon nanotube s ( SWCNT s). These nanocomposites dem-
onstrated a high performance as T 1  - agents for MRI, with  r  1     ∼    180   m M   − 1    s  − 1 , which 
is about 40 - fold greater than that of any current Gd 3+  ion - based clinical agent 
 [58, 59] . 

 Traditional synthetic methods for the fabrication of magnetic nanomaterials 
include coprecipitation, hydrothermal and high - temperature processing, sol – gel 
processing, microemulsion methods, fl ow injection syntheses, sonolysis and elec-
trospray synthesis, among others. These techniques are well established and have 
been considered in other chapters of this Handbook, and also in several recent 
reviews  [7, 60 – 62] . In the following section, we present an overview of the methods 
used for coating and surface functionalization, to produce stable and biocompat-
ible aqueous magnetic nanocomposite suspensions.   
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  4.3 
 Coating and Surface Functionalization of Magnetic Nanoparticles 

 As the stability of magnetic fl uids is crucial to their performance for any applica-
tion, the factors that determine their stability have attracted a great deal of research 
activity. For MRI applications, stability in aqueous suspension, or under approxi-
mately physiological conditions (e.g., in phosphate - buffered saline at 37    ° C), is also 
critical for assessing the shelf life of suspensions, and also provides a reasonable 
indication of their initial stability on introduction (usually by intravenous injec-
tion) into the bloodstream. The stability of suspensions on the bench  –  that is, 
their stability with respect to self - aggregation  –  is determined in the fi rst instance 
by the nature of the surface of the nanoparticles or nanoparticle clusters. The 
stability of magnetic nanosuspensions as MRI contrast agents is, therefore, defi ned 
by the nature of surface capping stabilizers, which can be chemically linked with 
or physically adsorbed onto magnetic nanoparticles, so as to prevent their aggre-
gation and/or precipitation. Magnetic nanoparticles can be coated either during 
( in situ ) or after the synthesis, with the selection of coating frequently depending 
on the fi nal application of the particles. Three main types of coatings can be used 
to stabilize nanoparticles in aqueous solutions, namely monomeric organic sta-
bilizers, polymeric stabilizers, and inorganic coatings  [7, 61, 62] . 

  4.3.1 
 Surface Modifi cation with Monomeric Stabilizers 

 Organic surfactants are frequently employed for the stabilization and coating of 
magnetic nanoparticles. One common and traditional approach is to use fatty acids 
(e.g., oleic or stearic acid) to stabilize the aqueous magnetic fl uids, by the forma-
tion of a surface bilayer  [63]  with a chemisorbed fatty acid primary layer and an 
interpenetrating second layer; the latter is physisorbed onto the primary layer, with 
the hydrophilic head - groups pointing outwards. The structure and stability of the 
resultant nanoparticle clusters (ca. 100   nm) formed from the particles (ca. 10   nm) 
in suspension have been studied using both light - scattering and cryo -  transmission 
electron microscopy  ( TEM )  [64] . In aqueous suspension, the densely packed clus-
ters were formed and shown to have a fractal dimension (as estimated by light -
 scattering) of 2.52. The same research group also reported a gradual increase in 
the hydrodynamic size on diluting the particles with water, this being due to a 
partial desorption of the second layer, destabilizing the colloid. Fatty acid - stabilized 
particles represent interesting model colloidal systems, as they are easy to produce 
and in general show good biocompatibility. However, this example illustrates the 
critical nature of the suspension ’ s stability for real applications. 

 Both, dicarboxylic and tricarboxylic acids are also frequently utilized for the 
surface functionalization and stabilization of iron oxide - based nanoparticles in 
solution. In the case of these acids, some of the functional groups can bind to the 
surface of the metal oxide, while the remaining carboxylate groups provide a nega-
tive charge (depending on the pH) and improve the hydrophilicity of the particle 
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surface. This allows for a good stability of metal oxide - based nanoparticles in 
aqueous solutions. Among the acids most often used to stabilize magnetic iron 
oxide - based particle suspensions are citric, tartaric, and dimercaptosuccinic acids 
 [65 – 67] . When monomeric anionic stabilizers are used for stabilization purposes, 
one critical factor which infl uences stability is the zeta - potential ( ζ ), which is the 
surface charge at the slipping plane. Thus, charged particles will repel each other 
(double - layer repulsion) and produce stable suspensions. Particles with  − 30   mV 
 <   ζ   <  +30   mV, at a given pH, are generally found to be stable. For example, 
citrate - stabilized 7   nm - diameter iron oxide particles (VSOP - C184  [22] ) have 
suffi cient stability  –  both prior to and on injection  –  to be used as positive contrast 
agents for MRI angiography. As noted previously, however, this application is 
dependent on the nanoparticles remaining dispersed, as even a small amount of 
aggregation will signifi cantly increase the negative contrast.  

  4.3.2 
 Modifi cation Using Polymeric Stabilizers 

 Most potential nanoparticulate MRI contrast agents are stabilized by polymers 
which contain a variety of functional groups, including carboxylic acids, hydroxyls, 
phosphates, and sulfates  [61] . In this case, the stabilization of nanoparticles can 
be achieved due to a group of interactions that are collectively termed  steric forces  
 [68, 69] . Aside from the magnetic interactions, in most cases attractive van der 
Waals ’  forces occur between the polymeric chains, although repulsive contribu-
tions also exist from the osmotic and elastic forces. The former arise from the 
unfavorable exclusion of solvent molecules from the interparticle space of two 
approaching particles, while the latter is due to the entropic penalty associated 
with reduced conformational mobility of the compressed or interdigitated chains 
of stabilizer molecules on adjacent particles; hence, this effect operates only at very 
short approach distances. In practice, the total force is usually repulsive, and this 
results in a stabilization of the particles. When modeling the surface interactions, 
the interaction potential is usually expressed as a sum of the three contributions 
integrated over the surfaces of the nanoparticles. Usually, the double - layer repul-
sion, which is described by the  Derjaguin, Landau, Verwey, and Overbeek  ( DLVO ) 
model, is not included  [70, 71] . 

 Due to their good solubility in water, biocompatibility, and also permeability, 
polysaccharides such as dextran or carboxydextran are among the most popular 
polymer coatings used for the stabilization of magnetic nanoparticles. Dextran -
 stabilized magnetic nanoparticles can be prepared using a coprecipitation method, 
with  in situ  coating by polysacchatide  [72] . The most likely mechanism of dextran 
adsorption, however, involves collective hydrogen bonding between the dextran 
hydroxyl groups and the iron oxide particle surface  [73] . 

 Partially oxidized dextran can also be covalently linked to the amino groups of 
aminopropylsilane - coated magnetic nanoparticles via the formation of a Schiff  ’ s 
base bond  [74] . One of the commercially available dextran - stabilized magnetic 
fl uids, Ferumoxtran - 10 (also known as AMI 227; Sinerem ®  and Combidex ® ), 
consists of superparamagnetic magnetite cores approximately 5   nm in diameter 
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which are coated with a dextran layer; the result is a hydrodynamic diameter of 
normally ranging between 15 and 30   nm. These particles demonstrate a prolonged 
blood residence time, excellent biocompatibility, and a high relaxivity, which 
makes them excellent MRI contrast agents  [8, 22] . It has also been reported that 
dextran - coated nanoparticles can form larger aggregates with a hydrodynamic 
diameter of approximately 50   nm. It has been observed that increases occurred in 
the saturation magnetization, total susceptibility, and both the  r  1  and  r  2  relaxivities 
of the nanoparticle suspensions with an increase in nanocrystal size  [75] . A new 
ferrofl uid based on dextran - coated iron metal particles with aggregate sizes close 
to 50   nm has also been reported. These materials were found to demonstrate a 
higher saturation magnetization, magnetic susceptibility and  r  2  relaxivity than 
similar iron oxide - based nanoparticles  [76] . Dextran - coated superparamagnetic 
iron oxide particles can also form stable complexes with transfection agents. More-
over, such complexes can be internalized by endosomes/lysosomes, and have been 
utilized for cell labeling and  in vivo  MRI cell tracking  [77] . One other polysaccha-
ride which has been used for the coating and stabilization of magnetic nanopar-
ticles is  alginate   [78 – 80] . 

  Chitosan  is a biocompatible and biodegradable polymer, and is of particular 
interest for coating magnetic nanoparticles  [81, 82] . It has been reported that oleic 
acid - coated SPIONs can be easily dispersed in chitosan, producing stable ferrofl u-
ids with a typical hydrodynamic diameter of approximately 65   nm. The MRI prop-
erties of these ferrofl uids were found to be similar to those of Resovist ®  (see Table 
 4.1 ), which is based on carboxydextran - coated iron oxide nanoparticles  [83] . 

  Polylactic acid , another biodegradable polymer, has been used to prepare stable 
biocompatible ferrofl uids with varying ferromagnetic particle sizes, ranging from 
10 to 180   nm  [84] . Polylactic acid - coated nanoparticles can also be loaded with 
anticancer drugs (e.g., tamoxifen), which allows their use in simultaneous tumor 
imaging, drug delivery and the real - time monitoring of therapeutic effects  [85] . 
Similar biocompatible nanoparticles have also been prepared via an  in situ  - 
controlled coprecipitation of magnetite from aqueous solutions containing suit-
able Fe  2+  and Fe  3+  salts, in a polymeric starch matrix. This process resulted in 
starch - coated SPIONs that demonstrated good potential for the imaging of nerve 
cells and the brain  [86] . 

 One very successful strategy for the preparation of stable and biocompatible 
nanoparticles is to graft  polyethylene glycol  ( PEG ) onto the surface (a process 
known as PEGylation). PEG is not only biocompatible but also has favorable chemi-
cal properties and solubility. In this situation, the stabilization is due primarily to 
steric interactions, while PEGylation can be used to further enhance the pharma-
cokinetic properties and improve the blood circulation times  [87, 88] . This so - called 
 “ stealth technology ”  is used very widely across pharmacology, with various PEG -
 containing block copolymers having been developed and employed to coat mag-
netic nanoparticles for MRI, among many other biomedical applications  [88 – 97] . 
For example, an increased image contrast in MRI was achieved by using polymeric 
micelles formed from SPIONs encapsulated in biocompatible, biodegradable 
poly( ε  - caprolactone) -  b  - PEG copolymers. These materials have demonstrated sig-
nifi cantly improved  r  2  relaxivities and an ultra - sensitive MRI detection  [92] . 
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 Gadolinium oxide nanocrystals may also be coated using PEG - silane derivatives, 
with such treatment resulting in an enhanced relaxivity whilst preventing aggrega-
tion of the oxide cores  [26] . A dopamine - PEG - based ligand was synthesized and 
used to coat 9   nm magnetite nanoparticles under physiological conditions; this 
resulted in the formation of a stable ferrofl uid (Figure  4.2 ), which was found 
subsequently to be a promising contrast agent for MRI  [95] . In another study, 
trifl uoroethylester - terminal - PEG - silane was self - assembled on iron oxide nano-
particles, allowing subsequent conjugation with cell - targeting agents (in this case, 
folic acid) via carboxylic or amine terminal groups  [91] . Folic acid was also conju-
gated to bifunctional PEG coatings on SPIONs; this resulted in nanoconjugates 
that could serve as MRI contrast agents targeted at the detection of cancer cells 
that overexpressed the folate receptor  [94] . New antibiofouling polymer - coated iron 
oxide nanoparticles have been developed using a copolymeric system comprising 
a  “ surface anchoring moiety ”  (silane group) and a  “ protein - resistant moiety ”  
(PEG), denoted as poly - (TMSMA - r - PEGMA). These nanomaterials demonstrated 
good potential as MRI contrast agents for tumor detection  [98] . Other PEG block 
copolymers used to stabilize magnetic nanoparticles for MRI applications include 
poly(poly(ethyleneglycol) monomethacrylate)  [96]  and poly(ethylene oxide) - block -
 poly(glutamic acid)  [99] .   

COOH

COOH

COOH

Fe3O4 Fe3O4

Oleylamine & oleic acid

OH

O
O

O

OH
O

n
X

X

OH NH

    Figure 4.2     Surface modifi cation of Fe 3 O 4  nanoparticles via 
DPA - PEG - COOH. X   =   CH 2 NHCOCH 2 CH 2  for PEG3000, 
PEG6000, PEG20000. X is not present in PEG600; the bonds 
on both sides of the X are directly linked.  Reproduced from 
Ref.  [95] .   
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 Aside from the extended blood half - life that it can provide, one of the great 
advantages of PEG coating is that it can also be easily conjugated to antibodies or 
other biomolecules so as to achieve a specifi c targeted delivery. For example, in a 
recent report, biocompatible water - soluble magnetite nanocrystals were fabricated 
via the thermal decomposition of ferric triacetylacetonate in 2 - pyrrolidone in the 
presence of monocarboxyl - terminated PEG (MPEG - COOH)  [93] . The carboxylic 
acid groups on the surface of the particles were conjugated with a cancer - targeting 
anti -  carcinoembryonic antigen  ( CEA ) monoclonal antibody, via a carbodiimide 
coupling reaction. The resultant materials were assessed for their ability to label 
cancer tissues  in vivo , for subsequent MRI detection  [100] . PEG - coated iron oxide 
nanoparticles may also be conjugated to specifi c targeting peptides and receptors 
such as chlorotoxin  [101] , transactivator protein (Tat) of HIV - 1  [102 – 104] , and 
integrins  [105, 106] . 

 The coating of magnetic nanoparticles with PEG - modifi ed phospholipids, which 
often are introduced as micelles during the synthesis, produces highly biocompat-
ible and water - stable  “ magnetoliposomes ”   [107 – 109] . Such liposome encapsula-
tion delays the natural dilution of the contrast agents, and limits their interactions 
with biological media. In addition, this approach may enable the simultaneous 
combination of diagnosis and therapeutic action by encapsulating a MRI contrast 
agent and a drug together  [110] . 

 Other polymers and copolymers, which have been used to coat 
magnetic nanoparticles, include PVP)  [111 – 113] ,  polyethylenimine  ( PEI )  [114] , 
 polyvinyl alcohol  ( PVA )  [115 – 117] , polysodium - 4 - styrene sulfonate  [118] , 
poly(trimethylammonium ethylacrylate methyl sulfate) - poly - (acrylamide)  [119] , 
polyvinylbenzyl -  O  - beta -  D  - galactopyranosyl -  D  - gluconamide (PVLA)  [120] , polycap-
rolactone  [121] , and gummic acid  [122] . In addition, several stable and biocompat-
ible magnetic fl uids have been prepared by coating magnetic nanoparticles with 
proteins, such as  human serum albumin  ( HSA )  [123] , avidin  [124] , and Annexin 
A5 (anxA5) - VSOP  [125] . 

 Finally, both double -  and single - stranded DNA have been shown to be very good 
stabilizers for magnetic iron oxide nanoparticles, allowing the preparation of 
highly stable magnetic fl uids that have exhibited unprecedented high relaxivities 
and also show a good potential for MRI  [126] .  

  4.3.3 
 Modifi cation Using Inorganic Coatings 

 Inorganic coatings for magnetic nanoparticles include silica, carbon, precious 
metals (e.g., Ag and Au), or metal oxides  [61] . 

  Silica coating  represents one of the most frequently used inorganic coatings, for 
several reasons. The silica coating signifi cantly improves the stability of magnetic 
nanoparticles, protecting them from oxidation, and it may also reduce any poten-
tial toxic effects of the nanoparticles  [127] . Such coating also helps to prevent 
particle aggregation and to increase particle stability in solution. As the isoelectric 
point of magnetite is pH   7, it is necessary to further coat the particles in order to 
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stabilize them in the region of pH 6 – 10. The application of a thin layer of silica 
lowers this isoelectric point to approximately pH   3, which in turn increases the 
stability when approaching neutral pH  [128] . Another important advantage of silica 
coating, over the traditional organic monomeric surfactants such as stearic or oleic 
acid considered above, is that there is no possibility of desorption of the strongly 
covalently bound silica shells. Finally, the silica surface can be easily functional-
ized, enabling the chemical bonding of various biological molecular species to the 
surface for site - specifi c targeted delivery  [7, 129, 130] . Silica coating on magnetic 
nanoparticles can be achieved by using several different approaches, one of the 
most popular being sol – gel processing using tetraethyl orthosilicate (TEOS) 
(the St ö ber method)  [128, 131 – 134] . Here, silica shell formation is achieved by the 
hydrolysis of TEOS in the presence of ammonia and magnetic nanoparticles, while 
the thickness of the silica coating can be controlled by varying the concentration 
of ammonium and the ratio of TEOS to water. This technique can be used for the 
direct coating of commercially available, water - based ferrofl uids (e.g. EMG 340) 
 [132] . Some representative TEM images of iron oxide nanoparticles coated with 
silica shells of various thicknesses are shown in Figure  4.3 . Such silica - coated 
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     Figure 4.3     Transmission electron microscopy 
(TEM) images of iron oxide nanoparticles 
coated with silica shells of various 
thicknesses. The thickness of the silica 
coating was adjusted by controlling the 
amount of precursor added to the solution: 

(a) 10; (b) 60; and (c) 1000   mg of TEOS; 
(d) High - resolution TEM image of the iron 
oxide nanoparticle uniformly coated with a 
6   nm - thick amorphous silica shell. 
 Reproduced from Ref.  [132] .   
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nanoparticles can be redispersed in water, without the need for further surfactants, 
to produce stable magnetic fl uids  [61, 132] .   

 Another approach to silica coating is that of microemulsion  [135 – 137] , when 
micelles or inverse micelles are used to deposit and control the coating. Water - in -
 oil microemulsions require three components, namely water, oil, and amphiphilic 
surfactant molecules. During the process, the surfactant lowers the interfacial 
tension between the water and oil, which results in the formation of a transparent 
solution. In this case, the water nanodroplets present in the bulk oil phase serve 
as nanoreactors for the synthesis and coating of nanoparticles. As an example, Tan 
 et al.  reported the preparation of iron oxide nanoparticles with a uniform silica 
coating as thin as 1   nm, by using a base - catalyzed hydrolysis and the polymeriza-
tion reaction of TEOS in a microemulsion  [135] . One advantage of the microemul-
sion method is that it also facilitates the incorporation of biological macromolecules, 
since the nanocomposites formed are porous  [138] . A number of interesting iron 
oxide - based magnetic nanocomposites with silica - enriched surface layers have 
been prepared using a modifi ed microemulsion technique, which involved the 
aerosol pyrolysis of an iron ammonium citrate/TEOS solution. This approach led 
to the production of hollow magnetic spheres and nanomagnets, dispersed in 
dense submicrospherical silica cages  [139, 140] . 

 Finally, one quite successful approach to coating is based on the deposition of 
silica from silicic acid solutions. This technique is relatively easy to apply, and also 
allows the thickness of the silica coating to be controlled by changing the ratio of 
SiO 2 /Fe 3 O 4 , or by repeating the coating procedure when necessary  [128, 140] . One 
of the earliest reports on this method was made by Philipse  et al. , who dispersed the 
bare magnetic nanoparticles by using tetramethylammonium hydroxide to form a 
stable magnetic fl uid that was subsequently treated with sodium silicate  [128] . 

 Ferumoxsil  [17] , a well - known, orally administered clinical contrast agent (see 
Section  4.5 ) is based on silica - coated magnetite particles, which are functionalized 
with [3 - (2 aminoethylamino)propyl]trimethoxysilane  [141, 142] . Amino - silane -
 functionalized silica - coated nanoparticles can be quite easily further functional-
ized. As an example, in one report amino - silane coatings on magnetic nanoparticles 
were activated using glutaraldehyde, which served as a linker for the binding of 
Hepama - 1, a humanized monoclonal antibody directed against liver cancer, This 
process resulted in new immunomagnetic nanoparticles for the targeted MRI of 
liver cancer  [130] . 

 Thus, whilst silica coating represents a very convenient and widely used approach 
for the protection and stabilization of magnetic nanoparticles, it does have 
certain drawbacks. For example, silica is not stable under basic conditions and is 
usually porous; consequently, oxygen and other species may be able to diffuse 
through the materials, with the resultant oxidation and deterioration of the mag-
netic core. 

 Coating with inert precious metals represents another effective means to protect 
the magnetic cores against oxidation and to stabilize the aqueous solutions, and 
several such methods have been reported. Reverse micelle (microemulsion) 
methods can be used to deposit a gold coating on iron nanoparticles  [36, 143 – 145] ; 
in one example, a series of iron nanoparticles coated with gold of varying shell 
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thicknesses was synthesized using reverse micelles as nanoreactors  [143] .  Redox 
transmetallation  is another approach used to fabricate various  “ core – shell ”  types 
of Co – Pt nanoalloys with particle sizes  < 10   nm, this being achieved by the reaction 
of Co nanoparticles with Pt(hexafl uoroacetyl-acetonate) 2  in solution. In this proce-
dure, the composition of the nanoalloys could be controlled by the ratio of the 
reactants  [146] . A redox approach has also been used for the synthesis of Au - 
coated magnetic Fe nanoparticles, these core – shell nanostructures were formed 
by a partial replacement reaction in 1 - methyl - 2 - pyrrolidinone, using sodium naph-
thalide as a reducing agent  [147] . 

 Au - coated magnetic iron oxide nanoparticles have also been fabricated by the 
reduction of Au(III) species onto the surfaces of superparamagnetic maghemite 
or magnetite nanoparticles, via hydroxylamine seeding  [148] . Elsewhere, multi-
functional magnetic nanocomposites have been prepared by coating silica spheres 
with gold nanoshells embedded with Fe 3 O 4  nanoparticles (Figure  4.4 ). These 
superparamagnetic gold nanoshells demonstrated a good potential as agents for 
both MRI and photothermal therapy  [149] .   

 Finally, the coating/protection of magnetic nanoparticles with carbon is a rapidly 
developing area, since carbon offers not only very high chemical and thermal 
stabilities but also an improved biocompatibility. Carbon - coated nanoparticles are 
generally present in the metallic state, and therefore will have a higher magnetic 
moment than the corresponding oxides  [61, 150, 151] . 

 Although, following their coating and stabilization, magnetic nanoparticles can 
be employed as MRI contrast agents, the further functionalization and targeted 
vectorization of the particles remains the subject of much interest. This applies in 
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    Figure 4.4     (a) Synthesis of the magnetic gold nanoshells 
(Mag - GNS). TEM images of: (b) amino - modifi ed silica 
spheres; (c) silica spheres with Fe 3 O 4  (magnetite) 
nanoparticles immobilized on their surfaces; (d) silica spheres 
with Fe 3 O 4  and gold nanoparticles immobilized on their 
surfaces; and (e) the Mag - GNS.  Reproduced from Ref.  [149] .   
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particular to improving the nanoparticles ’  performance not only for biomedical 
applications but also for specifi c cellular and molecular imaging.  

  4.3.4 
 Vectorization of Magnetic Nanomaterials for Targeted Imaging 

 Targeted cellular labeling and molecular imaging require further functionalization 
in order to provide molecular recognition for specifi c biological sites. Vectorization 
is also critical for the further stabilization of nanoparticles, to improve their 
biocompatibility, and to reduce their potential toxicity. The main vectorization 
strategies include: (i) the noncovalent grafting of biomolecules (e.g., antibodies or 
proteins) via ionic bonding or adsorption; and (ii) the covalent conjugation of 
biomolecules via strong chemical bonding  [7] . 

 Typical examples of the noncovalent approach include the preparation of 
streptavidin - coated iron oxide nanoparticles  [152 – 154] . Although the noncovalent 
methods are relatively easy to undertake, the results are very often not reproducible 
and the response of the materials may be very diffi cult to control. In addition, 
noncovalently functionalized nanocomposites are sometimes unstable in variable 
biological media, and may lose their biological coating and undergo precipitation. 
Therefore the development of a covalent approach has attracted much more atten-
tion during recent years. 

 One of the frequently used covalent techniques is that of  oxidative conjugation . 
This strategy is based on the periodate oxidation of a carbohydrate coating (e.g., a 
dextran or a carboxydextran) on nanoparticles to aldehydes, which may then be 
linked to biomolecules through the formation of a Schiff base. This method has 
been used for the covalent conjugation of dextran -  and carbodextran - coated mag-
netic nanoparticles with a range of peptides  [155] , proteins  [156, 157] , monoclonal 
antibodies  [158 – 161] , agglutinin  [162] , and folic acid  [74] . One of the strategies 
involving oxidative conjugation for the covalent grafting of folic acid to dextran -
 coated maghemite nanoparticles is presented in Figure  4.5   [74] .   

     Figure 4.5     Multistep functionalization of maghemite 
nanoparticles (USPIO) by folic acid (FA). Folic acid was used 
in the form of its  N  - hydroxysuccinimide ester derivative. 
Reproduced from Ref.  [74] .  
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 Another covalent approach is based on amine - terminated CLIO nanoparticles, 
which can be prepared from dextran - coated nanoparticles by crosslinking using 
epichlorohydrin and ammonia. The amine - terminated CLIO particles can subse-
quently be covalently conjugated to a range of target biomolecules by using stan-
dard organic chemistry methods. These include reactions that result in the 
formation of disulfi de, carbon – thiol, and amide bonds  [6, 7] . Such approaches have 
been applied to produce a library of 146 different biofunctionalized nanoparticle 
suspensions, all of which can be used for apoptotic cell recognition  [23] . 

 Another method involves 3 - aminopropyltrimethoxysilane functionalized silica -
 coated magnetic nanoparticles, which can be covalently bound to the carboxylic 
acid functionalities available on target biomolecules, by using a carbodiimide 
( 1 - ethyl - 3 - (3 - dimethylaminopropyl) - carbodiimide ;  EDC ) coupling  [5] . Overall, the 
surface chemistry involving reactions with alkyltrialkoxysilane or trichloroalkylsi-
lane derivatives represents a good approach to the grafting of various molecules 
 [163] . In the so - called  “ DMSA techniques ”  2,3 -  dimercaptosuccinic acid  ( DMSA ) 
 - coated magnetic nanoparticles can be covalently linked to a variety of biomole-
cules via S – S bonds using   N  - succinimidyl 3 - (2 - pyridyldithio)propionate  ( SPDP ) as 
a coupling agent  [164] . This approach has been used to couple antibodies, lectins 
and annexin V to DMSA - coated magnetic nanoparticles  [165 – 167] . Finally, the 
recently developed  “ click ”  chemistry, based on the azide – alkyne reaction, has been 
applied to the functionalization of iron oxide nanoparticles  [168] , and allows the 
relatively simple synthesis of azido -  or alkyne - functionalized nanoparticles, which 
then can be linked to appropriate target molecules.   

  4.4 
 Properties and Characterization of Magnetic Nanoparticle Suspensions 

 The high relaxivity of magnetic nanoparticle suspensions arises from the particles ’  
magnetic properties, by processes that are very well understood in the case of fully 
dispersed nanoparticles, and in broad terms for aggregates, or assemblies, of such 
particles. The relevant iron - oxide phases of magnetite (Fe 3 O 4 ) and maghemite ( γ  -
 Fe 2 O 3 ) are favored, as sub - 20   nm particles of these oxides are superparamagnetic 
at room temperature and have a high saturation magnetization,  M  s , that is some-
what reduced from the bulk values. Previously,  M  s  has been shown to be heavily 
dependent on nanoparticle size for sub - 7   nm crystals, due to surface effects  [169] . 
Thus, the optimal range for MRI applications can be estimated as 7 to 20   nm, 
within which range nanocrystals will have a magnetocrystalline anisotropy energy, 
 Δ  E  anis , in the low GHz range  [170]  (note that, by convention, this parameter is 
expressed in frequency units). The presence of a large magnetic moment on each 
particle, associated with the super - spin, results in high relaxivity of the suspending 
water. As the emergent magnetic resonance properties are highly sensitive to 
particle size, shape and aggregation, the monitoring and control of these factors 
is critical to producing agents with good and well - defi ned  nuclear magnetic reso-
nance  ( NMR ) characteristics. 
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  4.4.1 
 Characterizing the Suspensions 

 With a detailed physico - chemical characterization of magnetic suspensions being 
central to this fi eld of research, a vast range of techniques can be applied to the 
problem, including electron microscopy, NMR relaxation time analysis,  X - ray dif-
fraction  ( XRD ), M ö ssbauer spectroscopy, zeta - potential measurements, and  atomic 
force microscopy  ( AFM ). Here, attention will be focused on those methods most 
commonly used to assess the size, shape, and magnetism of the suspended par-
ticles, and how these properties change with time. 

  4.4.1.1   Nanoparticle Size: Transmission Electron Microscopy 
 Electron microscopy, and in particular TEM, remains the method of choice for 
measuring the size, shape, and size - dispersity of nanoparticles. Iron provides a 
reasonable z - contrast, and it is relatively easy to resolve the particle boundaries 
from the surrounding stabilizing materials, which are usually carbon - based. Par-
ticle size analyses based on two or three images for a given sample on a standard 
TEM grid are generally taken to be an acceptable level of core size analysis. A 
statistical analysis to yield  d  TEM  and  σ  TEM  values, based on a minimum of 100 par-
ticles, is performed usually by applying the log - normal approach  [171] , as this 
avoids the possibility of a nonzero probability distribution for negative particles 
sizes. This can be an issue when Gaussian distributions are used for the analysis 
of data for smaller magnetic nanoparticles, produced by the nonpolar synthetic 
routes  [172] . 

 The interpretation of any larger scale structures  –  for example, the presence 
and size of aggregates  –  from the analysis of TEM images is problematic. 
The observation of such structures can be very informative and the size of 
the structure may be representative of the size of bodies in the suspension. 
However, it is important to bear in mind the fact that the aggregates may have 
formed during the drying process. This is not only the case at high particle con-
centrations, because during the drying process the local concentration of sus-
pended material can increase dramatically as a solvent front retreats across the 
grid. The possibility of producing aggregates during drying is somewhat reduced 
at lower concentration, and such a possibility can usually be excluded if the 
aggregates are dispersed across the grids. However, if much importance is to be 
attached to such structures, their presence should be confi rmed by analysis of the 
suspensions themselves, for example by using photon correlation spectroscopy 
(see below).  

  4.4.1.2   Magnetic Properties: Magnetometry 
 Characterization by magnetometry, with measurements of sample magnetization 
as a function of applied fi eld, is the most direct method for determining the mag-
netic properties of iron oxide suspensions. In particular, the absence of magnetic 
hysteresis, as manifest by a coercive fi eld (the magnetic fi eld required to reduce 
the sample magnetization to zero) and remanence magnetization (magnetization 
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at zero applied fi eld) of close to zero, confi rm the superparamagnetism of the 
suspensions. For superparamagnetic suspensions, the magnetic saturation of the 
sample can usually be observed at higher fi elds, yielding the sample saturation 
magnetization values,  M  s . Information about the core size can also be obtained by 
analysis of the data using the Langevin function.  

  4.4.1.3   Hydrodynamic Size: Photon Correlation Spectroscopy 
 The method of choice for measuring the particle size in suspension (i.e., 
the hydrodynamic size,  d  hyd ), is  photon correlation spectroscopy  ( PCS ), which 
is also known as  dynamic light scattering  ( DLS ). In PCS, time - dependent 
fl uctuations in the intensity of light, scattered by the suspended particles, are 
measured, the timescale of which depends on the particle size  [173] . The 
experimental scattering time autocorrelation function is directly obtained from 
the measurement. All reliable methods for interpreting this function are based 
on the assumption that the particles under consideration are spherical, that 
they diffuse freely, and that there is single photon scattering only. Thus, despite 
technical innovations to overcome these problems, PCS is most reliable when used 
for dilute samples. For stable magnetic nanoparticle suspensions, which are 
usually in the millimolar concentration range for Fe, these criteria are usually 
satisfi ed. 

 The main advantage of PCS is that it is a nondestructive method, and can 
be used to rapidly measure  in situ  average hydrodynamic size  [174] , from  ∼ 1   nm 
up to the micrometer range. This offers the possibility of monitoring the stability, 
or the process of destabilization of, the suspensions. In addition to providing 
information on the average hydrodynamic diameter, many commercial PCS 
systems also provide a measure of the width of the size distribution, referred to 
as the  polydispersity index  ( PDI ) from a cumulants analysis. This index, unlike 
the classical polydispersity in polymer science, is usually close to zero for mono-
disperse suspensions, and to unity for polydisperse suspensions. The cumulants 
approach in effect describes the suspended size distribution with two numbers; 
 d  hyd  and PDI. Alternatively, particle size distributions can be produced from fi ts 
to the correlation function, although these do not necessarily contain any more 
information. 

 PCS can produce a systematically high estimate of the hydrodynamic size for 
real samples which, inevitably, exhibit some polydispersity. This is because larger 
particles scatter light more strongly than smaller particles, so the upper end of the 
PCS size distribution can contribute strongly to the scattering. This problem 
becomes more severe for wide, or bimodal, size distributions. For such suspen-
sions it is important to be cautious in the interpretation of  d  hyd  values obtained 
from PCS, as they will usually not represent a reliable number average of the 
suspended population. The particle size distributions obtained for polydisperse 
samples present a signifi cant amount of information. However, this information 
is not necessarily reliable, nor even reproducible from experiment to experiment 
on the same sample, as in such cases the fi ts obtained become highly sensitive to 
minor differences in the PCS data  –  that is, in the correlation function.  
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  4.4.1.4   Magnetic Resonance Properties: Nuclear Magnetic Resonance Dispersion 
 The magnetic fi eld dependence of the relaxation rate can be measured in the range 
0.25 mT to 1 T, which is equivalent to a resonance frequency of 0.01 to 40   MHz 
for  1 H, using the technique of  nuclear magnetic resonance dispersion  ( NMRD ). 
In addition to allowing the measurement of  r  1 , the NMRD profi les obtained are 
commonly used to investigate the properties of magnetic colloidal dispersions, 
which are known to determine the MRI response  [175] . 

 In the NMRD technique  [176] , a fast - switching electromagnet is used to measure 
the spin - lattice relaxation time (T 1 ) as a function of the NMR frequency. Briefl y, 
the sample magnetism is polarized in a magnetic fi eld with a fl ux density,  B  pol , 
which is as high as possible. The relaxation process subsequently occurs in a 
second (usually lower) fi eld,  B  rlx , which is maintained for a variable time,  τ . The 
magnetism remaining after this interval is measured at a third, fi xed fi eld,  B  acq , by 
applying a single  radiofrequency  ( RF ) pulse on - resonance to generate a  free induc-
tion decay  ( FID ). There is then an extended time delay at an external fi eld of zero, 
for the restoration of thermal equilibrium prior to the next fi eld cycle. By varying 
the value of  τ , the spin - lattice magnetization recovery curve at the chosen fi eld, 
 B  rlx , can be obtained. By then repeating the measurement at different values of 
 B  rlx , the frequency dependence of the spin - lattice relaxation can be obtained, as 
 ν  L    =    γ  H  B /2 π , where  γ  H  is the  1 H gyromagnetic ratio. Critical to the method is rapid 
fi eld - switching, compared to the relevant T 1  value, so the sample is not exposed 
to intermediate values of the magnetic fi eld during the time  τ . A commercial fi eld 
cycling system (Stelar SRL, Mede, Italy) is available up to approximately 40   MHz, 
that is, into the lower end of the clinical MRI range. Permanent magnet systems 
are often used to increase the frequency range, and these have traditionally been 
a good option as they also allow the measurement of T 2  in the clinical range. 
However, recent improvements in the Stelar system have offered further increases 
in the maximum fi eld and may permit the measurement of T 2  with fi eld - cycling. 
Both of these developments reduce the need for fi xed - fi eld systems. As mentioned 
previously, the frequency dependence of  r  2 ,  r  1 , and the  r  2 / r  1  ratio, can be of interest 
in designing improved agents. 

 The NMRD profi les of SPIO dispersions exhibit a plateau in  r  1  at low frequency, 
a maximum in the low MHz range, and a strongly decreasing relaxivity at higher 
frequency (see Figure  4.6 ). The shape of the profi le is sensitive to the magnetic 
properties of the suspension.     

  4.4.2 
  NMR  Relaxation in the Presence of Superparamagnetic Nanoparticles 

 The generally accepted theory for water relaxation due to the presence of dispersed 
(i.e., physically separated)  superparamagnetic  ( SPM ) nanoparticles in suspension 
(SPM theory) was developed by Muller and coworkers  [170] . The theory is based 
on the classical outer - sphere theory of relaxation, but extended to include the 
presence of a high Curie component, even at moderate fi elds, and the presence 
of strong magnetocrystalline anisotropy. The high fi eld relaxation is driven by 
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diffusion of water, with the position of the  r  1  maximum determined by the char-
acteristic diffusion time,  τ  D    =    d  2 /(4 D ), where  d  is the particle diameter and  D  is 
the diffusion coeffi cient. The low - fi eld relaxation is due to fl uctuations in the 
particles moment  –  that is, the N é el process. Muller ’ s theory is only strictly appli-
cable to monodispersed suspensions of sub - 20   nm particles. However, by using 
physically acceptable values for the critical parameters  –  that is, the particle size, 
N é el correlation time  τ  N , saturation magnetization  M  s  and anisotropy energy  Δ  E  anis  
 –  the theory produces a good agreement with the measured profi les of USPIO 
suspensions. Among the assumptions of the model are that the magnetocrystal-
line anisotropy is uniaxial, which corresponds to a single direction for the easy -
 axis. For dispersed superparamagnetic nanoparticles, the magnetic anisotropy is 
usually of the order of 0.2 – 2.0   GHz. However, surface anisotropy and the mutual 
anisotropy due to dipolar coupling between nearby crystals can complicate the 
issue for USPIO and SPIO dispersions, respectively. These contributing factors 
may be grouped together and referred to as the  effective anisotropy energy . A 
detailed analysis of the performance of the theory has also been restricted by the 
polydispersity of the aqueous nanoparticle suspensions. The infl uence of the 
magnetic parameters on the shape of the NMRD profi les has recently been dis-
cussed in detail  [7] . 

 In summary, for disperse suspensions the high - frequency infl ection point 
is determined by  τ  D , and the position of the maximum is sensitive to the 
particle size, through its effect on  τ  D . The value of the low - fi eld  r  1  plateau is 
determined by the anisotropy energy. In cases of low anisotropy, a weak 

    Figure 4.6     The nuclear magnetic resonance dispersion 
(NMRD) profi le of typical SPIO, AMI25 (Advanced Magnetics, 
Cambridge, MA, USA) at T   =   310   K.  Reproduced from 
Ref.  [170] .   
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minimum can be observed in the low MHz range  –  an effect that is often 
observed for USPIOs, but usually not in SPIOs due to the presence of inter - core 
interactions.  

  4.4.3 
  SPM  Theory Applied to Suspensions of Nanoparticle Clusters 

 The exposure of nanodispersions to biological environments often leads to the 
irreversible aggregation/ precipitation of the particles. Nanoclusters of superpara-
magnetic particles that may remain stable within the body for extended periods 
are therefore of interest in MRI and drug delivery. Berret and coworkers  [177]  have 
recently reported the controlled preparation of clusters of superparamagnetic  γ  -
 Fe 2 O 3  nanoparticles with cationic - neutral copolymers, and have assessed their 
potential as negative contrast agents. Typically, the  r  2 / r  1  values obtained for these 
suspensions ranged from 3 to 9, depending on the polymer; hence, they are more 
suitable as T 2  agents. 

 SPM theory has been extended to include magnetic clusters of superparamag-
netic iron oxide  [178] , by considering the relaxation of the water  1 H nuclei on 
passing into the cluster. The relaxation contribution from any given core within 
the agglomerate is taken to be superparamagnetic, and the familiar chemical 
exchange formalism is applied. This approach has been shown to reproduce the 
changes in spin - lattice relaxivity observed for the chemically induced fl occulation 
of commercial SPIO dispersions (dextran - stabilized). Aggregates of hydrodynamic 
diameter ranging from 50 to 420   nm were grown by the addition of calcium ions, 
and progressive aggregation resulted in a gradual broadening and suppression of 
the  r  1  maximum. This situation is consistent with increased water residence times 
in the larger clusters; moreover, this model is applicable to particle clusters with 
relatively weak intercore interactions. 

 The nature of the aggregates formed has a strong infl uence on the magnetic 
resonance properties of the suspension. This is largely due to changes in the effec-
tive magnetic anisotropy energy which arises from the inherent anisotropy of the 
cores, and from anisotropic interparticle interactions. In the case of  in situ  growth 
and the stabilization of iron oxide nanocomposites, by the reaction of Fe with 
polysodium - 4 - styrene sulfonate, Corr  et al.   [118]  have recently shown that by con-
trolling the ratio of Fe to polyelectrolyte used, superparamagnetic or partially 
magnetically blocked iron oxide nanocomposite suspensions could be prepared. 
By controlling the iron and polymer concentrations, it was possible to produce 
suspensions with progressively higher low - frequency spin - lattice relaxivity, which 
contrasted with the situation described above  [178] . In some cases, the NMRD 
profi les of the PSSS - stabilized suspensions could be interpreted using the original 
version of SPM theory, but higher effective anisotropy energies were required than 
would normally be expected for dispersed particles in the 12 – 16   nm size range; 
this confi rmed the presence of strong interparticle interactions. Depending on the 
reaction conditions used, stable suspensions could be produced which could not 
be modeled with SPM theory, due to the presence of very strong interactions. With 
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the potential of low - fi eld MRI now beginning to be realized  [179] , it is possible 
that materials with high relaxivity at low fi eld will be used to generate contrast in 
the micro - Tesla ( μ T) fi eld range. 

 More substantial deviations from standard SPM theory, marked by an increase 
in the low - frequency relaxivity and the absence of a mid - frequency maximum, have 
also been observed for other complex aggregated magnetic materials, such as 
core – shell iron – iron oxide nanoparticle clusters  [34] . These observations have been 
interpreted in terms of an increased magnetocrystalline anisotropy energy associ-
ated with inter - particle interactions within the aggregates, as in the case of 
magnetic nanoparticle clusters formed from synthetic polyelectrolytes  [118] , or 
long - chain DNA  [126] . 

 Corti and coworkers  [180]  have recently reported the preparation of spherical 
and tetrapod - like particles, via the phase transfer of particles produced by a non-
polar route, into an aqueous solution on coating with amphiphilic polymers. 
Relaxivity measurements as a function of magnetic fi eld in the clinical range 
(0.15 – 5   T; 5 – 212   MHz) were used to provide an insight into the contribution 
of primary particle size and shape to the surface and interparticle anisotropic 
interactions. This is a good example of a problem that could benefi t from the extra 
information that the low - frequency relaxation behavior, which can be assessed 
using NMRD, provides. A similar observation could be applied to other interesting 
fi ndings recently reported by the same group  [181] , where PEI - coated superpara-
magnetic nanoparticle aggregates were studied.  

  4.4.4 
 General Application of Relaxation Time Measurements 

 Many reports have been made over the past ten years where relaxivity ( r  1  and  r  2 ), 
measurements at single applied magnetic fi elds were used to characterize poten-
tial nanoparticulate contrast agents. Usually, the materials characterization in 
these studies is completed by other methods, such as magnetometry or the MRI 
imaging of phantoms, cells, or animals. The results of some representative studies 
are outlined here. 

 Recently, Wan and coworkers  [182]  reported a simple method for the production 
of monodisperse (16.5  ±  3.5   nm), triethylene glycol - stabilized, magnetite nanopar-
ticles via an aqueous route, with relaxivity values of 14.14 and 82.7   s  − 1    m M   − 1  
for  r  1  and  r  2 , respectively, being reported. The  r  2 / r  1  ratio of 5.85 indicated that 
the agents could have potential as negative contrast agents. Optical staining of 
normal rat and C6 glioma cells showed a preferential uptake of the particles into 
the cancer cells; hence, these materials might have potential applications for 
cellular imaging. 

 Qin and coworkers  [183]  recently reported the stabilization of iron oxide nanopar-
ticles in aqueous solution with pluronic copolymers (PF127). Both, magnetometry 
and TEM were used to demonstrate that the primary particles were monodisperse 
and superparamagnetic, with a core size of 20   nm. The hierarchical structure of 
the coating resulted in stable, dispersed 71   nm composites which showed a very 
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strong T 2  - effect. Relaxivity values of 0.311 and 71.3   s  − 1    m M   − 1  were reported at 
60   MHz for  r  1  and  r  2 , respectively. The corresponding  r  2 / r  1  ratio was 229, far greater 
than in the commercially available nanoparticulate agents. 

 Morales and coworkers  [75]  presented their results of studies with dextran - 
stabilized iron oxide nanoparticle cluster suspensions, where the primary particle 
core (produced by the laser - induced pyrolysis of iron pentacarbonyl vapors) was 
varied in size. The clusters were typically 50 – 100   nm in size, but the strongest 
determinant of an increased  r  2 / r  1  ratio was found to be the primary particle size. 
It was suggested that this was due to an increased saturation magnetization of the 
cores, which manifested as a higher global moment of the cluster, and resulted in 
a greater fi eld gradient which the diffusing water molecules could pass through; 
in other words, the relaxation was due to outer sphere effects.   

  4.5 
 Application of Magnetic Nanomaterials in  MRI  

 Magnetic nanomaterials have numerous current and potential clinical applications 
as MRI contrast agents, and some of these will be considered below. In contrast, 
nonclinical applications of superparamagnetic nanoparticles are currently very 
limited in number, with most involving the biosensing  [184, 185]  and imaging of 
proteins or peptide assemblies  [186, 187] . Such applications will not be discussed 
in this chapter. 

  4.5.1 
 Current Clinical Applications 

 At present, only limited SPIO -  and USPIO - type magnetic nanoparticle - based con-
trast agents have been used in human clinical applications. Selected nanoparticu-
late agents, which have been approved for clinical applications or clinically tested 
are listed in Table  4.1 . 

 Clinical applications for MRI of the liver, spleen, lymph nodes, bone marrow, 
kidneys and atherosclerotic plaques are based on accumulation of nanoparticles 
in the RES cells (e.g., macrophages); that is, an indication of the extent of cell 
labeling. 

  4.5.1.1   Gastrointestinal Tract and Bowel Imaging 
 MRI with fast - imaging sequences, which provide the ability to acquire motion - free 
T 1  -  and T 2  - weighted images of static fl uids, have opened up new developments in 
imaging and diagnostics of the  gastrointestinal tract  ( GIT )  [188] . Overall, MRI can 
successfully compete with  computed tomography  ( CT ) in both GIT and bowel 
imaging  [189] . According to earlier reports, oral contrast - enhanced CT has a higher 
sensitivity (83%) than MRI, using superparamagnetic iron oxide particles (67%) 
in the detection of GIT pathologies. However, the specifi city for CT was only 68% 
compared to 89% for MRI. Thus, SPIO MRI is more specifi c than CT  [190] . 



 146  4 Magnetic Nanomaterials as MRI Contrast Agents

 In general, negative - contrast agents used for the bowel produce less noisy 
images with fewer motion artifacts than do positive - contrast agents  [8] . Therefore, 
negative - contrast agents based on superparamagnetic iron oxide particles are fre-
quently utilized in MRI of the GIT and bowel. For example, good or excellent 
small - bowel fi lling and distention was reported in 17 patients (63%) receiving a 
positive agent, and in 26 patients (87%) receiving a negative agent. However, 
normal and pathological structures were better delineated with the negative agent 
 [191] . The best - known commercially available clinical oral GIT contrast SPIO 
imaging agents are Ferumoxsil (AMI - 1210)  [17, 141]  and Ferristene (Abdoscan ® ; 
GE - Healthcare)  [192] . Ferristene is based on polystyrene - coated superparamag-
netic iron oxide nanoparticles, and in clinical studies was evaluated as an MRI 
contrast agent for abdominal imaging in 277 patients. Ferristene was shown to 
provide increased diagnostic information in 50.9% of patients, notably in those 
with abdominal masses, lymphoma, or pancreatic disease. Moreover, the agent 
was also well tolerated by the patients  [192]  (Table  4.1 ).  

  4.5.1.2   Liver and Spleen Imaging 
 Imaging of the liver and spleen was one of the fi rst clinical applications of mag-
netic nanoparticle - based contrast agents. Following their intravenous administra-
tion, superparamagnetic nanoparticles are taken up by RES cells, such as hepatic 
macrophages or Kupffer cells of the liver and spleen  [6, 8, 195, 196] . The accumula-
tion of iron oxide - based SPIO T 2  contrast agents in liver and spleen normally 
results in a strong decrease in signal intensity. As Kupffer cells are located only 
in the healthy hepatic parenchyma of the liver and spleen, an uptake of magnetic 
nanoparticles will result in a signifi cant increase in MR contrast between healthy 
tissue and the diseased tissue, which does not contain Kupffer cells. Consequently, 
a signal decrease of a benign lesion would normally be proportional to the Kupffer 
cell activity or tumor vascularity  [197] . Dextran - coated magnetite nanoparticles 
(ferumoxides) demonstrated up to 95% sensitivity for metastatic lesion detection, 
and provided an excellent tumor - to - liver contrast in T 2  - weighted images  [8] . The 
use of these SPIO contrast agents allows the detection of liver tumors or metas-
tases as small as 2 – 3   mm  [6] . 

 The T 1  effects of superparamagnetic iron oxide nanoparticles have also been 
utilized for liver imaging  [8, 197, 198] . As an example, both iron oxide - based SPIO 
(with a high  r  2 / r  1  relaxivity ratio and short blood half - life; contrast agent SHU 555 
A) and USPIOs (with a lower  r  2 / r  1  relaxivity ratio and longer blood half - life; e.g., 
contrast agent AMI - 227) demonstrated a ring enhancement of malignant lesions 
in T 1   -  weighted images. Thus, iron oxide nanoparticles can be used to improve the 
quality of MR angiography of the hepatic artery and portal venous system by reduc-
ing the background signal (for liver tissue) and increasing intravascular signals 
 [197] . 

 The iron oxide - based contrast agent SHU 555A was also used to demonstrate 
temporal changes in signal intensity of liver, spleen, abdominal vessels, and focal 
liver lesions after an intravenous bolus injection. Interestingly, malignant liver 
lesions showed no signifi cant changes in signal enhancement in T 1  images, while 
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hemangiomas demonstrated a peripheral - nodular signal enhancement  [199] . In 
other clinical studies, 12 patients with liver hemangiomas were examined by MRI 
before and after the intravenous administration of iron oxide - based SPIO particles. 
Subsequently, the postcontrast T 2  - weighted images of the hemangiomas showed, 
on average, a signal drop of 49% (second echo), although the signal enhancement 
was observed in liver hemangiomas on T 1  postcontrast images  [198] . Similar 
observations have also been reported for clinically tested Code - 7227  [200]  and 
AMI - 227  [201]  iron oxide - based magnetic contrast agents. The results of all these 
studies show clearly that superparamagnetic iron oxide nanoparticles can serve as 
very useful diagnostic tools, allowing hemangiomas not only to be characterized 
but also to be differentiated from other liver tumors.  

  4.5.1.3   Lymph Node Imaging 
 As many primary malignancies spread through lymphatic dissemination, an effec-
tive visualization of the metastatic lymph nodes is extremely important in cancer 
diagnostics, and also for mesorectal transection at surgery  [202 – 204] . Lymph node 
MRI without using a contrast agent is extremely diffi cult, because the signal 
intensities of both metastatic and normal nodes are generally similar; hence, the 
use of a contrast agent is crucial in such investigations  [8] . Magnetic nanoparticle -
 based contrast agents are particularly useful for imaging lymph node metastases 
in cancer patients, using nanoparticle - enhanced  lymphotropic magnetic reso-
nance imaging  ( LMRI ) or MR lymphography  [202, 205] . Following their intrave-
nous injection, the SPIONs are taken up by, and accumulated in, the macrophages 
of the lymph nodes. As result, in normally functioning nodes the nanoparticles 
will cause a reduction in signal intensity on postcontrast T 2  -  and   T2* - weighted 
images. However, the picture is different in metastatic nodes, where the tumor 
has replaced the normal tissue and macrophages, such that the phagocytic activity 
is much lower. As a result, the metastatic nodes cannot take up the magnetic 
nanoparticles and so show no change in signal intensity on postdose imaging. 
This allows the micrometastases to be detected at a very early stage of the disease, 
even in normal - sized nodes  [6, 8, 204 – 206] . 

 In earlier studies, the intravenous administration of dextran - coated superpara-
magnetic iron oxide particles (BMS 180549) to healthy humans was shown to cause 
a dramatic decrease in the signal intensity of normal neck lymph nodes and the 
adjacent muscle in   T2*  - weighted gradient echo and T 2  - weighted spin echo MR 
images  [207] . Based on these fi ndings, magnetic nanoparticle - based contrast agents 
were shown to be very practical for revealing metastatic lymph nodes in patients 
with head and neck cancer, by using MRI. As an example, dextran - coated SPIONs 
showed a 95% sensitivity and 84% specifi c differentiation in the MRI - mediated 
detection of metastatic nodes after intravenous administration  [208] . An investiga-
tion with the superparamagnetic iron oxide - based agent ferumoxtran - 10 (Combi-
dex ® ) in healthy volunteers who underwent neck MRI showed the agent to be both 
effective and safe for lymph node evaluation, with the best signal intensity and 
specifi city in T 2  -  and   T2*  - weighted sequences for normal nodes being achieved at 
24 or 36   h after the administration of 2.6 or 3.4   mg Fe   kg  – 1   [209] . Further studies 
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have demonstrated a very high effi cacy of ferumoxtran - 10 - enhanced MRI in the 
detection of lymph node metastases for a variety of tumors  [202, 210] . For example, 
Nishimura  et al.  reported an accurate detection of metastases to lymph nodes in 
patients with esophageal cancer by using MRI with ferumoxtran - 10. In this study, 
the authors achieved an astonishing 100% sensitivity, 95.4% specifi city, and 96.2% 
accuracy for lymph node metastases at 24 h after intravenous administration of the 
agent  [211] . The same USPIO contrast agent was also used to detect pelvic lymph 
nodes in patients with primary urologic and pelvic cancers  [212, 213] , as well as in 
nodal staging in patients with breast  [214] , urinary bladder  [202] , and rectal cancer 
 [215] . In addition, ferumoxtran - 10 showed excellent sensitivity for measuring the 
magnetic tissue parameters of cancer metastases and normal unmatched lymph 
nodes in various types of cancer, using the LMRI technique. The use of ferumox-
tran - 10 permitted metastatic nodes to be distinguished from normal nodes, with 
an overall sensitivity of 98% and specifi city of 92%. Most importantly, these param-
eters could be applied to datasets in a semi - automated fashion, allowing a three -
 dimensional reconstruction of complete nodal anatomy for different primary 
cancers. An example of breast cancer mapping is shown in Figure  4.7   [216] .    

  4.5.1.4   Bone Marrow Imaging 
 The main role of the bone marrow is to provide erythrocytes, leukocytes and 
platelets in order to maintain the oxygenation, immune function and auto - 
restoration of the body. MRI is a very sensitive technique for the detection of 
marrow lesions  [8] , especially when monitoring bone marrow pathologies in 
patients following radiotherapy and chemotherapy  [217] . 

 The concept of bone marrow MRI using nanoparticle - based T 2  contrast agents 
is similar to that used when imaging the liver. USPIO contrast agents are taken 
up extensively by macrophages in normal bone marrow (via the process of phago-
cytosis), where they induce a T 2  - shortening effect, but not by neoplastic marrow 
infi ltrates, which do not contain macrophages. This allows a distinction to be made 
between hypercellular normal and neoplastic marrow  [217 – 219] . 

 Ferumoxtran - 10 (Sinerem/Combidex) is the main USPIO to be used for bone 
morrow imaging  [220 – 222] . The intravenous injection of this contrast agent in 
patients with cancer of the hematopoietic system (non - Hodgkin lymphoma) 
allowed an increase in the bone marrow - to - tumor contrast and the consequent 
differentiation between normal, hypercellular, and neoplastic bone marrow from 
T 1  -  and T 2  - weighted MR images taken before and after ferumoxtran administration 
 [218, 220, 221] . In another study, Metz  et al.  used ferumoxtran - 10 for bone marrow 
imaging in patients with malignant non - Hodgkin lymphoma before and after 
conditioning therapy to quantify permeability changes of the  blood – bone marrow 
barrier  ( BMB ), and also to detect malignant bone marrow infi ltrations. The iden-
tifi cation of focal bone marrow lesions ( < 1   cm) in patients with lymphoproliferative 
disorders after the administration of USPIOs was signifi cantly higher than in 
non - enhanced scans  [222] . 

 Other USPIO - based MRI contrast agents (Table  4.1 ) currently in different stages 
of preclinical and clinical trials include ferumoxides (Endorem ® )  [218] , SHU555C/
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Resovist S (Schering), Code 7228 (Advanced Magnetics), VSOP (Ferropharm), and 
Clariscan  ®   (Amersham/GE)  [217] .  

  4.5.1.5   Brain Imaging 
 It has been established that brain infl ammation contributes to the pathogenesis 
of neurodegeneration in common neurological diseases such as stroke and 
Alzheimer ’ s disease  [223] . It was noted above that superparamagnetic nanoparti-
cles can easily be taken up by macrophages and, as macrophages prevail in infl am-
matory cell populations in stroke lesions, they can be visualized by using iron 
oxide - based USPIOs  [224] . 

 Ferumoxtran (AMI - 227, Sinerem) has undergone clinical Phase II studies for 
head MRI in neurological in patients with typical clinical signs of stroke. Although, 
the contrast agent demonstrated a signal loss on   T T2 2/ *  - weighted images associ-
ated with blood vessels, there was parenchymal enhancement in T 1  - weighted 

(a)

(b)

(c) (e)

(d)

     Figure 4.7     Breast cancer mapping of patient 
with breast cancer prior to sentinel lymph 
node biopsy. (a) Conventional axillary MRI 
shows nonenlarged lymph nodes that do not 
meet the size criteria of malignancy (scale 
bar   =   5   mm); (b) Following the intravenous 
administration of nanoparticles, a single 
3 - mm intranodal metastasis was correctly 

identifi ed; (c)  Ex vivo  MRI of sentinel node 
specimen confi rms metastasis; 
(d) Semiautomated nodal analysis and 
reconstruction correctly juxtaposed solitary 
lymph node metastases adjacent to two 
normal lymph nodes; (e) Correlative 
histopathology confi rms the diagnosis. 
 Reproduced from Ref.  [216] .   
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images which increased over time, which matched with the expected distribution 
of macrophages. This was a strong indication of brain infi ltration by USPIO - laden 
macrophages. Importantly, the USPIO - induced signal alterations were different 
from the signatures of conventional gadolinium - enhanced MRI. Thus, USPIO -
 enhancement does not simply refl ect  blood – brain barrier  ( BBB ) disruption as a 
nonspecifi c epiphenomenon of ischemic tissue damage, but provides additional 
pathophysiological information  [224] . 

 Ferumoxtran (Sinerem) was also used as a contrast agent for MRI of patients 
with multiple sclerosis during acute relapses  [225] . These studies demonstrated, 
for the fi rst time, the  in vivo  detection of monocyte/macrophage infi ltration in 
infl ammatory multiple sclerosis brain lesions using USPIO - enhanced MRI. The 
use of both gadolinium chelates and USPIOs allowed the lesions to be identifi ed 
as high signal intensities on T 1  - weighted images and low signal intensities on T 2  -
 weighted images (Figure  4.8 ). These investigations provided  in vivo  evidence of 

(a) (b)

(c) (d)

    Figure 4.8     Mismatch of contrast agent uptake 
in USPIO - enhanced acute multiple sclerosis 
(MS) plaque. MR imaging of T 2  - weighted 
(a) and T 1  - weighted postgadolinium images 
(b) shows a large MS lesion that was not 
enhanced by gadolinium. MR imaging shows 

USPIO uptake at the periphery of the lesion 
(arrows), seen as a decreased signal intensity 
on T 2  - weighted images (c) and a high signal 
intensity on T 1  - weighted images (d). 
 Reproduced from Ref.  [225] .   
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the regional infi ltration of infl ammatory cells in the presence or absence of 
increased BBB permeability.   

 In another study, ferumoxtran - 10 was compared with standard gadolinium 
chelate - enhanced MRI in the evaluation of various CNS lesions, including lym-
phoma, multiple sclerosis, acute disseminated encephalomyelitis, and vascular 
lesions. Here, the USPIOs showed quite different enhancement patterns among 
the different lesions with infl ammatory components in comparison to gadolinium 
chelate - based contrast agents. Hence, these two contrast agents might be comple-
mentary in MRI - based diagnoses of the CNS  [226] . 

 A few reports have also been made on the use of ferumoxides and ferumoxtran 
for brain MRI in patients with primary and metastatic intracranial tumors  [227, 
228] . Histological examinations revealed the iron nanoparticles to be localized 
mainly at the periphery of the lesions, with only minor iron staining of the tumor 
 [227] . Whilst, in comparison with gadolinium, the pattern of USPIO enhancement 
was heterogeneous and variable, the USPIO agents seemed to enhance the 
delineation of neovascularization. It was concluded that USPIO agents would 
not replace gadolinium in brain tumor imaging, but might offer complementary 
information to permit the differentiation between brain tumors and areas of radia-
tion necrosis  [228] . 

 Recently, new clinical applications have emerged for magnetic nanoparticles. 
Maier - Hauff  et al.  reported the details of clinical studies of thermotherapy using 
aminosilane - coated iron oxide nanoparticles in patients with  glioblastoma multi-
forme  (an aggressive type of primary brain tumor). For this, magnetic nanopar-
ticles were injected into the tumor and the patients then exposed to an alternating 
magnetic fi eld so as to induce particle heating. The process was monitored using 
MRI, which allowed the calculation of the expected heat distribution within the 
tumor, which depended on the magnetic fi eld strength. The study results showed 
that MRI - controlled cranial thermotherapy using magnetic nanoparticles could be 
safely applied to glioblastoma multiforme patients  [229] .  

  4.5.1.6   Blood Pool Imaging and  MR  Angiography 
 Blood pool contrast agents normally remain in the blood for a prolonged time, 
and have longer half - lives and high relaxivities. High relaxivity is required to obtain 
a stronger blood signal in MRI, and in turn improves the spatial resolution, while 
a longer plasma half - life enables longer scan times and repetitive imaging to be 
achieved. Each of these factors is very important in  MR angiography  ( MRA ), which 
is used to examine blood vessels in various tissues and areas of the body  [201, 
230] . Blood pool contrast agents based on USPIO nanoparticles have found appli-
cation in the cardiovascular system and myocardial perfusion imaging  [191, 231] , 
in assessments of the patient ’ s infl ammatory status  [232] , and even in cerebral 
blood volume imaging  [233] . 

 Ferumoxtran, a superparamagnetic iron oxide - based blood pool imaging 
contrast agent, has been shown to signifi cantly enhance (on average by 128%) 
the image intensity gradients at the myocardial/blood pool interface  [234] . 
Ferumoxtran - 10 (AMI 227) has also been used to visualize and measure the 
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lengths of the renal arteries, using MRA; this allowed an increase in the signal - to -
 noise and contrast - to - noise ratios in the right coronary artery by an average of 80% 
(p   =   0.008) and 109% (p   =   0.007), respectively  [235] . Contrast agent AMI 227 has 
also been used in MRA to visualize the aorta, the inferior vena cava, the portal 
vein, and muscle in patients, with all blood vessels showing signifi cant enhance-
ment at 45 min after intravenous injection of the agent  [236] . 

 A further example of iron oxide nanoparticle - based blood pool contrast agent is 
that of SHU 555, which has been used for chest MRA and cardiac perfusion. In 
these studies, a clear dose - dependent increase in signal intensity was demon-
strated in the vessels, cardiac chambers and myocardium during both fi rst - pass 
and equilibrium phases  [237] .  

  4.5.1.7   Atherosclerosis Imaging 
 Many cardiovascular diseases, such as myocardial infarction, stroke, and periph-
eral vascular disease, are strongly related to atherosclerosis. Therefore, earlier 
non - invasive imaging of atherosclerotic plaques is extremely important  [238] . MRI 
has great potential for the effective visualization and localization of plaques in the 
vasculature, but current clinical studies involving MRI of atherosclerosis remain 
few in number. Contrast agent - enhanced MRI of atherosclerosis is based on the 
selective uptake of magnetic nanoparticles by macrophages in the macrophage -
 rich atherosclerotic plaques. To date, only ferumoxtran - 10 (Sinerem) has been 
tested clinically in symptomatic patients scheduled for carotid endarterectomy. 
The results of this study highlighted an accumulation of magnetic nanoparticles 
in macrophages in predominantly ruptured and rupture - prone human atheroscle-
rotic lesions, which in turn caused a signal decrease (95%) in the  in vivo  MR 
images after 24   h  [239] . USPIO - enhanced MRI was also successfully utilized for 
the noninvasive determination of macrophage burden in asymptomatic carotid 
atheroma plaques  [240, 241] .   

  4.5.2 
 Potential Clinical Applications 

 Much of the potential clinical research with these contrast agents involves  in vitro  
cellular imaging, the imaging of phantoms, and the  in vivo  imaging of animal 
models. Targeted cellular labeling and molecular imaging represent the main 
modern developments for the application of nanomaterials in MRI. 

  4.5.2.1   Cellular Labeling and Tracking 
 Today, research into stem cells and cell transplantation is a rapidly developing area 
which is expected to result in important clinical applications. Typical subjects 
include diagnostics and the treatment of spinal cord injury, Parkinson ’ s disease, 
myelin disorders, Huntington ’ s disease, and cardiovascular, renal and hepatic 
diseases. MRI is currently one of the best techniques for tracking magnetically 
labelled cells, as its resolution approaches the size of the cell itself  [7] . In fact, MRI 
can be used to visualize and track transplanted stem cells labelled with magnetic 
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imaging contrast agents, both  in vitro  and  vivo   [6, 242 – 244] . Examples have also 
been described of single cell detection in small animals, using MRI  [245] . 

 It was noted above that a number of clinical MRI applications are based on the 
uptake of standard nanoparticulate MRI agents by the cells of the RES (e.g., mac-
rophages). Consequently, a signifi cant amount of research has been focused on 
the investigation of various commercially available USPIO and SPIO contrast 
agents in macrophages, glioma cells, leukocytes, and lymphocytes  [246 – 250] . 
Numerous reports have also been made on the labeling of mesenchymal stem 
cells with various superparamagnetic nanoparticles, and their subsequent  in vitro  
and  in vivo  tracking by MRI  [251 – 260] . It has been shown that nanoparticle - labeled 
human CNS stem cells can survive over the long term and differentiate in a site -
 specifi c manner identical to that seen for transplants of unlabeled cells  [261] . This 
has enabled a series of important studies to be performed  in vivo  using nanopar-
ticle - labeled cells. For example, embryonic stem cells were labeled with a USPIO 
MRI contrast agent, using a lipofection procedure, and implanted into rat brains. 
Subsequently, it was found that, over a certain period of time, the cells migrated 
and massively populated the border zone of the damaged brain tissue on the 
hemisphere opposite to the implantation sites. In these studies, MRI demon-
strated an excellent capability for the noninvasive observation of cell migration, 
engraftment, and morphological differentiation, with high spatial and temporal 
resolution  [262] . 

 Reports have also been made on the use of commercially available SPIO and 
USPIO magnetic labeling of human dermal fi broblasts  [263, 264] , HeLa cells  [265] , 
dendritic cells  [266, 267] , and  human umbilical vein endothelial cell s ( HUVEC s) 
 [268] . 

 Unfortunately, most of the above - described approaches are passive and rely 
entirely on the endocytosis of commercially available magnetic nanoparticles  –  
which occasionally do not demonstrate suffi cient cellular uptake. In order to 
increase the uptake of magnetic nanoparticles and provide specifi c targeting, the 
nanoparticles must be functionalized (or vectorized) with appropriate peptides, 
monoclonal antibodies, or proteins  [157, 269 – 271] . 

 In some cases, the cellular uptake of commercial nanoparticulate contrast agents 
(e.g., ferumoxides) can be improved by simply mixing the nanoparticles with 
appropriate transfection agents, such as dendrimers, high - molecular - weight poly -
 L - lysine, lipofectamine, or protamine sulfate  [6, 199, 243, 247] . 

 Several covalent approaches have been employed to improve particle uptake, 
depending on the cell type and structure. Signifi cant efforts have also been focused 
on the specifi c targeting of cancer cells. For example, the conjugation of magnetic 
nanocrystals to a cancer - targeting antibody (herceptin) has allowed the specifi c 
labeling of human cancer cells and their  in vivo  monitoring in live mice by MRI 
 [167] . Several reports also exist on the conjugation of magnetic nanoparticles to a 
peptide sequence from the transactivator protein (Tat) of HIV - 1  [102 – 104, 272] , and 
their investigation in T cells both  in vitro  and  in vivo  in live mice. In another study, 
magnetic nanoparticles were coupled to anti - Her - 2/neu antibodies or gamma 
globulin IgG and used for the detection of Her - 2/neu - expressing tumor cells  in vitro  
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and in animal tumor models, and this in turn allowed the recognition of a distinct 
decrease in the normalized MR signal ratio between the tumor and a reference area 
 [273] . The conjugation of magnetic nanoparticles to folic acid for targeting specifi c 
folate receptors in cancer cells has also been reported  [74, 94, 274, 275] . One inter-
esting new approach was that reported by Kohler  et al.   [276] , who developed conju-
gates of iron oxide nanoparticles and methotrexate (a chemotherapeutic drug). 
These conjugates could be used as both contrast agents for diagnostics and as drug 
delivery systems for cancer therapy. Other studies have involved the targeting and 
 in vivo  tracking of cancer cells using ovalbumin - specifi c splenocytes (OT - 1) labeled 
with magnetic nanoparticles  [277] , and also lymphocytes and 9L rat gliosarcoma 
labeled with a ferumoxide – protamine sulfate complex  [278] .  

  4.5.2.2   Molecular Imaging 
 In general,  “ molecular imaging ”  refers to the  in vivo  noninvasive imaging of tar-
geted biomolecules or targeted cells and biological processes in living organisms 
 [6, 279, 280] . For molecular imaging, MRI is one of the best available techniques, 
with the imaging agents being based on the recognition of unique cell - surface 
biochemical signatures. In this case, the use of magnetic nanoparticulate MRI 
agents can offer the opportunity not only for targeted diagnostic studies but also 
for image - monitored, site - specifi c therapeutic delivery, much like the  “ magic 
bullet ” . This combination of rational targeted diagnostic and therapy is expected 
to result in new clinical approaches to the treatment of many diseases  [279] . 

 Nanoparticulate contrast agents can be accumulated within a biological site by 
either passive or active targeting mechanisms. 

   •       Passive targeting  contrast agents concentrate in the phagocytic cells (e.g., 
macrophages, Kupffer ’ s cells) and corresponding organs (liver, spleen, lymph 
nodes, etc.) that are responsible for particle clearance from the body. Passive 
targeting using commercially available nanoparticulate MR contrast agents (see 
Table  4.1 ) has mostly been considered above in clinical applications.  

   •       Active targeting  contrast agents require conjugation to specifi c ligands 
(pharmacophores), which then enables a targeted, site - specifi c accumulation 
of the agents. Typical ligands for targeting include antibodies, peptides, 
polysaccharides, aptamers, and drugs. As discussed above for vectorization, 
these ligands can be linked to magnetic nanoparticles either covalently or 
noncovalently.    

 To date, most MR contrast agent applications have been based on passive target-
ing. However, intensive research is currently being undertaken on the develop-
ment of targeted magnetic nanoparticles, which have been evaluated in animal 
models, both  in vitro  and  in vivo . 

 A large proportion of this research has been focused on the use of magnetic 
nanoparticle conjugates in targeted cancer imaging. For example,  α  V  β  3  integrin -
 targeted magnetic nanoparticles have been used for the specifi c ultrasensitive MRI 
detection of small regions of angiogenesis associated with minute solid tumors 



 4.5 Application of Magnetic Nanomaterials in MRI  155

(e.g., malignant melanoma)  [105, 281, 282] . (RGDyK) peptide - coated magnetite 
nanoparticles have also been shown to accumulate preferentially in the integrin 
 α  V  β  3  - rich tumor area  [283] . 

 Antibodies directed against several types of cancer marker have been conjugated 
to magnetic nanoparticles, and the conjugates used as MRI contrast agents  in vitro  
and  in vivo   [100, 284 – 287] . The use of superparamagnetite particles coated with 
monoclonal antibodies directed against  epidermal growth factor receptor s ( EGFR s), 
has allowed the high - contrast MRI imaging and diagnosis of squamous cell carci-
noma of the esophagus  [285] . MRI using contrast agents based on magnetic 
nanoparticles coated with polypeptide functionalized with monoclonal antibodies 
specifi c to carcinoembryonic antigen  [287]  and the therapeutic antibody Erbitux  
 [286]  have also been reported. Several biofunctionalized PEG - coated magnetic 
nanoparticles (including magnetic liposomes) have been successfully employed 
as contrast agents for cancer MRI  [98, 100, 288] . For example, PEG - coated mag-
netite nanocrystals, which were functionalized with a specifi c cancer - targeting 
antibody, have been used as contrast agents for tumor detection in live mice by 
MRI (Figure  4.9 )  [100] .   

Before

Fe3O4

10 min

Tumor

Antibody

O

O

O
O

O

O

n

6 h 10 h 24 h

     Figure 4.9     PEG - coated antibody - functionalized magnetic 
nanoparticles as MRI contrast agents for cancer detection 
(top).T 2  *    - weighted MR images acquired before and at different 
times after injection of Fe 3 O 4  - (rch 24 mAb) conjugates 
(bottom).  Reproduced from Ref.  [100] .   
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 Other studies have involved targeted cancer MRI using paramagnetic polyami-
doamine dendrimer – Gd chelate conjugates  [289] , and diarrheagenic bacterial 
peptide enterotoxin functionalized iron oxide nanoparticles  [290] . 

 Some interesting magnetic nanoparticle Hydro - Gel (MagNaGeI ™ ) drug - device 
hybrids, which consisted of chemotherapeutic agents, iron oxide particles and 
targeting ligands, have been reported. These new nanomaterials can potentially 
serve both for cancer - targeted diagnostics and therapy, when used in conjunction 
with MRI and inductive heating  [291] . 

 Quite signifi cant efforts have been focused on the development of MR contrast 
agents for cardiovascular molecular imaging  [292] , with several reports having 
been made on the use of magnetic nanoparticles for the molecular imaging 
of atherosclerotic lesions and myocardial injuries  [45, 238, 246, 293 – 295] . For 
example, biochemically derivatized annexin V superparamagnetic iron oxide par-
ticles were used for imaging in rabbit models of human atherosclerosis. These 
targeted nanoparticles were found to produce high - negative - contrast images at 
2000 - fold lower doses than those reported for nonspecifi c atheroma uptake of 
untargeted superparamagnetic nanoparticles in the same animal model  [238] . In 
another study, the use  α  V  β  3  integrin - targeted paramagnetic nanoparticles allowed 
specifi c detection of the neovasculature within 2   h, providing an approximate 47% 
enhancement in MRI signal when averaged throughout the abdominal aortic wall 
in rabbits  [296] . 

 Interesting results were obtained using fi brin - targeted magnetic nanoparticles, 
which can specifi cally adhere to the fi brin clot surface. Biotinylated perfl uoro-
carbon gadolinium - rich nanoparticles have been used as a new MR contrast 
agent, and have enhanced the detection of intravascular clots and minute thrombi 
within fi ssures of active vulnerable plaques (Figure  4.10 ). This technology has 
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     Figure 4.10     MR image of thrombi with 
paramagnetic nanoparticles targeted to fi brin. 
(a) Thrombus formed  in vivo  in a canine 
jugular vein imaged at 1.5   T. Note the  “ hot 
spot ”  at the site of nanoparticle binding; 
(b)  “ Disrupted ”  carotid endarterectomy 

specimens incubated with fi brin - targeted 
nanoparticles binding to small amounts of 
fi brin at the shoulder regions (note the 
 “ hotspots ”  indicated by yellow arrows) of the 
ruptured plaque cap, imaged  ex vivo  at 1.5   T. 
 Reproduced from Ref.  [298] .   
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good potential for the early direct diagnosis of impending stroke or infarction 
 [279, 297, 298] .   

 Reports have also been made on the use of Tat - peptide - modifi ed  [299] , antibody -
 conjugated streptavidinylated  [300] , trypsin - conjugated  [301]  and  polyvinylpyrrol-
idone  ( PVP ) - coated  [111]  iron oxide superparamagnetic nanoparticles for  in vivo  
MRI of liver. Lymphocyte - homing magnetic nanoparticles have been used for the 
MRI monitoring of traffi cking patterns of adoptively transferred leukocyte subsets 
in nonhuman primate models of AIDS  [302] . 

 Finally, the development of magnetic nanoparticles for CNS imaging has 
attracted considerable attention  [118, 303, 304] , with solid lipid magnetic nanopar-
ticles having been found to overcome the BBB and to demonstrate great potential 
for brain MRI  [305] . Superparamagnetic nanoparticles can also be trapped by the 
BBB allowing the observation of impaired BBB areas  [306] . The T 2  - weighted tar-
geted MRI of glial brain tumor in rats was achieved after hyperosmotic BBB dis-
ruption and the injection of magnetite – dextran nanoparticles into the carotid 
artery  [307] . Polyelectrolyte - stabilized magnetite nanoparticles with controlled 
relaxivities have been used to study the hippocampus and brain vasculature in live 
rats. These new magnetic fl uids have demonstrated good biocompatibility and 
potential for  in vivo  MRI diagnostics  [118] . 

 Some selected examples of targeted magnetic nanoparticles for molecular and 
cellular imaging are listed in Table  4.2 .   

 Table 4.2     Selected examples of targeted magnetic nanoparticles for molecular and cellular imaging. 

   Targeted 
contrast media  

   Coating agent     Characteristics     Pharmacophore     Biological target     Reference(s)  

  USPIO -
 antibody  

  PEG     D  h    =   20.1   nm 
(DLS)  

  Anti - carcinoembryonic 
antigen (anti - CEA) 
monoclonal antibody 
rch 24  

  Human colon 
carcinoma  

   [100]   

  SPIO - antibody    Dextran    ND    Monoclonal antibody 
Mab A7  

  Colorectal tumor     [159]   

  CLIO - Cy5.5 -
 bombesin  

  CLIO - NH 2      D  h    =   35   nm    Bombesin peptide    Pancreatic ductal 
adenocarcinoma  

   [308]   

  CLIO - small 
molecule  

  CLIO - NH 2     ND    Small carboxylic 
molecules  

  Pancreatic cancer, 
macrophages  

   [23]   

  CLIO - Cy5.5    CLIO - NH 2      D  h    =   32   nm    Cy5.5    Delineation of 
brain tumors  

   [270]   
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   Targeted 
contrast media  

   Coating agent     Characteristics     Pharmacophore     Biological target     Reference(s)  

  MION -
 antibody  

  Dextran     D    =   8.3,  r  2    =   24 – 
29   m M   − 1    s  − 1 , 1.5   T  

  Monoclonal antibody 
anti - Her2/neu  

  Her2/neu 
receptors in 
tumors  

   [161]   

  MION -
 antimyosin  

  Dextran     r  1    =   10.1 and 
  r  2    =   120   m M   − 1    s  − 1  
 0.47   T  

  Monoclonal antibody 
Antimyosin 
 Fab (R 11 D 10 )  

  Myocardial 
infarction  

   [293]   

  SPIO - annexin 
V  

  Dextran     D  h    =   100   nm    Annexin V    Atherosclerotic 
plaque  

   [238]   

  USPIO - RGD    Carbohydrate    ND    Cyclic RGD peptide     α  IIB  β  3  - , thrombus 
imaging  

   [155]   

  USPIO Fe 3 O 4 /
trypsin  

  Amino -
 groups  

   r  1    =   6.31 and 
 r  2    =   8.33   m M   − 1    s  − 1  
 9.4   T  

  Oligonucleotides and 
trypsin  

  Kupffer cells and 
liver  

   [111]   

  CLIO - SC - Tf    CLIO - NH 2      r  1    =   32 and 
 r  2    =   144   m M   − 1    s  − 1  
 0.47   T  

  Transferrin    Transferrin 
receptors  

   [309]   

  CLIO - Tat    CLIO - NH 2      r  1    =   22 and 
  r  2    =   72   m M   − 1    s  − 1  
 0.47   T,  D  h    =   42  

  Tat peptide    Lymphocyte 
uptake  

   [272]   

  CLIO - antibody    CLIO - NH 2      D  h    =   40   nm    Mouse - anti - human E 
selectin antibody 
fragment  

  Infl ammation     [310]   

  CLIO - Cy5.5 -
 cRGD  

  CLIO - Cy5.5 -
 NH 2   

   D  h    =   29 – 39   nm    Cyclic RGD peptide     α  V  β  3  integrin     [311, 312]   

  CLIO - SC -
 R4Cy5.5  

  CLIO - NH 2      r  1    =   29.9 and 
 r  2    =   92.5   m M   − 1    s  − 1  
 0.47   T,  D  h  =62  ±  
7   nm  

  RRRRGC peptide and 
Cy5.5  

  Cathepsin B     [313]   

   USPIO - folate     Silane - PEG -
 trifl uoroethyl-
ester  

    D    =   9 – 11   nm 
(TEM)  

   Folic acid     Folate receptor      [94]   

Table 4.2 Continued
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 Overall, magnetic nanomaterials have a combination of unique properties, such 
as sensitivity in the nanomolar range, an ability to penetrate to the most unreach-
able remote parts of the tissue, and to be manipulated by an external magnetic 
fi eld. This may, in time, open the door not only for advanced MRI but also for 
other biomedical applications, such as cancer hyperthermia therapy, the imaging 
and treatment of strokes, the detection and cleaning of blocked blood vessels, as 
well as micro  –  and even nano  –  surgery. All of these aspects will undoubtedly 
have great value in the further development of nanomedicine.    

  4.6 
 Summary and Future Outlook 

 In this chapter, we have outlined the depth and breadth of current research into 
the synthesis, stabilization and functionalization of aqueous magnetic nanopar-
ticle and nanocomposite suspensions, although the survey was far from exhaus-
tive. An outline has also been provided of the methods currently used by the 
materials research community in the development of these novel materials, and 
of the major issues facing the imaging community. The next challenge for these 
two communities is to exploit the potential of novel magnetic materials for bio-
medical applications. In the fi rst instance, the focus is likely to be on the develop-
ment of new magnetic materials to analyze the fate of biological markers in 
tissues, and even at a cellular level, in model systems. These methods will be criti-
cal to biologists, pharmacologists, and clinicians in the development of new thera-
peutic interventions. 

 The future of clinical MRI is, in part, dependent on the development of new 
contrast media. Whilst all indications suggest that nanoparticulate agents will 
continue to be important; there is a strong belief that their potential has only been 
partially realized. Among the applications with strong potential that have received 
huge attention are the use of particles in dynamic (or time - resolved) imaging and 
the development of smart and/or multifunctional agents. The latter are materials 
for which the magnetic properties depend on their biological environment, and 
which may combine multiple diagnostic functionalities and drug delivery 
capability. 

 There are, in principle, three ways to improve the performance of an agent in 
providing image contrast: (i) to improve the imaging hardware; (ii) to introduce 
new experiments and pulse sequences to exploit the properties of the agents; and 
(iii) to improve the characteristics and functionality of the agent itself. In the sec-
tions below, we will provide some brief examples of the fi rst two types of innova-
tion, before concentrating on new agents. The future of this research remains very 
open to unforeseen changes, while even the division of likely innovations into 
these approaches is arbitrary, as new applications may well embody some aspects 
of all three. Nonetheless, it is useful to survey relevant current research, as it may 
be indicative of the future direction of contrast agent development. 
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  4.6.1 
 Improved Imaging Methods 

 Dynamic, or time - resolved, MRI imaging has already been explored to some 
extent, for example in pH sensing using a lanthanide  chemical exchange 
saturation transfer  ( CEST ) agent  [314] , and in the detection of apoptotic 
cells (effectively detecting gene - expression) using protein - conjugated magnetic 
nanoparticles  [157] . The potential of dynamic MRI imaging using contrast agents 
has been recently assessed  [315] . By assuming a 5% change in signal to be suffi -
cient to detect an agent ’ s response within a dynamic environment, simulations 
were generated for the major types of agent currently undergoing evaluation. For 
this, the  Smoluchowski model  was applied, using as inputs the inherent contrast 
and known clearance properties. Among the conclusions drawn was that nanopar-
ticulate T 2  agents, because of their very low limits of detection  [316] , could be used 
for dynamic imaging in humans at concentrations several orders of magnitude 
lower than is possible with any of the alternatives, including gadolinium and the 
new generation of CEST agents. However, as the temporal limit is probably 
about 1 s this will limit the applications although, as in the case of conventional 
static imaging, nanoparticulate agents occupy a separate part of the clinically 
relevant parameter space and so have potential for as yet unidentifying 
applications. 

 As discussed above, magnetic nanoparticle suspensions usually function 
as either negative -  or T 2  - contrast agents. The strong local fi eld generated by 
the high susceptibility of these agents results in a shift in the resonance frequency, 
as well as an easily detectable decrease in the (spin - spin) relaxation times, 
of water molecules in close proximity to the nanoparticles. The downside of 
these agents, arising from the large susceptibility artifacts, include diffi culties 
in: the quantifi cation of particle concentrations; the detection of particles in 
regions with intrinsically low signal - to - noise ratios; and distinguishing from 
the susceptibility changes at tissue interfaces. The long echo times (TE values) 
required limit the applications in dynamic imaging, as noted above. Signifi cant 
efforts have been made, therefore, to develop techniques which generate 
positive - contrast from magnetic nanoparticles, particularly with a view to quantify-
ing the nanoparticle concentration for tracking studies. In this respect, 
three approaches have been attempted: (i) gradient - dephasing - based imaging; 
(ii)  off - resonance imaging  ( ORI ); and (iii) off - resonance saturation. For the 
purpose of illustration, ORI makes use of the induced resonance frequency shifts, 
which can be in excess of 100 Hz at typical concentrations. It involves the use 
of a spectrally shifted ( “ off - resonance ” ) RF pulse to selectively irradiate the shifted 
water signals only. This has been shown to be effective, particularly at lower 
end of the clinical fi eld range due to the narrower water resonance lines (15   Hz 
at 4.7   T versus 45   Hz at 14   T), and for nanoparticle concentrations in excess 
of 150    μ g Fe   ml  – 1   [317] , which was found to be suffi cient to detect the accumulation 
of iron oxide nanoparticles in macrophages which had infi ltrated healing myocar-
dial infarcts.  
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  4.6.2 
 Improved Imaging Hardware 

 Possibly the greatest barrier to the development of MRI is the requirement 
for high - fi eld superconducting magnets, which in turn arises from the need 
to maximize signal intensity while maintaining high - fi eld homogeneity. Apart 
from the high cost, superconducting magnets place physical constraints on the 
application of imaging in clinical medicine. For instance, access to the subject 
is severely restricted and the presence of metal - containing components, such as 
pacemakers, is prohibited. The development of ultralow - fi eld imaging (ULF MRI) 
is being led by a few pioneering groups around the world, particularly Alexander 
Pines and coworkers at Berkeley  [318] . Here, the central idea is to physically 
separate the polarization and detection fi elds; the sample magnetization is fi rst 
polarized in a relatively strong but inhomogeneous fi eld, which is usually in 
the mT range. The imaging experiment is subsequently performed at a lower 
fi eld, which is usually in the range of hundreds of  μ T, which corresponds to 
Lamor frequencies in the low kHz range. Signal detection is with an array of high -
 sensitivity SQUID devices. The advantages of the system are that: (i) it is an 
inexpensive, portable, open - geometry approach; (ii) it does not require high fi elds; 
and (iii) the potential for T 1  - weighted contrast due to natural effects, for example, 
due to complex slow - motions in cellular environments, or arising from the 
introduction of an agent, is generally higher at low fi elds. Recent innovations  [319]  
in this fi eld have included the combination of  μ T MRI with simultaneous  
magnetoencephalography  ( MEG ) for imaging the human brain. This may open 
up new possibilities for neurobiology, with the direct measurement of neural 
currents  [320] .  

  4.6.3 
 Improved Contrast Agents 

 Enormous interest has also been expressed in recent years in the development 
of  “ smart ”  or responsive nanoparticulate contrast agents. For instance, there has 
been a strong focus on the development of MRI sensors for determining local 
concentrations of analytes of biological interest  in vivo . In fact, a bewildering 
number of reports has been made in this fi eld. An excellent example was recently 
reported by the Jasanoff group  [184]  of general methods for the preparation of 
MRI calcium indicators based on calmodulin - dependent protein – protein interac-
tions, which produce large changes in T 2 . The agents consisted of interacting 
polypeptides which were biotinylated and then conjugated to streptavidin - coated 
iron oxide nanoparticles. This approach was found to be sensitive to changes in 
calcium concentration of  ∼ 1    μ  M, in vitro , while the materials could be prepared in 
approximately 12   h. 

 In general, research into smart contrast agents has mirrored developments in 
other fi elds of nanotechnology, where the development of multiple functionality 
has been a strong theme. In the case of MRI, this tendency becomes even more 
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exaggerated due to the potential offered by the presence of a strong magnetic 
moment, associated with the super - spin of the nanoparticle. Thus, it is possible 
to imagine, in a suggested order of complexity: (i) magnetic - fl uorescent nanopar-
ticles for dual MRI - optical detection; (ii) magnetic nanoparticles or nanoparticle 
clusters for MRI imaging and RF hyperthermia; and (iii) drug - loaded, magnetic -
 polymer nanocomposites and magnetoliposomes, or nanoparticles grafted with 
drug molecules. These have potentially favorable biodistribution and pharmacoki-
netics, which could be enhanced by magnetic positioning at the site of action on 
the application of a static magnetic fi eld. 

 Recent progress in both optical and magnetic detection has suggested a 
strong future for this type of particulate agent in tracking experiments that 
may improve our understanding of cellular recognition events, and may even 
help develop new methods for assessing biodistribution and even screening for 
future therapeutics. For instance, magneto - optical nanocomposites have been 
used for tracking stem cells  [321, 322] , for imaging the macrophage infi ltration of 
tissue  [323] , and for detecting specifi c molecular targets that are weakly expressed 
 [324] . 

 A related fi eld of interest is in the development of multiple, simultaneous detec-
tion of different MRI stimuli, or analytes. This is analogous to the recent develop-
ment of ranges of nanoparticles (and quantum dots) with optically distinguishable 
signatures which enable the tracking of many biological indicators. Thus, much 
interest has been expressed in developing multiplexed MRI sensors, which could 
be fabricated to be small enough for use as contrast agents in man  [118] . A good 
recent example of this has been provided by Zabow and coworkers  [325] , who 
reported the fabrication of structures where  1 H frequency shifts and sensitivity 
enhancements were determined by the local geometry within a magnetic micro-
structure. This approach immediately offers multiplexing capability and may 
become the method of choice, given the advanced state of modern fabrication 
technology, once these structures have been scaled down towards, or even below, 
the 100   nm range. 

 A signifi cant number of reports have also been made where the potential of 
magnetic nanoparticle suspensions for dual diagnostic and therapeutic (termed 
 “ theranostic ” ) applications has been realized. The development of magnetic 
nanoparticle suspensions as dual contrast agents and hyperthermia mediators has 
been described. These applications are feasible, as nanoparticulate iron oxide has 
favorable MRI properties (as discussed earlier), and also has good RF energy -
  specifi c absorption rate  ( SAR ) values  [5] . Hyperthermia using superparamagnetic 
iron oxide has been investigated for many years as a potential treatment for solid 
tumors in particular  [326] . 

 A second, indirect, form of hyperthermia involves the use of alternate current 
fi eld heating to deliver a therapeutic molecule from a carrier, such as a liposome 
or a polymer/nanoparticle composite. Examples of this approach have been 
reported for a range of carriers, including magnetic iron oxide liposomes for 
delivering 5 - fl uorouracil  [327]  and dextran - stabilized contrast agents combined 
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with melphalan  [328] . In the latter case, the resultant  “ magnetohydrodynamic 
thermochemotherapy ”  produced a 30% regression of nonmetastatic tumors in 
mice, with a resulting increase in the life - span of 290%. 

 A large number of studies into the application of static magnetic fi elds for posi-
tioning magnetic nanoparticles at the required site of action have been under-
taken. Most of these investigations have involved either the targeting of cells in 
culture, or feasibility studies in animal models. A good example of targeting in 
tumor models was recently reported  [329]  where MRI was used to confi rm the 
migration of nanoparticles towards NdFeB magnets placed outside the peritoneal 
cavity, above grafts of a human ovarian carcinoma. An excellent demonstration of 
targeting in culture was provided by the group of Hyeon  [330] , where the uptake 
of polymer nanoparticles was enhanced by the application of a magnetic fi eld, 
when clusters of Fe 3 O 4  nanoparticles were loaded in doxorubicin - loaded polymer 
nanoparticles. The polymer particles were composed of biodegradable  poly(lactic -
  co  - glycolic acid)  ( PLGA ), surface - coated with PEGylated folate for the active target-
ing of cancer cells. Interest in these targeting applications also arises from the 
possibility of detecting the particles after treatment, by MRI, and correlating the 
results with any histological fi ndings  [331] . 

 In fact, polymer/iron oxide composites are the most commonly reported 
magnetic theranostic nanoparticles. A good recently described example  [332]  
was the development of functionalized linkers to couple to  amino - polyvinyl 
alcohol  ( aminoPVA ), by amide linkages, to produce drug - functionalized - 
aminoPVA - iron oxide nanocomposites, as vectors for drug delivery. Linkers were 
developed to which the anti - cancer drugs 5 - fl uorouridine and doxorubicin 
were attached as biologically labile esters or peptides, respectively. The former 
proved to be viable delivery vehicles when tested using human melanoma cells 
in culture, as they were taken up by the cells and proved to be effi cient anti - tumor 
agents. 

 A fi nal class of therapeutic molecular/iron oxide composite involves the direct 
binding of a molecule of interest to the nanoparticle. A prominent example here 
 [333]  is the covalent linking of siRNA to magnetic nanoparticles labeled with a 
near - infrared dye. This strategy has been shown to be feasible for monitoring the 
effi ciency of siRNA delivery and silencing, which is a current requirement in the 
development of cancer therapeutics. 

 Unfortunately, despite the obvious potential of a great many of these agents, the 
vast majority will be applied only in drug development and basic research, or will 
remain of academic interest only. Even with credible demonstrations of effi cacy, 
in cellular or animal models, the pathway to use in humans is very long and 
expensive. A premium is placed by industry on producing simple, easily scaleable 
processes that are likely to result in new mass applications in medicine. Any 
technology that fails by these demanding measures is unlikely to progress very 
far, through the clinical and regulatory processes. It is likely, therefore, that con-
vergent approaches  –  developed by adopting standardized and perhaps regulatory 
approved building blocks  –  could represent a shorter route to the clinic.   
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 Magnetic Nanomaterials for  In Vivo  and  In Vitro  
Cancer Diagnostics  
  Kelly Y.   Kim         

5

  5.1 
 Introduction 

 Magnetic nanoparticles were fi rst introduced as  magnetic resonance imaging  
( MRI ) contrast agents during the late 1980s. Since that time, contrast agents such 
as GastroMARK ®  (ferumoxsil), an oral MRI agent used for  gastrointestinal tract  
imaging, and Feridex ®  (ferumoxide), which is also known as ferumoxide, an MRI 
agent for the detection of liver lesions, have become commercially available, while 
 superparamagnetic iron oxide s ( SPIO s) as MRI contrast agents have also paved 
the way for the application of magnetic nanoparticles in current clinical practice. 
The surge of interest in nanotechnology during the recent years has signifi cantly 
expanded the breadth of research on magnetic nanoparticles. This has led not only 
to their utility being optimized for  in vivo  cancer diagnostics, but also to explora-
tions of their application as multifunctional agents, where they serve simultane-
ously as carriers for targeted chemotherapy delivery and as MRI contrast agents 
for real - time monitoring of drug distribution to target sites. In addition, they may 
be used to follow the effects of therapy on the progression of a disease. 

 The use of magnetic nanoparticles for  in vivo  diagnostics    –    that is, for 
imaging    –    has been well established (as noted in Chapter  4 ); consequently, in this 
chapter we will describe the advantages imparted by nanoparticles as compared to 
gadolinium (Gd) chelates, which currently are the most widely used MRI contrast 
agents. More importantly, multifunctional magnetic nanoparticles are actively 
being developed for the monitoring of treatment responses via  in vivo  imaging, 
and some of these state - of - the - art advances are described in this chapter. 

 Today, tremendous progress is also being made on new strategies for incorporat-
ing magnetic nanoparticles into  in vitro  molecular diagnostics. The major goals 
for  in vitro  diagnostics are to exploit the unique properties of magnetic nanopar-
ticles to develop assays that are rapid, simple to perform, and cost - effective; and 
then to fabricate these assay platforms into devices with nanoscale components 
that are portable. From the perspective of point - of - care diagnostics, there is 
great interest in developing miniaturized  “ lab - on - a - chip ”  devices that combine 
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microfl uidics with magnetic nanosensors. There are myriad challenges to the suc-
cessful development of diagnostic assays with high sensitivity and specifi city, and 
robust performance characteristics. The fundamental challenges include an ability 
to detect low - expression cancer biomarkers in complex biological samples, and to 
accurately and precisely quantitate the levels of these analytes. 

 Advances are continually being made in nanotechnology that will enable us 
to engineer precisely the critical features of magnetic nanoparticles, such as 
their composition, size, and surface chemistry. In this chapter, we review some of 
the most recent research and development efforts to optimize the biomedical 
application of magnetic nanoparticles. The text does not delve into the specifi c 
chemical reactions involved in the synthesis protocols, but rather focuses on the 
design schemes for the magnetic nanoparticle platforms to improve their 
functionality. 

 In order to facilitate an understanding of the unique opportunities afforded 
by magnetic nanoparticles for biomedical application, the chapter begins with 
a brief overview of the fundamental concepts of magnetism and the physico -
 chemical properties of magnetic nanoparticles, as well as the principles behind 
magnetic resonance. Subsequently, the challenges of magnetic nanoparticle 
design for systemic administration and the progress that is being made to over-
come those challenges are discussed. Finally, several technological developments 
in magnetic nanoparticle - based platforms for  in vitro  molecular diagnostics are 
highlighted.  

  5.2 
 Physico - Chemical Properties of Magnetic Nanoparticles 

 When placed in an applied magnetic fi eld with strength  H , materials exhibit an 
induced magnetization  M  characterized by  M    =    χ  H , where  χ  is the  magnetic 
susceptibility . Materials with magnetic moments aligned parallel to  H  and suscep-
tibilities on the order of 10  − 6  to 10  − 1  are described as  paramagnetic . At very small 
sizes (usually  < 50   nm), iron oxide nanoparticles [typically magnetite (Fe 3 O 4 ) or 
maghemite ( γ  - Fe 2 O 3 ) nanocrystals with the oxygen ions forming a cubic lattice 
with iron cations located at the interstices] exhibit unique magnetic properties 
through quantum tunneling of magnetization, which gives rise to a single mag-
netic domain behavior and one large magnetic moment. As a result of the align-
ment of electron spins in the single domain, the individual magnetic dipole 
moments of ferromagnetic nanoparticles are several orders of magnitude larger 
than those of paramagnetic materials and, hence, exhibit  superparamagnetism . 
That is, the coupling interactions between the electrons within these single mag-
netic domains result in much higher magnetic susceptibilities than those of 
paramagnetic materials. Thus, a relatively weak magnetic fi eld    –    for example, 
35   Gauss    –    would be suffi cient to align the dipole moments of superparamagnetic 
nanoparticles to form essentially a large dipole magnet while the fi eld is turned 
on. 
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 When the external magnetic fi eld is turned off, however, superparamagnetic 
nanoparticles revert to their normally random orientations due to the thermal 
activity involving free rotation of the particles. This results in a loss of net magne-
tization when the external fi eld is removed, and the superparamagnetic property 
is marked by this lack of  remnant magnetization . When superparamagnetic 
nanoparticles are bound, for example to cells, they become hindered in their ability 
to rotate and are unable to disorient very rapidly via the Brownian mechanism. 
Hence, there is a strong difference in the persistence of the induced magnetic fi eld 
(i.e., remnant magnetization) between the bound and unbound superparamag-
netic nanoparticles, and this property is exploited in molecular imaging applica-
tions to produce a better contrast between nanoparticles that have attached to 
cancer cells compared to those that are circulating freely in the body. The magnetic 
characteristics of a particle can alternate between ferromagnetic and superpara-
magnetic behavior for a given fi eld and, as already noted, would be dependent on 
the particle size. This means that it would be necessary to limit the size distribu-
tion of the particles in nanoparticle production to ensure a homogeneous magnetic 
response to a given fi eld. 

 Although superparamagnetism is a desirable property of nanoparticles, the 
reduction in particle size is not without some challenges. As the particle size 
decreases, the surface - to - volume ratio will increases, and this results in pro-
nounced surface effects, such as noncollinear spins, spin canting, and spin - 
glass - like behavior, which can signifi cantly impact upon the magnetic property of 
the material  [1] . Furthermore, signifi cant differences in magnetic property can be 
observed with magnetic nanoparticles generated through different chemical syn-
thesis processes, due to the incorporation of impurities that may disrupt the crystal 
structure, as well as different degrees of order in the crystal structure resulting 
from different surface curvature (e.g., a higher surface curvature causes a more 
disordered crystal structure).  

  5.3 
 Surface Coating for Improved Biocompatibility and Bioavailability 

 Surface coating is an integral component of all magnetic nanoparticles for bio-
medical applications. Since magnetic nanoparticles have a tendency to aggregate 
as a result of their high surface energy, surface coating becomes necessary to 
inhibit nanoparticle aggregation. Surface coating is also needed to render the 
nanoparticles water - soluble, as well as enable their functionalization    –    that is, their 
conjugation with biomolecules, ligands, or probes. Finally, most nanoparticles, 
including magnetic nanoparticles, are subject to opsonization (the adsorption of 
plasma proteins onto the nanoparticle surface) as the fi rst step in their clearance 
by the  reticuloendothelial system  ( RES ); this not only compromises their effi cacy 
but also raises a major challenge for their intravenous administration. 

 In order to help nanoparticles evade uptake by the RES, and thus maintain a 
long plasma half - life so as to increase their likelihood of reaching the target tissues, 
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several techniques such as coating with nonfouling polymers have been employed. 
( “ nonfouling ”  or  “ antifouling ”  means resistant to protein adsorption.) Polymeric 
coatings also provide a steric barrier to prevent nanoparticle aggregation, and a 
means to tailor the surface properties of magnetic nanoparticles for functionaliza-
tion. Moreover, the nature of the chemical properties of the polymer (e.g., hydro-
philicity/hydrophobicity), its length or molecular weight, its conformation, the 
manner in which the polymer was attached (e.g., electrostatic, covalent bonding), 
and the degree of particle surface coverage are all factors that can affect the per-
formance of the magnetic nanoparticle. 

 Two of the most widely utilized polymer coatings for  in vivo  applications have 
been the polysaccharide dextran and  poly(ethylene glycol)  ( PEG ). The antifouling 
nature of PEG has been shown to reduce nanoparticle uptake by macrophages and 
extend its blood circulation time  [2, 3] . In order to control polymer conformation 
and enable stable covalent linkages to the surface of iron oxide nanoparticles, 
Kohler  et al.  recently developed bifunctional PEG silanes capable of forming self -
 assembled monolayers that increase the packing density of the polymer chains 
onto the nanoparticles surface  [4] . 

 Various monomeric species, such as bisphosphonates  [5] ,  dimercaptosuccinic 
acid  ( DMSA )  [6]  and alkoxysilanes  [7] , have also been evaluated for their ability to 
facilitate the attachment of polymer coatings onto magnetic nanoparticles, as well 
as their ability to ensure biosafety. For example, the use of cobalt ferrites and nickel 
ferrites has been explored recently for  in vivo  biomedical applications, despite the 
known toxicities of these elements. In assessing the effectiveness of polymer 
coating over the CoFe 2 O 4  to prevent leakage of the toxic cobalt component, Baldi 
 et al.  tested 5   nm particles coated with mono -  and difunctional phosphonic and 
hydroxamic acids for cobalt leakage, and found the level of leakage to correspond 
with the quality of surface coverage by the attached ligand  [8] . 

 Very recently, Jain  et al.  developed and evaluated a novel formulation of mag-
netic nanoparticles in which the iron oxide core was fi rst coated with oleic acid 
and then stabilized with pluronic F - 127 to form a water - dispersible system  [9] . The 
hydrodynamic diameter of these nanoparticles ranged from 210 – 250   nm. When 
the authors investigated the ability of their formulation for simultaneous MRI and 
delivery of chemotherapeutic drugs, they showed that it was feasible to incorporate 
either a single drug (doxorubicin or paclitaxel) or a combination of drugs (doxo-
rubicin and paclitaxel) into their magnetic nanoparticles with high effi ciency 
(74 – 95%). It was also found that the combination of drugs in magnetic nanopar-
ticles produced synergistic antiproliferative effects in breast cancer cell culture 
studies and, most importantly, that the incorporated drugs did not adversely infl u-
ence the magnetic and imaging properties of the magnetic nanoparticles  in vivo . 
Consequently, it was possible to measure the circulation half - life of the magnetic 
nanoparticles by following changes in MRI signal intensity in the carotid arteries 
in a mouse model. In fact, when these authors compared the imaging properties 
of their nanoparticles to those of Feridex (100   nm), they showed the T 2  relaxivity 
to be higher for the oleic acid - coated, pluronic - stabilized magnetic nanoparticles 
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than for Feridex, while the T 1  relaxivity was better for Feridex, suggesting a greater 
sensitivity of their magnetic nanoparticle in T 2  - weighted imaging. 

 A variety of processes are available for coating nanoparticles, including  in situ  
coating (i.e., coated during the synthesis process) and post - synthesis coating. The 
coating can further be crosslinked chemically to increase its stability, and this 
crosslinking approach is frequently used to produce dextran - coated SPIO nanopar-
ticles that are both biocompatible and water - miscible. Polymer coating usually 
involves post - synthesis coating methods, although recent studies have explored 
ways of coating with polymers or copolymers  in situ   [10, 11] . This type of process, 
which is sometimes referred to as the  “ one - pot synthesis ”  method, has several 
advantages over other methods, including a reduced aggregation because the 
particles are coated immediately and there are fewer processing procedures. 
However, the presence of polymers during nanocrystal nucleation and growth can 
cause imperfections on the crystal structure and morphology of the magnetic 
nanoparticles obtained through these processes, which could in turn signifi cantly 
compromise their magnetic properties. 

 One of the challenges with polymer chemistry is that it needs to be compatible 
with the material that it encapsulates, particularly if the nanoparticles are biodrug -  
or protein - loaded, and also with the types of ligand that are to be attached to the 
surface. This is not simple or straightforward, however. Encapsulation effi ciency 
is not great or consistent for all methods, and the ability to control the thickness 
of the coating and limit the size of the nanoparticles to just tens of nanometers 
may not always be feasible. 

 One state - of - the - art technology for the synthesis of nanocapsules involves 
 electrohydrodynamic  ( EHD ) technology  [12, 13] . The EHD encapsulation process 
involves pumping nanoparticle components as fl uids via coaxially arranged 
capillaries/needles across a high - voltage region onto a collector surface. The 
action of the electric fi eld and rapid solvent evaporation between the fl uid ejection 
nozzle and the collector electrode cause the electrosprayed liquids to form poly-
meric nanocapsules. The advantage of EHD technology over conventional encap-
sulation strategies is that it is possible to control shell thickness and shell 
porosity. 

 The use of biocompatible silica or gold is also widespread in the encapsulation 
of magnetic nanoparticles for developing MRI contrast agents. These inert shells 
serve to both protect against chemical degradation of the magnetic cores and 
prevent the release of potentially toxic components from the core. In addition, the 
use of alkoxysilanes such as  3 - aminopropyltriethyoxysilane  ( APS ) allows surface -
 reactive groups to be easily added to these shell structures for functionalization 
with specifi c targeting agents and other ligands. Recently, Ma  et al.  described a 
multifunctional magnetic nanoparticle composed of iron oxide cores of approxi-
mately 10   nm, surrounded by a shell of SiO 2  which was 10 – 15   nm thick  [14] . In 
these studies, an organic dye was doped inside a second silica shell to create a 
superparamagnetic nanoparticle with luminescent properties for application in 
biomedical imaging.  
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  5.4 
  MRI  for  In Vivo  Diagnostics 

  5.4.1 
 Principles of  MRI  

 MRI is a powerful  in vivo  imaging modality for cancer detection and diagnosis. 
The technique is based on the property that hydrogen protons will align them-
selves according to an applied magnetic fi eld,  B  0 . A  radiofrequency  ( RF ) pulse 
sequence is applied perpendicular to the applied magnetic fi eld, and the net mag-
netic moment of the protons that are perturbed from  B  0  is measured when the 
pulse sequence ends. The process through which these protons return to their 
original state after the pulse sequence is referred to as  relaxation . The relaxation 
of the proton is measured by coils in the MR scanner, whereupon longitudinal 
relaxation (T 1  - recovery) and transverse relaxation (T 2  - decay) times are acquired to 
generate an MR image. Local variation in relaxation due to variations in the chemi-
cal and physical nature of the tissues within the body corresponds to image con-
trast. The ability of MRI techniques to generate excellent contrast based on the 
intrinsic properties of the tissue means that the use of an exogenous contrast agent 
is not always necessary. However, there are many instances where better lesion 
visualization and vascular characterization are desirable, particularly for evaluating 
tumors. 

 SPIO nanoparticles provide MR contrast enhancement by shortening both the 
longitudinal and transverse relaxation times of surrounding proton nuclear spins. 
Compared to micrometer - sized magnetic particles or chelates of paramagnetic 
ions, such as  gadolinium diethylenetriaminopenta - acetic acid  ( Gd - DTPA ), mag-
netic nanoparticles are much more effi cient at promoting relaxation. The effect of 
magnetic nanoparticles on T 2  shortening is caused by the large magnetic suscep-
tibility difference between the particles and the surrounding medium, which 
results in magnetic fi eld gradients. SPIOs affect the T 2  relaxation time more sig-
nifi cantly than T 1 , whereas Gd chelates predominantly affect T 1 . This more pro-
nounced shortening of T 2  results in a darkening of the image (negative contrast) 
where the SPIOs are located. 

 Relaxivity refers to the property of metal ions to increase the proton relaxation 
time. The relaxivity of a sample varies with not only the experimental variables 
such as the magnetic fi eld strength, temperature, and the medium in which the 
measurements are made, but also the magnetic properties of the contrast agent, 
which can be affected by the characteristics of the coating on the surface of the 
nanoparticle and by the composition of the iron oxide core. Novel formulations of 
magnetic nanoparticle cores, such as metal - doped iron oxide nanocrystals and 
metallic/alloy nanocomposites, produce high magnetic moments that increase 
their signal - to - background ratios under MRI and generate better imaging results. 
These metal ferrites with a composition of MFe 2 O 4  (where M is a +2 cation of Mn, 
Fe, Co or Ni) have been fabricated by various methods to tune specifi c magnetic 
properties  [15] . Through a comparison of various metal - doped ferrite nanoparti-
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cles, Lee  et al.  have shown that MnFe 2 O 4  nanoparticles appear to possess a higher 
magnetic susceptibility than magnetite nanoparticles, and hence would make 
better MRI probes  [16] .  

  5.4.2 
  SPIO  s  as  MRI  Contrast Agents 

 Currently, Gd - based contrast agents for MRI are used routinely in clinical practice. 
While the gadolinium(III) ion has an excellent ability to catalyze the relaxation of 
the MRI water signal due to its seven unpaired electrons  [17] , it must be chelated 
to a low - molecular - weight organic molecule (usually DTPA) to make it biosafe. In 
addition to the differences mentioned in Section  5.4.1 , Gd chelates and SPIOs 
differ in their biodistribution: Gd chelates distribute in the extracellular, interstitial 
space, whereas SPIOs are taken up by phagocytic cells  [18] . 

 SPIO nanoparticles have been explored for several years as improved MRI 
contrast agents for the detection and diagnosis of solid tumors. MRI of liver 
tumors and metastases via the RES - mediated uptake of SPIOs has been shown 
capable of distinguishing lesions as small as 2 – 3   mm  [19] . SPIOs, when used 
as MRI agents, have also been shown to be effective in the identifi cation of 
clinically occult lymph node metastases in prostate cancer  [20] . Such capabilities 
have signifi cant clinical value, as the identifi cation of lymph node metastases is 
an essential component of tumor staging, and is critical for making therapeutic 
decisions when treating diseases such as cancer of the prostate gland, breast, and 
colon. 

 It has been known for many years that SPIOs have the potential for an improved 
delineation of brain tumor margins and for quantifying tumor volumes in MR 
images  [21] . Gd chelate - based contrast agents are typically limited by the edema 
that typically surrounds the tumor and the diffusion of these small molecules from 
the tumor vasculature. Varallyay  et al.  conducted a comparison of SPIO nanopar-
ticles    –    ferumoxide (100   nm) and ferumoxtran - 10 (30   nm iron oxide coated with 
dextran)    –    with Gd chelate for imaging intracranial tumors, and showed that the 
SPIO - based contrast agents allowed a prolonged delineation of the tumor margins 
due to an enhanced cellular internalization and a slower clearance from the tumor 
site  [22] . Neuwelt  et al.  have utilized ferumoxytol nanoparticles (30   nm iron oxide 
coated with semi - synthetic carbohydrate) for MRI and  magnetic resonance angio-
graphy  ( MRA ) in brain malignancy, where ferumoxytol served as a blood pool 
agent  [23] .  

  5.4.3 
 Specifi c Targeting of Tumors for Imaging 

  In vivo  imaging modalities have traditionally been employed for assessing the 
location, size, and other anatomical features of tumors for diagnosis, as well as 
changes in those features for determining any response to treatment and progno-
sis. However, as molecular abnormalities might correlate with an abnormal 
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behavior of cancer cells, the detection of such biomarkers may help diagnose 
and predict the aggressive and invasive natures of malignant lesions, and thus 
provide additional clinical insight into the management of cancers. Targeting 
ligands (e.g., proteins, peptides, aptamers, small molecules) possess a high 
affi nity for the unique molecules found on cancer cells, and hence can facilitate 
their detection. Monoclonal antibodies   ( mAb s) are the most prevalent targeting 
agents used in myriad techniques and methods, including the targeting of 
magnetic nanoparticles to tumors. For example, trastuzumab (Herceptin ® )    –    an 
FDA - approved therapeutic mAb against the HER2/neu (erbB2) receptor    –    was 
recently used as a targeting agent by Huh  et al.  to demonstrate Herceptin - mediated 
specifi c targeting of DMSA - coated magnetite nanoparticles to cells expressing the 
HER2/neu cancer marker for the  in vivo  magnetic resonance detection of cancer 
 [24] . 

  Chlorotoxin  ( CTX ), a scorpion - derived peptide that can specifi cally bind to 
gliomas and tumors of neuroectodermal origin, has recently been shown to 
serve as an effective targeting agent for tumors of neuroectodermal origin 
 [25, 26] . According to Deshane  et al. , CTX might target the matrix metallo-
proteinase - 2 protein complex, which is upregulated in gliomas  [27] . Magnetic 
nanoparticles functionalized with CTX have been shown to accumulate in 
gliomas and to provide a more thorough contrast enhancement of these tumors 
 [28] . 

 An area of extensive investigation has been the targeting of magnetic nanopar-
ticles to receptors overexpressed on the tumor neovasculature. The formation of 
new blood vessels    –    termed  angiogenesis     –    is an essential component of tumor 
growth, and has been shown to be highly specifi c for neoplasia  [29] . A large 
number of angiogenesis markers, including the  α  v  β  3  integrin,  vascular endothelial 
growth factor  ( VEGF ), and cell surface nucleolin, have been identifi ed as potential 
targets for the tumor vasculature  [30] . Targeting agents, such as the Arg - Gly - Asp 
(RGD) peptide that has a high affi nity for the  α  v  β  3  integrin, have been evaluated 
for the specifi c targeting of magnetic nanoparticles for imaging of a variety of 
tumors, as well as tumor angiogenesis  [31, 32] .   

  5.5 
  MRI  for the Monitoring of Treatment 

 While liposomal nanoparticles have already been shown capable of targeting 
brain tumors after their intravenous administration  [33] , an assessment of 
nanoparticle accumulation and retention has been hindered by a lack of noninva-
sive methods to monitor the time course of nanoparticle distribution within 
the brain. Chertok  et al.  explored the opportunity provided by magnetic nanopar-
ticles for both magnetically targeted accumulation of drug in the brain tumor and 
noninvasive MRI monitoring  [34] . These authors were able to actively retain (via 
an externally applied magnetic fi eld) the fraction of magnetic nanoparticles that 
passively reached the brain tumor site after intravenous administration, and to 
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successfully monitor the nanoparticle accumulation and time course of distribu-
tion and elimination of magnetic nanoparticles in brain tumors. For this, the 
magnetic targeting was tested in rats harboring orthotopic gliosarcomas, after 
which image analysis revealed that the magnetic targeting had induced a fi ve - fold 
increase in total glioma exposure to magnetic nanoparticles compared to nontar-
geted tumors. 

 In another recent study conducted in a rat model, Reddy  et al.  showed that 
magnetic nanoparticles linked to the F3 peptide, which binds to nucleolin expressed 
on cancer cells, could be used to target brain tumors, to treat the gliomas by pho-
todynamic therapy, and to monitor the treatment effi cacy by using the magnetic 
nanoparticles as a contrast agent for MRI  [35] . This research group was thus able 
to show that magnetic nanoparticles could be used to combine photodynamic 
therapy and treatment monitoring. 

  Convection - enhanced delivery  ( CED ) represents a creative approach for bypass-
ing the  blood – brain barrier  ( BBB ) when delivering magnetic nanoparticles to the 
brain. CED is a direct intracranial delivery method that involves distributing drugs 
through the brain tissue via surgically implanted catheters. The technique uses 
hydrostatic pressure gradient to convect agents by bulk fl ow to an area that is larger 
than could be achieved via diffusion alone  [36] . The drugs can be delivered con-
tinuously through the catheter, thus enabling a large - volume distribution of high 
drug concentrations, and with minimal systemic toxicity. However, successful 
delivery of magnetic nanoparticles using the CED method was not demonstrated 
until very recently, when Perlstein  et al.  reported the successful delivery of 
maghemite nanoparticles  [37] . By using a rat brain model, these authors showed 
that the addition of sucrose or PEG to saline, which contained magnetic nanopar-
ticles, to increase the viscosity of the infusate could lead to an increase in CED 
effi cacy. The same group also established the use of MRI for the reliable depiction 
of magnetic nanoparticle distribution. Hence, a combination of CED and the 
advantages of magnetic nanoparticles could represent a powerful means of moni-
toring not only the delivery of therapeutic agents but also the spatial distribution 
of the delivery system.  

  5.6 
 Application of Magnetic Nanoparticles in  In Vitro  Diagnostics 

 One of the most common uses of magnetic nanoparticles for  in vitro  diagnostics 
has involved the ability to manipulate their movement by applying an external 
magnetic fi eld, and thus to simplify the isolation, extraction, and purifi cation of 
macromolecules (i.e., proteins or nucleic acids) and cells. In this way, magnetic 
nanoparticles can be used to separate out and enrich rare cells and molecules from 
complex biological samples. Moreover, such an ability to detect rare cancer cells 
could provide a means of not only detecting the development of cancer but also 
of monitoring residual disease for determining a patient ’ s susceptibility to recur-
rence/relapse. By coating iron oxide nanoparticles with a shell of  quantum dot s 
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( QD s)  [38]  or dye - doped silica  [39] , or by constructing nanocomposites comprised 
of magnetic nanoparticles and QDs  [40, 41] , fl uorescent magnetic nanoparticles 
have been cleverly synthesized for simultaneous cell separation and  in vitro  fl uo-
rescent imaging. 

 Another clear way in which magnetic nanoparticles have contributed to state - of -
 the - art advances in diagnostics has been by eliminating the dependence of immu-
noassays and DNA detection systems on fl uorescent and/or radiolabeled antibodies 
(specifi c design schemes and technologies are described in greater detail below). 
Overall, the impact of magnetic nanoparticles on  in vitro  diagnostics has not been 
via the creation of entirely novel technologies  per se , but rather by their ingenious 
incorporation into improved designs for detection platforms that enhance the 
usability, effi ciency, and performance of the assays. 

  5.6.1 
 Magnetic Nanoparticle - Based Improvements on Immunoassays 

  5.6.1.1   Electrochemical Immunoassays 
 Electrochemical detection, which is also referred to as the  potentiometric tech-
nique , involves a fi eld effect transistor device in which the current fl owing between 
the source and the drain is affected by the presence of analytes. By measuring the 
voltage as the current is affected, it is possible to determine the analyte concentra-
tions. Tang  et al.  built an immunoassay system that utilized magnetic nanoparti-
cles as an integral component of an electrochemical measurement device that 
could be regenerated, and this microfl uidic immunosensor has the potential to be 
developed into a lab - on - a - chip device  [42] . The assay system consisted of four gold 
electrodes for measuring four different analytes, plus an Ag/AgCl reference elec-
trode. Antibodies to four cancer biomarkers    –     carcinoembryonic antigen  ( CEA ), 
  α  - fetoprotein  ( AFP ), and cancer antigens CA125 and CA15 - 3   were adsorbed onto 
NiFe 2 O 4  (core)/SiO 2  (shell) nanoparticles (25   nm). The functionalized nickel ferrite 
nanoparticles were then attached to the surface of the gold electrodes via an exter-
nal magnet close to each electrode. Each electrode contained a  different  set of 
antibodies immobilized on the magnetic nanoparticle. 

 When antibodies are immobilized on the electrode, the surface charge of the 
electrode refl ects the net charge of the immobilized antibody. (Proteins in aqueous 
solution have a net electrical charge polarity, which is dependent on the isoelectric 
points of the protein and the ionic composition of the solution.) When antigen 
molecules are present in the solution and bind to antibodies on the electrode 
surface, this immunochemical reaction causes a change in the surface charge, 
which can be measured potentiometrically against the reference electrode as a shift 
in electric potential (in mV). After each immunoassay, the electrodes can be regen-
erated by pulling away the magnetic nanoparticles via an external magnetic fi eld, 
and subsequently washing the electrodes. 

 Immunoassays represent the predominant analytical methods for the quantita-
tive detection of protein or peptide biomarkers of cancer. While the majority 
of immunosensor strategies require the labeling of antibodies, the technology 
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developed by Tang  et al.  is based on the measurement of electrochemical signals 
and does not require antibody labeling, which could make signal quantifi cation 
easier. Electrochemical detection strategies have been employed not only for 
protein detection and analysis  [43, 44]  but also for monitoring hybridization reac-
tions  [45] .  

  5.6.1.2   Immunoassays Using Magnetic Luminescent Nanoparticles ( MLNP  s ) 
 Nichkova  et al.  developed magnetic nanoparticles (200 – 400   nm) with an iron oxide 
core doped with cobalt and neodymium (Co:Nd:Fe 2 O 3 ) and a luminescent shell of 
gadolinium oxide and europium (Eu:Gd 2 O 3 ), and have shown that the application 
of these MLNPs as an internal luminescent standard in quantitative immunoas-
says can eliminate the experimental error that could be introduced in particle 
handling  [46] . The multiplexed sandwich immunoassay involved dual binding 
events on the surface of the MLNPs that had been functionalized with capture 
antibodies    –    the target proteins were fi rst captured by the antibodies immobilized 
on the surface of the MLNPs, after which the secondary (reporter) antibodies 
labeled with conventional organic dyes were allowed to bind to the captured 
proteins. 

 The magnetic property of the MLNPs allowed the manipulation of this MLNP -
 immunocomplex by an external magnetic fi eld in the separation and washing 
steps, and eliminated the need for centrifugation and fi ltration. The identity and 
concentration of each analyte were determined by the position and intensity of its 
distinct peak in the fl uorescence spectrum. The intrinsic luminescence property 
of MLNPs served as an internal standard and enabled calibration, as well as quality 
control of extraction, detection system, and assay performance. The ratio of the 
intensity of the fl uorescent peak and the intensity of the MLNP emission ( I  reporter / I  Eu ) 
was directly proportional to the analyte concentration. The authors noted that 
MLNPs with different emission wavelengths could be easily obtained by the incor-
poration of different lanthanide ions (e.g., Eu and Tb). 

 Through this study, the authors have demonstrated proof of concept by func-
tionalizing MLNPs with goat anti - mouse, anti - rabbit, and anti - human IgG anti-
bodies for the quantitation of rabbit, mouse, and human IgG as analytes. However, 
further studies are required to test the functionality of these nanoparticles in 
quantitating cancer biomarkers in clinical samples.   

  5.6.2 
 Magnetic Relaxation Switch ( MRS  w ) Biosensors for Multi - Sample Analysis 

 To date, MR - based diagnostics have been associated primarily with  in vivo  MRI, 
the application of MR for  in vitro  diagnostics having been precluded because 
MRI technology was not designed for the analysis of small volumes ( < 1   ml) of 
body fl uids. During the past few years, however, there has been a surge in research 
on superparamagnetic nanoparticles known as  magnetic relaxation switch es 
( MRSw s), which have enabled these limitations to be overcome  [47] . Today, 
MRSws have enabled the detection of many different types of analyte, including 
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nucleic acids, proteins, and cells  [48 – 51] . In fact, one of the most promising attri-
butes of an MRSw assay is that it allows the analysis of complex samples (e.g., 
blood) without having to undertake time - consuming purifi cation and processing 
steps  [51, 52] . 

 The general principle behind the MRSw is based on the phenomenon where, 
in the presence of a magnetic fi eld, the formation of induced magnetic dipoles in 
the superparamagnetic nanoparticles creates fi eld nonuniformities. These nonuni-
formities cause a spin dephasing of the hydrogen protons ( 1 H) of water, which in 
turn leads to a time - dependent exponential decrease in the proton signal that is 
detected by applying a RF pulse sequence  [50] . The resulting exponential relaxation 
curve decays according to a time constant, T 2 , and change in T 2  is linearly corre-
lated with the analyte concentration. The key event in MRSw assays is the  clustering 
of functionalized nanoparticles in the presence of target analytes . This transition (or 
 “ switch ” ) from a dispersed to a clustered state leads to a decrease in T 2  of the 
aqueous medium surrounding the particles. In order to measure T 2  variations 
between samples, measurements from the test sample and at least one reference 
sample must be taken to produce calibrated results. To date, this has been achieved 
by making sequential measurements. 

 Recently, Lowery  et al.  developed a simpler MRSw diagnostics system 
which involved a single - step signal acquisition method for measuring the T 2  
values for two samples (test and reference) simultaneously, inside a single RF 
coil  [53] . The nanoparticles (25 – 30   nm) consisted of monocrystalline iron oxide 
cores with crosslinked dextran coatings and were functionalized to selectively 
bind the desired analyte. The analysis of signals from multiple samples meant 
having to overcome problems associated with a multiexponential analysis, one 
major limitation of which is the poor resolution of closely spaced T 2  constants. 
Relatedly, when the difference in decay constants is below the limit of resolution, 
the output results become unreliable and could lead to false positive or false nega-
tive results if used for medical diagnostics  [54] . Lowery  et al.  showed that it was 
possible to reliably discriminate T 2  values from biexponential relaxation curves, 
and demonstrated the resolution of T 2  values at ratio of  ∼ 2.5  [53] . However, this 
technology is still at an early proof - of - concept stage, as the experiments have been 
performed on biotinylated nanoparticles to measure avidin concentrations in 
samples. 

 Kim  et al.  employed MRSws to successfully detect the presence of the  β  subunit 
of  human chorionic gonadotrophin -  β   ( hCG -  β  ), the elevated serum levels of 
which are associated with malignancies that include testicular and ovarian cancers 
 [55] . Ordinarily, the analyte should be multivalent (i.e., able to bind to multiple 
antibodies) in order for the MRSw assay to work, but because hCG -  β  is not mul-
tivalent, Kim  et al.  designed a two - particle system in which a pair of mAbs that 
could recognize two nonoverlapping epitopes on hCG -  β  were conjugated to the 
crosslinked iron oxide nanoparticles. Again, the goal of the study was to demon-
strate proof - of - concept, and the authors noted that the control of aggregate size 
would be important in enhancing the dynamic range and stability of this type of 
assay.  
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  5.6.3 
  DNA  Sequence Detection by Brownian Relaxation Frequency Measurement 

 While previous sections have dealt with assays primarily for protein detection, this 
section highlights an advance that employs magnetic nanoparticles in the label -
 free detection and quantitation of specifi c DNA sequences. Having information 
regarding the presence and abundance of specifi c DNA sequences would be vitally 
important in clinical diagnostics. Previously, DNA sequence detection strategies 
have generally relied on a hybridization reaction between a target DNA molecule 
and a probe molecule that is complementary to the target. One approach towards 
improving the existing technology has been to develop an assay system in which 
these hybridizations could be monitored without having to use fl uorescence - based 
detection methods. 

 Stromberg  et al.  developed a DNA sequence detection assay that uses magnetic 
nanobeads functionalized with single - stranded oligonucleotides ( ∼ 150   nm) to 
serve as signal generators in a system where the target DNA is recognized and 
amplifi ed by  rolling circle amplifi cation  ( RCA )  [56] . In order to achieve a high 
detection sensitivity, it is often necessary to amplify the number of target mole-
cules or the signal from the target. RCA could be considered an alternative 
approach to the  polymerase chain reaction  ( PCR ) for the amplifi cation of gene 
sequences to be detected. RCA involves the use of oligonucleotide probes that are 
able to circularize upon binding to the target DNA (padlock probes)  [57] . The 
padlock probes are designed in such a way that when they are properly hybridized 
to the target strand, the 5 ′  and 3 ′  ends of the linear form of the probe line up next 
to each other, and are then joined by DNA ligase to form a closed, circular probe. 
Once circularized, they can serve as a template for enzymatic amplifi cation by 
DNA polymerase via the RCA mechanism  [58] . What is then generated is a long 
coil of single - stranded DNA consisting of many tandem copies of the padlock 
probe. 

 Stromberg  et al.  adopted an approach originally developed by Connolly and St. 
Pierre  [59] , which involves measurement of the change in Brownian relaxation 
frequency of magnetic nanobeads in aqueous solution. When the oligonucleotide -
 tagged magnetic nanobeads hybridize by base - pairing to a specifi c repeating 
sequence motif in the RCA coils, the result is an increased hydrodynamic diameter 
of the nanobeads (essentially corresponding to the diameter of the RCA coil) and 
a decreased Brownian relaxation frequency. This can be visualized in a magnetiza-
tion spectrum. In other words, the change in magnetic response of the nanobeads 
due to the hydrodynamic volume increase would occur only if there were RCA 
coils to which the magnetic nanobeads could attach, and the RCA coils would have 
been produced only if the target DNA sequence were initially present to enable 
the circularization of the padlock probe. Stromberg  et al.  referred to this as  “ vol-
ume - amplifi ed ”  detection  [56] . 

 The magnetization spectrum (magnetic response plotted as a function of Brown-
ian relaxation frequency, m ″ (f)) exhibits two peaks for positive samples. The 
smaller peak at low frequency corresponds to RCA coils with incorporated 
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nanobeads, and the taller peak at high frequency arises from, and gives a measure 
of, the number of free beads. According to Stromberg  et al. , the samples can be 
discriminated as being positive or negative for target DNA sequence by measuring 
the level of m ″  (emu   g  − 1 ) at the high - frequency peak (i.e., at the Brownian relaxation 
frequency for the free beads), while the concentration of RCA coils can be deter-
mined down to the p M  range from the magnetization spectrum  [56] . Sample 
preparation, RCA times, nanobead surface coverage with oligonucleotides, and 
other aspects of the experimental protocol still require optimization. Nonetheless, 
with a view towards developing this into a point - of - care diagnostic device, the 
authors have proposed that if suffi ciently small beads were used it would be pos-
sible to detect the magnetic signal at a suffi ciently high frequency where the 
intrinsic voltage noise of the sensor (white noise) would be minimal. This detec-
tion principle, based on Brownian relaxation frequency, has also been demon-
strated in the case of antigen – antibody binding  [60] .   

  5.7 
 Detection of Circulating Tumor Cells 

 The most notable success of the application of magnetic nanoparticles in  in vitro  
diagnostics has been in the commercialization of the CellSearch System by 
Veridex, LLC, for monitoring disease progression in patients with metastatic 
breast, colorectal, or prostate cancer  [61] . The CellSearch System is being pro-
moted as a powerful tool for measuring the number of  circulating tumor cell s 
( CTC s) in the blood to derive prognostic information. The system involves enrich-
ing for CTCs using ferrofl uid (colloidal fl uid of magnetic nanoparticles coated with 
antibodies targeting the epithelial cell adhesion molecule); in this way, tumor cells 
of epithelial origin can be magnetically separated from the bulk of the cellular 
material within the blood sample. The CTCs are then stained with mAbs against 
cytokeratin, the intermediate fi laments of epithelial cells. In order to distinguish 
contaminating leukocytes from CTCs, a pan - leukocyte mAb against CD45 is also 
used to stain the cells. An external magnetic force is applied to pull the cells to 
the surface of the cartridge that contains the sample, and to hold the cells in place 
at a single focal depth. These cells are then scanned by the fl uorescence optical 
system, and the images of fl uorescence events presented to the user for classifi ca-
tion of the cells: CTCs are positive for cytokeratin, but negative for CD45. When 
using this CellSearch System, it is possible to detect just a few CTCs per 7.5 ml 
of blood. Moreover, the results of clinical studies have shown that, in patients with 
metastatic breast cancer, the presence of more than fi ve CTCs per 7.5 ml of blood 
is prognostic of a short progression - free survival and short overall survival  [62] . 

 Magnetic nanoparticles have tremendous potential to be developed into various 
platforms for the enrichment and detection of CTCs in the peripheral blood of 
patients with cancer, and this has enormous clinical implications for the monitor-
ing and treatment of cancer patients. Recent studies have shown that CTCs are 
present in 30% of patients with early - stage breast cancer, and in over 50% of those 
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with metastatic breast cancer  [63] . Some new approaches that can be adapted for 
CTC detection are described in the following section.  

  5.8 
 Aptamers as an Alternative to Antibodies 

 Although many of the above - described platforms and methods require the use of 
antibodies for specifi c targeting, several challenges and limitations exist with 
regards to the use of antibodies. First, the production of antibodies involves raising 
them in animals (as opposed to chemical synthesis), and a newly produced batch 
may behave quite differently from an older batch (e.g., they may not have the same 
level of specifi city or binding characteristics). This is a concern particularly for  in 
vitro  diagnostics, where the reproducibility of quantitative measurements is heavily 
dependent on the consistent quality of reagents. While it is important to conjugate 
antibodies to nanoparticles in a reproducible manner to consistently generate a 
certain level of specifi city, the controlled conjugation of antibodies to nanoparticle 
surfaces is not always possible. Most importantly, specifi c antibodies against many 
of the protein analytes or cell - surface molecules of interest are simply unavailable. 
Consequently, one very active area of research is the development of aptamers as 
a promising antibody alternative for conjugation to nanoparticles when targeting 
cancer cells. 

 Aptamers may be peptide, DNA, or RNA segments that fold into complex three -
 dimensional structures with distinct molecular binding motifs. The aptamers in 
all of the following studies were selected using a process known as cell - based 
SELEX (systematic evolution of ligands by exponential enrichment), which identi-
fi es sequences with strong binding affi nities for live cancer cells that express a 
variety of unique surface markers. The process starts out with a DNA library and 
generally involves multiple binding and washing/elution steps (upwards of 25 
rounds of selection) with increasing stringency of washes (e.g., longer wash times, 
greater wash volumes, increasing numbers of wash cycles), where the unbound 
DNA is washed away and the bound DNA is eluted. The eluate containing aptam-
ers with an affi nity for the target cells can be counterselected against control cells, 
so as to increase the specifi city of the aptamers. 

 It has been shown that acute leukemia cells could be detected successfully 
by using high - affi nity DNA aptamer - conjugated magnetic nanoparticles  [64] . Here, 
the aptamer was an 88 - base oligonucleotide with binding specifi city for acute 
leukemia cells, and the aptamer was attached to iron oxide nanoparticles (65   nm) 
and fl uorescent nanoparticles to develop a platform for the collection and imaging, 
respectively, of intact leukemia cells from whole blood samples. Smith  et al.  
used this platform to demonstrate that multiple cancer cell types can be extracted 
from a complex mixture (i.e., fetal bovine serum spiked with CCRF - CEM, Ramos, 
and Toledo cancer cells) by a multiple cell extraction procedure using three 
different sets of aptamers with specifi city for acute leukemia cells (CCRF - CEM), 
Burkitt ’ s lymphoma cells (Ramos), and non - Hodgkin B - cell lymphoma cells 
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(Toledo)  [65] . For imaging, these aptamers were bound to three spectrally different 
fl uorophore - doped silica nanoparticles (cy5 - doped, Rubpy - doped, and TMR - doped 
nanoparticles). 

 Chen  et al.  showed that aptamers conjugated to magnetic and fl uorescent 
nanoparticles could be effectively employed to extract and enrich  small cell lung 
cancer  ( SCLC ) cells from whole blood (spiked with SCLC cells), and to detect SCLC 
cells in sections of formalin - fi xed paraffi n - embedded SCLC and  non - small cell 
lung cancer  ( NSCLC ) cells  [66] . This cell - based SELEX strategy involved generating 
DNA aptamers (71 - base single - stranded DNA) that were specifi c for molecular 
markers on SCLC cells but did not cross - react with normal epithelial cells nor 
NSCLC cells; the result was fewer false positives and a greater selectivity. This 
approach could represent a tremendous advantage over the use of antibodies, 
which may cross - react with atypical epithelial cells and not have suffi cient specifi c-
ity. As noted above, this method also has the potential for enriching rare CTCs 
from peripheral blood for analysis.  

  5.9 
 Conclusions 

 Today, magnetic nanoparticles of novel and various formulations are being devel-
oped for the improved  in vivo  and  in vitro  diagnosis of cancer. Areas of focus for 
magnetic nanoparticle research and development have included improved biocom-
patibility, optimization of specifi c targeting, enhanced  in vivo  imaging, and novel 
signal detection and measurement platforms for molecular diagnostics. In particu-
lar, the use of magnetic nanoparticles as both MRI contrast agents and nanocar-
riers has attracted enormous attention, as they hold tremendous promise as 
multifunctional agents that can perform imaging, drug delivery, and real - time 
monitoring simultaneously. Bioengineers and chemists are making great advances 
in the synthesis of new metal/alloy composite nanoparticle cores to enhance their 
magnetic properties. They are also exploring novel nanomaterials for surface 
coating to improve the biocompatibility and biosafety of magnetic nanoparticles. 
One critical component of the bench - to - bedside translation of these advances for 
magnetic nanoparticle - based therapy is the continued investigation into relation-
ships between the physico - chemical properties of the nanostructures and their 
behavior  in vivo , which is currently poorly understood. Hence, a greater insight 
into the mechanisms that dictate the fate of nanoparticles  in vivo  is required. 

 In the case of magnetic nanoparticle - based  in vitro  diagnostics, one major chal-
lenge in the translation of these platforms    –    for which proof - of - concept has been 
demonstrated in simple test solutions of analytes, or by using common biomarkers 
found in great abundance    –    is to determine whether their performance holds up 
in clinical samples and for low - expression cancer biomarkers that are meaningful 
for diagnosis, prognosis, and a prediction of response to therapy. As research 
groups begin to consider moving their assay systems forward, beyond the proof -
 of - concept stage, a variety of factors related to assay performance must be consid-
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ered. What types of controls are used? What will be used as calibrators and 
reference standards? How robust and reproducible are the readouts, and what are 
the error rates? Ultimately, the assay ’ s fi tness for purpose must be established by 
assessing its performance on specimens or models that parallel clinical practice. 
However, because the specimens obtained for laboratory diagnostics are frequently 
contaminated with stabilizers and fi xatives, any detection platforms developed 
using simple solutions of analytes may fail completely in the presence of these 
contaminants. Hence, it would be critical for the bioengineers and chemists to 
collaborate with molecular biologists, laboratory pathologists, and clinicians as 
soon as possible in the timeline of development for these assays.  
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  6.1 
 Introduction 

  Magnetic iron oxide nanoparticle s ( MNP s) have been widely studied for 
applications in biology and medicine, such as drug delivery and targeting (drugs, 
antibodies, antibody fragments, streptavidin, genes, and radiopharmaceuticals), 
 magnetic resonance imaging  ( MRI ), diagnostics, immunoassays, RNA and DNA 
purifi cation, cell separation and purifi cation, as well as hyperthermia. For biomedi-
cal applications, most MNPs are prepared from either magnetite (Fe 3 O 4 ) or 
maghemite ( γ  - Fe 2 O 3 ), with the iron particle size being a determining factor in most 
biological applications. For example, a particle size of  < 100   nm is more effective for 
providing a uniform dispersion, an optimal surface area, and improved tissue pen-
etration. Therefore, MNPs in the nanometer range are advantageous  in vivo  applica-
tions, not only for their favorable circulation time but also for their ability to pass 
through the capillary systems of the tissues, thus avoiding vessel embolism. 

 Today, MNPs continue to gain importance in the biomedical fi eld due to their 
properties such as nontoxicity, nonimmunogenicity, biocompatiblility, and an 
ability to accumulate in target tissues or organ. Another attraction of MNPs is their 
high magnetic fl ux density, a feature which is used for applications such as drug 
targeting and bioseparation, including cell sorting. Currently, MNPs continue to 
attract attention due to their potential use as contrast agents for MRI, and also as 
heating mediators for cancer thermotherapy (hyperthermia). Originally,  small iron 
oxide  ( SIO ) particles, which were designed as liver contrast agents, had diameters 
in the range of 200 – 300   nm. Subsequently,  ultra - small paramagnetic iron oxide  
( USPIO ) particles were developed to address the need for a macromolecular agent 
to be used in MR angiography, and which was based on iron. In the formulation 
known commercially as Combidex ®  and chemically as ferumoxtran - 10, the 
USPIO are dextran - coated; with diameters of 20 – 30   nm they can serve as blood 
pool agents. 

 When injected intravenously, MNPs circulate intravascularly and can be used 
to evaluate both renal blood volume and renal blood fl ow  [1] . Unlike SIO particles, 
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which must be administered slowly, the newer versions of USPIO particles (e.g., 
ferumoxytol) appear to be safe even when injected rapidly  [2, 3] , and consequently 
dynamic intravascular blood fl ow measurements are possible when using these 
agents. Hence, MNPs with a diameter  < 100   nm are currently and effectively uti-
lized in a variety of biomedical applications, and are becoming established prod-
ucts in many patients. In this chapter, attention is focused on the use of various 
forms of MNPs, modifi ed for applications in cancer imaging and therapy. 

 During recent years, a considerable improvement has been achieved in the devel-
opment of MNPs, notably for biomedical applications. Indeed, they have become 
important tools for diagnosis, imaging and therapy to prevent various diseases, 
such as cancer, atherosclerosis, and diabetes, with almost 250 reports having been 
made during the past two years. In this chapter, the aim is to update recent develop-
ments in MNPs, particularly in their use for cancer imaging and therapy. For this 
purpose, the development scheme has been segregated into fi ve areas: (i) MNP 
fabrication and surface modifi cation for cancer treatment; (ii) conjugation of 
various cancer targeting agents on MNPs; (iii)  in vitro  and  in vivo  characterization 
of cancer - targeting nanoparticles; (iv) the application of ligand - directed MNPs for 
imaging and therapy; and (v) ligand - directed MNPs for focused hyperthermia. 

 Over the past two decades, iron oxide nanoparticles have been used in cellular 
therapy, tissue repair, drug delivery, hyperthermia  [4, 5] , MRI  [6 – 8]  for magnetic 
resonance spectroscopy  [9] , for magnetic separation  [10]  and, more recently, as 
sensors for metabolites and other biomolecules  [11 – 13] . Recent research has 
focused on the targeted delivery of iron oxide nanoparticles to sites of interest, and 
this has been accomplished with peptides, antibodies, and small molecules. These 
ligands have emerged from phage or small - molecule screens, or are based on 
antibodies or aptamers. Secondary reporters and combined therapeutic molecules 
have further opened potential clinical applications of these materials. The newer 
generation of MNPs has been developed to target specifi c cell types and molecular 
targets via such affi nity ligands when compared to the fi rst - generation nanopar-
ticles that were mostly nonspecifi c. 

 As noted above, several studies have demonstrated the successful biological 
application of MNPs for drug delivery, molecular imaging, and targeted therapy. 
Although many articles  [14 – 17]  relating to MNPs and their biological applications 
have been produced, they provide very limited information with regards to applica-
tions in cancer. Hence, the aim of this chapter is to provide a comprehensive 
update of the cancer - related applications of MNPs, including drug delivery, 
imaging [including MRI, optical, nuclear, positron emission tomography (PET), 
computed tomography (CT), and single photon emission computed tomography 
(SPECT)], multimodal imaging, and therapy. The chapter is organized in three 
sections. Initially, the synthesis and surface modifi cations of MNPs for biological 
applications is outlined, including methods of fabrication, surface chemistry, and 
physico - chemical characterization. Further, following details of the development 
of MNPs as cancer diagnosis and imaging agents, after which an update is pro-
vided of the application of MNPs in cancer therapy, including cancer therapy, 
hyperthermia and thermal ablation, and MNP - directed toxicity studies.  
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  6.2 
 Synthesis and Surface Modifi cations of  MNP  s  for Biological Applications 

  6.2.1 
 Fabrication of the Magnetic Nanoparticle Core 

 Iron oxide particle cores can be prepared using a variety of methods, the most 
commonly used are listed in Table  6.1 . The most - often used techniques for prepar-
ing nanoparticles are colloidal chemistry, milling,  chemical vapor deposition  
( CVD ) and sol – gel methodology. Iron oxides magnetic nanoparticles have been 
prepared from either aqueous or organic media using colloidal chemistry methods, 
with the overall, fi nal specifi cations meeting requirements for the biological appli-
cations, such as control of particle size and shape, their stability in physiological 
media, and their nontoxicity. A number of reviews have been prepared on the 
various methods of nanomaterials fabrication for biomedical applications 
 [18 – 20] .    

  6.2.2 
 Surface Coatings and Chemistry 

 In order to impart stability and ensure nontoxicity under physiological conditions, 
and also to allow for functionalization and targeting, these nanoparticulate materi-
als require sophisticated coatings. Ideally, the coating materials will have a high 
affi nity for the iron oxide core, be nonimmunogenic, and also prevent opsoniza-
tion by plasma proteins. While the synthesis of particles at high temperatures in 
organic solvents allows for a better control of particle size and morphology  [18, 
19] , the particles must be transferred to aqueous solutions for biological applica-
tions. The aqueous synthesis of iron oxide nanoparticles usually involves the 
neutralization of acidic iron salts in the presence of a coating material  [20] . The 
coatings used have included lipids  [21, 22] , liposomes  [23 – 25] , proteins  [24, 26] , 
dendrimers  [27] ,  polyethylene glycol  ( PEG )  [28] , polyacrylamide  [29] , polysaccha-
rides  [30, 31] , and bisphosphonates  [32] . Many iron oxide particles have been 

 Table 6.1     General classifi cation of nanoparticles synthesis/processing methods.   a    

  Vapor phase    Chemical vapor condensation; hydrogen plasma; laser ablation; fl ame 
pyrolysis, chemical vapor deposition  

  Liquid phase    Sol – gel; microemulsion; hydrothermal; sonochemical; supercritical 
fl uid precipitation process; biological/biomimetic techniques; colloidal 
chemistry approach; microbial  

   Solid phase     Mechanical grinding/milling; mechanical alloying techniques  

    a  Courtesy of W  &  W Services, Spain.   
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commercially prepared and utilized for clinical use (e.g., Ferridex ® , Combidex ® , 
Resovist ® , and AMI - 228/ferumoxytrol); all of these particles differ in terms of 
their surface coatings, which include dextran, carbohydrate, and citrate  [6 – 8, 22, 
33 – 38] . 

 Dextran - coated iron oxide nanoparticles have become an important part of clini-
cal cancer imaging, and have been shown to increase the accuracy of cancer nodal 
staging  [39 – 41] . These particles have also been utilized to better delineate primary 
tumors  [42] , to image angiogenesis  [43] , and in the detection of metastases  [44, 
45] . The particles have also been used to image the infl ammatory components of 
atherosclerosis  [46] . A modifi cation of dextranated iron oxide with targeting 
ligands, such as antibodies  [47] , has also been achieved to increase the affi nity of 
the nanoparticles for their target tissues. One of the main drawbacks, however, is 
that the dextran coating is in equilibrium with the surrounding medium, as it is 
not strongly associated with the iron oxide core. 

 In one report, it was noted that dextran - coated iron oxide nanoparticles had the 
crosslinking (caging) of dextran and its amination  [48] . The resultant particle, 
crosslinked iron oxide (CLIO), allows for a simple functionalization via amide 
bond formation, and also offers superb stability under harsh conditions (e.g., a 
change in size of the dextran coat to increase circulation time). Although CLIO 
has served as an ideal model compound for many experimental applications, is 
unlikely to be developed for clinical use, given the epichlorohydrin - induced cross-
linking involved (this is similar to Sephadex particles). In order to circumvent this 
situation, magnetic nanoparticle preparations with biodegradable, high - affi nity 
coatings are currently being developed by the present authors ’  group, and by 
others.  

  6.2.3 
 Physico - Chemical Characterization of  MNP  s  

 Previously, MNPs have been characterized using  X - ray diffraction  ( XRD ),  vibrating 
sample magnetometry  ( VSM ),  scanning electron microscopy  ( SEM ),  transmission 
electron microscopy  ( TEM ), and  atomic force microscopy  (AFM)  [49] . The molecu-
lar weight and number of functional groups on the MNP ’ s surface have been 
determined using analytical methods such as  gel permeation chromatography  
( GPC ),  nuclear magnetic resonance  spectroscopy ( NMR ), potentiometric titration, 
 high - performance liquid chromatography   (  HPLC ), and ultraviolet (UV) 
spectroscopy.  

  6.2.4 
 Plasma Stability and Pharmacokinetic Profi le of the  MNP  s  

 The biological properties, interaction with plasma proteins, and biodistribution 
(monitored as the pharmacokinetic profi le) of the MNPs throughout the body 
depends on physico - chemical factors such as particle size, surface charge, protein 
adsorption ability, surface hydrophobicity or hydophilicity, drug loading and 
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release kinetics, stability, degeneration of carrier systems, hydration behavior, 
electrophoretic mobility, porosity, specifi c surface characteristics, density, crystal-
linity, contact angle, and molecular weight  [50] . Yet, the  in vivo  behavior of MNPs 
also depends on the dose and administration route (oral or parenteral, including 
delivery routes such as intravenous, pulmonary, transdermal, and ocular), in addi-
tion to less conventional routes, for example when used as scaffold coatings  [51] . 

 For biomedical applications, MNPs should be stable at room temperature in 
water or at neutral pH, they should not aggregate, and they should be biocompat-
ible. Whilst the colloidal stability will depend on the particle size (i.e., it must be 
suffi ciently small so as to avoid sedimentation due to gravity), it will also depend 
on the charge and surface chemistry, which in turn give rise to steric and coulom-
bic repulsions  [52, 53] . 

 Another important criterion for the surface - coating is that it should be physio-
logically well tolerated; for example, dextran – magnetite has been reported to have 
a low toxicity index (LD 50 )  [54] , though this has been the subject of much debate. 
In general, when the MNPs are injected into the bloodstream they are rapidly 
coated by plasma proteins; this process, known as opsonization, is critical in dictat-
ing the fate of the injected particles  [55] . Normally, opsonization will render the 
MNPs recognizable by the  reticuloendothelial system  ( RES ), which serves as the 
body ’ s major defense system. The RES is a diffuse system of specialized cells that 
are phagocytic (i.e., they engulf inert material) and are in association with the 
connective tissue framework of the liver, spleen, and lymph nodes  [56, 57] . The 
macrophage (Kupffer) cells of the liver, and to a lesser extent the macrophages of 
the spleen and circulation, therefore play a critical role in the removal of opsonized 
particles. As a result, the application of nanoparticles, either  in vivo  or  in vitro , 
requires a surface modifi cation that will ensure the particles are biocompatible, 
and are also less prone to opsonization and thus phagocytosed to a lesser degree 
by the RES. 

 The MNPs ’  surface coatings play an essential role in retarding clearance by the 
RES. Uncoated MNPs were shown to be absorbed by the mononuclear phagocyte 
system after systemic administration, followed by clearance by the liver, spleen, 
and bone marrow. Different proteins (antibodies) of the blood serum (opsonins) 
bind to the surface of foreign bodies, accelerating phagocytosis of the particles. In 
order to avoid detection by the RES, biodegradable (e.g., dextran) and nonbiode-
gradable organic and inorganic coatings can be used. However, PEGylated sur-
faces in particular have demonstrated the desired protein - resistant characteristic, 
this having been attributed to the combination of a low interfacial energy in water 
and a steric stabilization effect  [58] . 

 Whereas, MNPs with hydrophobic surfaces are effi ciently coated by plasma 
components and thus rapidly removed from the circulation, those particles which 
are more hydrophilic can resist this coating process and are cleared more slowly 
 [59] . This effect has been used to advantage when attempting to synthesize RES -
 evading particles by sterically stabilizing the particles with a layer of hydrophilic 
polymer chains  [60] . For example, the most common coating materials are deriva-
tives of dextran, PEG,  polyethylene oxide  ( PEO ), poloxamers and polyoxamines 
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 [61] . The role of these dense polymer coating brushes is to inhibit opsonization, 
thereby permitting a longer circulation time  [32, 62] . Another strategy to avoid RES 
is to reduce the particle size  [63, 64]  yet, despite all of these efforts, a complete 
evasion of the RES by these coated nanoparticles has not yet been possible  [59] .   

  6.3 
 Development of  MNP  s  as Cancer Diagnosis and Imaging Agents 

 The ability of nanoparticles to diagnose, image, and treat cancer is an upcoming 
area in the fi eld of biomedical nanotechnology. Today, MNPs are used as MRI 
reagents for numerous diseases, and have recently emerged as the leading imaging 
agents (in both MRI and optical methods) for increasing the accuracy and specifi c-
ity of cancer cell imaging, thereby providing new imaging opportunities in pre-
clinical and translational research. The labeling of cells with MNPs has also 
emerged as a powerful tool to monitor the traffi cking of a large number of cells 
in cell therapy, although the addition of cancer - targeting ligands such as antibod-
ies, peptides, and small ligands has yet to develop in full. The emergence of 
multifunctional nanoparticles as tools to investigate various diseases via imaging 
modalities should provide essential information for patient care. Hence, recent 
advances in the use of MNPs in diagnostic cancer imaging are outlined in the next 
section. 

  6.3.1 
  MNP  s  Used in  MR  Imaging for Cancer Diagnosis 

 SPIO nanoparticles are well known as MRI agents that provide a noninvasive 
method for detecting and labeling tumor cells. As these nanoparticles exhibit the 
unique properties of superparamagnetism, they can be used as excellent probes 
for MRI studies. The majority of investigations have been conducted using a 
magnetic resonance scanner with a high fi eld strength of up to 7   T. SPIO nanopar-
ticles have also emerged as a suitable tool for labeling molecular probes that target 
specifi c tumor - associated markers for  in vitro  and  in vivo  detection by MRI. 
Recently, a number of studies have shown that MRI does indeed allow the very 
sensitive detection of tumor cells, both  in vitro  and  in vivo , by using ligand - directed 
SPIO nanoparticles. As an example, Daga  et al.   [65]  showed that the magnetic 
resonance signal intensity correlated with the concentration of USPIO nanoparti-
cle - linked antibody and antigen density at the cell surface. The same group also 
studied the labeling of natural killer cells with iron nanoparticles, to a level that 
would allow the detection of their signal intensity with a clinical magnetic reso-
nance scanner at 1.5   T. 

 Harisinghani  et al.   [40, 66 – 69]  have performed extensive studies with lympho-
tropic superparamagnetic particles for MRI. Here, the superparamagnetic parti-
cles were absorbed by the macrophages in the lymph nodes, and caused changes 
in the magnetic properties detectable by MRI. After being injected, the particles 
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accumulate in normal lymph nodes and produce a decrease in signal intensity, 
whereas in a lymph node with metastatic disease the signal intensity tends to 
remain high  [66] . Lymphotropic nanoparticle - enhanced MRI, when compared to 
conventional MRI, has been shown to have a higher sensitivity (90.5% versus 
35.4%,  P     <    0.001) and specifi city (97.8% versus 90.4%)  [40, 70] . The main potential 
of the technique lies in the fact that it can be used to identify micrometastases, 
even if they do not grossly alter size or shape of lymph nodes with metastatic 
disease. Indeed, the original report identifi ed metastases of only 2   mm diameter. 
Shih  et al.   [71]  have shown, by using  lymphotropic nanoparticle - enhanced mag-
netic resonance imaging  ( LNMRI ), that the  “ at - risk ”  pelvic nodes confi rm more 
to the vascular than to the skeletal anatomy of an individual. A total of 18 patients 
with nodal disease had their malignant lymph nodes mapped by LNMRI. A nodal 
clinical target volume that included a 2   cm radial margin was found to encompass 
almost 95% of the nodes at risk. Among 20 patients with gynecologic malignancies 
 [72] , LNMRI was used to assess the pelvic nodes and their relationship to the blood 
vessels. Guidelines for outlining the pelvic lymph nodes were also proposed. 
Clearly, LNMRI is a technique that will most likely be used to guide regional 
radiotherapy for many disease sites. 

 Zhang  et al.  developed  α  v  β  3  integrin - targeting USPIOs and used these to monitor 
specifi c uptake by endothelial cells, the aim being to assess the angiogenic profi le 
of tumors, both  in vitro  and  in vivo   [73] . Angiogenesis is an important step for the 
growth and spread of malignant tumors  [74, 75]  and is implicated in several 
cancers, including breast cancer, malignant melanoma, and skin squamous cell 
carcinoma  [76 – 78] . Monitoring of expression of the cell adhesion molecule  α  v  β  3  in 
living subjects would allow a better characterization of tumors, and also help to 
identify tumor regions and provide important targets for tumor diagnosis and 
therapy. 

 Many studies have reported using  α  v  β  3  expression - targeting vectors with PET 
 [79 – 81] , SPECT  [82, 83] , optical imaging  [84, 85] , and ultrasound  [84 – 87] . In order 
to target angiogenic vessels,  α  v  β  3  integrin antibodies have been created and are 
currently undergoing evaluation in clinical trials as anti - angiogenic therapeutics 
 [88, 89] . Short polypeptides, containing Arg - Gly - Asp (RGD), in both linear  [90]  and 
cyclic  [91]  formats, have been tested to target  α  v  β  3  integrins for different purposes. 
Thus, the development of  α  v  β  3  integrin - targeting nanoparticle platforms may be 
of great value for improving radiotherapy planning and also for monitoring anti -
 angiogenic and other noninvasive antitumor therapies  [92] . 

 In this study, the USPIOs were coated with 3 - aminopropyltrimethoxysilane and 
conjugated to RGD peptides, so as to enhance the diagnostic capabilities of MRI. 
Prussian blue staining, TEM, MRI, and inductively coupled plasma mass 
spectrometry were all used to show that the molecular imaging agents had 
accumulated in the  human umbilical vein endothelial cell s ( HUVEC s). The  α  v  β  3  
integrin - positive vessels were evaluated using a 1.5   T MR scanner. 

 The study results showed that the RGD - USPIO particles were visualized by 
targeting  α  v  β  3  integrins expressed in nude mice bearing HaCaT - ras - A - 5RT3 and 
A431 tumor xenografts (Figure  6.1 ). Tumors with different angiogenic profi les 
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were assessed  in vivo.  The T 2  *  - weighted images clearly identifi ed the heteroge-
neous arrangement of vessels with  α  v  β  3  integrins expressed on endothelial cells 
(Figure  6.1 ). The uptake of RGD - USPIO by HUVECs was signifi cantly increased 
when compared with unlabeled USPIOs, and could be competitively inhibited by 
the addition of unbound RGD. The RGD - USPIO noninvasively distinguish tumors 
with higher (HaCaT - ras - A - 5RT3) and lower (A431) area fractions of  α  v  β  3  integrins 
in HaCaT - ras - A - 5RT3 tumors. A visual inspection of the T 2  -  and T 2  *  - weighted 
images of HaCaT - ras - A - 5RT3 and A431 tumors elucidated differences in the dis-
tribution pattern of RGD - USPIO. In HaCaT - ras - A - 5RT3 tumors, a branched 
network of strong  signal intensity  ( SI ) decrease was found at the border and in 
certain central parts of the tumor, which was consistent with the heterogeneous 
pattern of angiogenesis described in these tumors  [93] . In contrast, SI changes in 
A431 tumors were less pronounced and more homogeneous, with only a few spots 
with a strong SI decrease being observed at the tumor periphery (Figure  6.1 a). 
Both, in HaCaT - ras - A - 5RT3 and in A431 tumors, the T 2  relaxation times were 
decreased signifi cantly more ( P     <    0.05) after the injection of RGD - USPIO than 
after the injection of plain particles (Figure  6.1 b). In addition, the decrease in T 2  
relaxation time in HaCaT - ras - A - 5RT3 tumors (28    ±    41   ms) was more pronounced 
than in A431 tumors (14    ±    8   ms).   

 On fl uorescence images, HaCaT - ras - A - 5RT3 tumors showed a highly heteroge-
neous vascularization with not only large, intensively branched vascular networks 
but also low - vascularized areas with only  a  few small vessels. As described else-
where  [94] , both discontinuous and heterogeneous  α  v  β  3  integrin expression was 
found on endothelial cells and in perivascular stromal cells. In contrast, A431 
tumors showed a homogeneous vascularization with predominantly small vessels 
of  < 20  μ m diameter. These differences in vascular phenotypes with focal intense 
vascularized areas showing high levels of  α  v  β  3  integrins in HaCaT - ras - A5RT3 
tumors, and with the more homogeneous vascularization in A431 tumors, provide 
a plausible explanation of the different SI change pattern seen on the T 2  *  - weighted 
MR images. In summary, RGD - coupled, APTMS - coated USPIOs effi ciently tar-
geted  α  v  β  3  integrin expressions and provided an angiogenesis imaging profi le  [73] . 

 Sun  et al.  demonstrated an MRI nanoprobe that targets gliomas, expressing 
membrane - bound  matrix metalloproteinase - 2  ( MMP - 2 ) with high - level specifi city, 
both  in vitro  and  in vivo   [95] . The nanoprobe is composed of an iron oxide core 
coated with PEG and conjugated with the targeting agent,  chlorotoxin  ( CTX ), a 
36 - amino acid peptide, and demonstrated a high selectivity and binding affi nity 
towards gliomas as well as towards other tumors of neuroectodermal origin  [96, 
97] . Reports have been made which show that CTX specifi cally binds to glioma, 
medulloblastoma, prostate cancer, sarcoma, and intestinal cancer  [98] . Further-
more, an  131 I - linked version of CTX is currently undergoing Phase II clinical trials 
for the targeted radiation of tumor cells  [99] . Previously, the same research group 
tested the glioma - targeting ability of the CTX - conjugated nanoparticles  [100] , but 
the current improved version of CTX - conjugated nanoprobes has an ability to 
target gliomas specifi cally. The tumor specifi city of the nanoprobe was evaluated 
 in vitro  using a 9L gliosarcoma cell line through cellular uptake assays, and also 
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     Figure 6.1     (a) T 2  *  - weighted MR images of 
nude mice bearing subcutaneous HaCaT - ras -
 A - 5RT3 (top row) and A431 (bottom row) 
tumors, before and at 6   h after intravenous 
injection of RGD - USPIO and USPIO, 
respectively. Focal areas with strong and 
heterogeneous SI decrease were observed in 
the tumor center and periphery after injection 
of RGD - USPIO in HaCaT - ras - A - 5RT3 tumors 
(arrows). Only a few spots with high 
susceptibility were found at the margin of the 
control tumor after injection of USPIO. SI 
changes in the A431 tumor were much less 

pronounced and more homogeneous, while 
focal areas with a strong SI decrease were 
only found at the tumor margins (arrows). 
Visual inspection showed no signal changes 
in control tumors; (b) Change of T 2  relaxation 
times in HaCaT - ras - A - 5RT3 ( n    =   8) and A431 
( n    =   6) tumors after injection of RGD - USPIO 
and USPIO, respectively; (c) Change of T 2  
relaxation times in blood, liver, kidney, and 
muscle of A431 tumor - bearing mice after 
injection of RGD - USPIO ( n    =   6) and USPIO 
( n    =   6), respectively.  Reprinted with 
permission from Ref.  [73].    
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 in vivo  by MRI of athymic (nu/nu) mice bearing xenografts (this is a widely used 
and well - established animal model which mimics natural gliomas)  [101, 102] . 
Nanoparticle internalization by glioma cells was visualized using TEM, and quanti-
fi ed by measuring the intracellular iron content using colorimetry.  In vitro  MR 
phantom imaging and  in vivo  small - animal MRI demonstrated the targeting ability 
of the nanoprobes in tumor cells. In addition, the  R  2  relaxation rates were mea-
sured to quantify the degree of contrast enhancement. 

 The specifi city of the nanoprobes was evaluated by comparing the contrast 
enhancement between the tumor and normal tissue regions of mice. NP - PEG - CTX 
and NP - PEG -  succinimidyl iodoacetate  ( SIA ) were administered at the same con-
centration, after which each of the mice were imaged prior to, and at various time 
points after, an intravenous injection of the nanoprobes (at a dosage of 6   mg   Fe   kg  − 1 ). 
Figures  6.2 a and b show the anatomical images of coronal and sagittal planes used 
to determine the tumor position along the fl ank of the animal. Multi - spin - echo 
pulse sequences were utilized to obtain a series of images over a range of echo 
times (TEs) for the tumor regions of axial cross - sectional. The targeting ability of 
the NP - PEG - CTX (Figure  6.2 d), in comparison to NP - PEG - SIA (Figure  6.2 c), was 
evident in MR images acquired in the tumor at 3   h post - injection in mice.   

(a) (b)
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     Figure 6.2     MRI anatomical image of a mouse 
in (a) the coronal plane. The dotted line 
shows the approximate location of the axial 
cross - sections displayed in panels (c) and (d); 
(b) Anatomical image in the sagittal plane. 
This displays the location of the 9L xenograft 
tumor; (c, d) Changes in R2 relaxivity values 
for the tumor regions (superimposed over 

anatomical MR images) for mice receiving 
(c) nontargeting NP - PEG - SIA and 
(d) NP - PEG - CTX at 3   h post injection. The 
arrow in (b) marks the tumor location. These 
are representative images from three 
independent experiments with similar results. 
 Reprinted with permission from Ref.  [95].    
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 Histological analyses were performed on tissues obtained from the clearance 
organs (kidney, spleen, and liver), in order to investigate the toxicity (if any) of 
the nanoparticles. No apparent toxicity was reported in the tissues of animals 
receiving the nanoprobes, when compared to normal mice receiving no injection. 
The mice injected with nanoprobes were also tested for any physical and/or 
neurological acute toxicity associated with nanoprobe administration. For this, 
the accumulation and retention of the targeting nanoprobe in the tumor and 
surrounding normal tissues were evaluated at intervals of 0, 0.3, 2, 12, and 24   h 
post - injection, the aim being to quantify nanoprobe accumulation and to defi ne 
the time window when animals could be imaged so as to achieve maximum 
MRI contrast, as well as to gain an understanding of the pharmacokinetics of 
the nanoprobe. A high targeting specifi city and a benign biological response, as 
were established by this nanoprobe, might represent a potential platform to aid in 
the diagnosis and treatment of gliomas and other tumors of neuroectodermal 
origin. 

 Veiseh  et al .  [100]  prepared magnetite nanoparticles with a PEG coating, and 
subsequently functionalized these with CTX and the fl uorescent molecule, Cy5.5. 
The nanoparticle – CTX conjugates were seen to target glioma tumor cells, with 
internalization into the cells being visualized by confocal imaging. The reported 
T 2  relaxation times (5   ms for CTX - coated particles, 95   ms for non - coated) showed 
much promise for glioma detection, and also demonstrated an affi nity of these 
nanocomposites for glioma cells over healthy tissues.  

  6.3.2 
  MNP  s  Used in Optical Imaging for Cancer Diagnosis 

 A number of magnetic nanoparticle preparations have been developed over the 
past decade for cancer staging, angiogenesis imaging, and the tracking of immune 
cells (monocyte/macrophage, T cells), and also for molecular and cellular targeting 
 [103] , by utilizing MRI. However, increasing reports during the past few years have 
shown that MNPs conjugated to optically active fl uorescent molecules (magneto-
fl uorescent) have become important tools for  in vitro  and  in vivo  imaging, using 
magnetic resonance and fl uorescent optical methods. A combination of magnetic 
and optical imaging into a nanostructured system would greatly benefi t the  in vivo  
disease diagnosis, as well as the  in situ  monitoring of responses of living cells 
 [104 – 107] . 

 One of the major attractions of magnetic nanoparticles is they can be easily 
functionalized to provide additional properties so as to form a multifunctional 
platform or scaffold. These include drug molecules, fl uorescent compounds, and 
various hydrophobic and hydrophilic coatings. Fluorescent organic dyes have been 
used extensively in biology for labeling and staining various markers; examples 
are DAPI, Mitotracker and Hoescht dyes, all of which have been used to label 
cellular features. Although, the association of magnetic and fl uorescent fl uoro-
phore - linked MNPs has provided an attractive dual - imaging scaffold, the synthetic 
procedure has required multistep chemical treatments in order to conjugate 
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fl uorescent dyes onto the MNP surface, and to improve the colloidal stability in 
an aqueous medium. 

 Another family of fl uorescent nanomaterials is that of semiconductor - based 
 quantum dot s ( QD s). These have a strong, characteristic spectral emission that is 
tunable to a desired energy by selecting variable particle size, size distribution, 
and composition of the nanocrystals. Recently, QDs have attracted much interest 
due to their unique photophysical properties and range of potential applications 
in photonics and biochemistry  [108, 109] . With advances in current organic and 
bioorganic synthetic chemistry, capping group formation and bioconjugation 
strategies, QDs are becoming increasingly used as biological imaging agents  [108, 
110 – 112] . QDs can be treated with drug moieties (e.g., nonsteroidal anti - 
infl ammatories) in order to specifi cally target certain organs or cell organelles 
 [113] . One of the most attractive properties of QDs is the fact that their emission 
spectra may be tuned by varying the primary particle size or composition. Those 
QDs which emit at several different wavelengths can be excited with a single 
wavelength, and are suitable for the multiplex detection of a number of different 
targets in a single experiment  [114] . QDs also have advantages over commercially 
available dyes due to their high photochemical stability  [108] . 

 Thus, a combination of MNPs and QDs can provide both the magnetic and fl uo-
rescent properties that have been shown to play signifi cant roles in nanotechnol-
ogy. Moreover, the combination of magnetic and fl uorescent properties in one 
nanocomposite provides excellent prospects for both nanotechnology and biotech-
nology, and enables the creation of unique targeted, nanoscale photonic devices 
that can be manipulated by using an external magnetic fi eld to provide dual -
 imaging agents for cancer diagnosis  [115] . 

 Bertorelle  et al.  later developed fl uorescent modifi ed anionic superpara-
magnetic nanoparticles and demonstrated the potential use of magnetofl uorescent 
nanoagents (for MRI and optical imaging at the cellular level) for adsorption 
and internalization into the cells  [105] . Fluorescent microscopy showed the 
cells to be loaded with millions of fl uorescent magnetic particles. Yang  et al ., by 
using a nanoemulsion method, synthesized simple and stable fl uorescent mag-
netic nanohybrids for multimodal imaging agents in the detection of cancer cells 
 [115] . 

 Targeted cancer imaging has also been investigated by Choi  et al .  [107] , using 
folate - treated magnetic nanoparticles. The folate receptor is a protein that is over-
expressed in various types of human cancer, where it acts to capture the folate 
required to feed rapidly dividing cells. The suggestion here was to use dextran -
 coated magnetic nanoparticles that had been tethered to folic acid and a fl uores-
cent imaging agent ( fl uorescein isothiocyanate ;  FITC ). In this way, when the 
particles had been internalized into the cancer cells, it would be possible to obtain 
and analyze a tumor image  in vivo . The FITC - conjugated iron oxide nanoparticles 
were developed to allow the direct visualization of nanoparticle uptake into the 
cancer cells  [107] . The fl uorescence image demonstrated the presence of folate –
 FITC – iron oxide nanoparticles in KB cells after 1   h of culture in solution; the 
internalization of folate – FITC – iron oxide nanoparticles into KB cells was also 
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confi rmed with confocal microscopy (Figure  6.3 a – d) performed at various depths 
from the cell surface  [107] . The T 2  - weighted MR images revealed a 38% decrease 
in the intensity of the cancer tissue owing to the presence of the folate - coated 
nanoparticles.   

 In another study by Tsourkas  et al.   [116] , crosslinked dextran - coated iron oxide 
nanoparticles labeled with the near - infrared fl uorochrome Cy5.5 and conjugated 
to an anti - VCAM - 1 antibody were investigated for imaging of the  tumor necrosis 
factor -  α   ( TNF -  α  )  - activated endothelium in an infl ammatory murine ear model. 
Both, magnetic resonance and optical imaging demonstrated the presence of 
magnetofl uorescent nanoparticles that were capable of detecting VCAM - 1 expres-
sion. Thus, disease screening by MRI and the surgical identifi cation of diseased 
areas by intraoperative fl uorescence imaging could be conducted within the same 
investigation. 

 In a similar approach,  thermally crosslinked superparamagnetic iron oxide 
nanoparticle s ( TCL - SPION ) modifi ed with Cy5.5 dye were used in dual 
mode (magnetic resonance/optical) for  in vivo  cancer imaging  [117] . The TCL -
 SPION - Cys5.5, when injected intravenously into a Lewis lung carcinoma, was 
detected by using MRI, while the optical fl uorescence images showed, within 4   h 
of injection, a high accumulation of TCL - SPION - Cys5.5 at the tumor site  in vivo  
(Figure  6.4 ). Most importantly, however, although the TCL - SPION - Cys5.5 did not 
include any tumor - targeting ligands, the tumor was detected effectively by dual 
imaging  [117] .   

 In a novel approach, a biotinylated magnetic dendrimer - based MRI agent was 
prepared, in which a unique disulfi de bond in the core of the Gd(III) - 1B4M - DTPA -

(a) (b) (c) (d)

     Figure 6.3     Confocal micrographs of KB cells after a 1   h 
incubation with folate - FITC - IO nanoparticles at different focal 
positions: (a), (b), (c), and (d) of the cells. The strong signal 
of (b) and the corresponding phase - contrast image of the cell 
(d) confi rm that the cell interior is the origin of the 
fl uorescence signal.  Reprinted with permission from 
Ref.  [107].    



 222  6 Magnetic Nanoparticles for Cancer Imaging and Therapy

 chelated G2 PAMAM dendrimer was reduced and then attached to a maleimide -
 functionalized biotin. The new MRI agent had a well - defi ned dendron structure 
and a unique biotin functionality. The immobilization of up to four copies of 
biotinylated dendrimer to fl uorescently labeled avidin yielded a supramolecular 
avidin – biotin – dendrimer – Gd(III) complex. The avidin – biotin – dendrimer target-
ing system effi ciently targeted ovarian cancer in mice, and delivered suffi cient 
amounts of chelated Gd(III) and rhodamine green fl uorophores. This dual - 
imaging probe produced visible changes in the tumors by both MRI and optical 
imaging, respectively  [118] . 

     Figure 6.4     (a) T 2  - weighted fast spin - echo 
images (TR/TE of 4200   ms/102   ms) at 0 and 
3.5   h post injection of 14.7   mg Fe   kg  − 1  of Cy5.5 
TCL - SPION at the level of tumor (320   mm 3 ) 
on the fl ank above the upper left thigh of a 
nude mouse. The allograft tumor region is 
shown by the dashed circle with the red 

arrow; (b) Optical fl uorescence images 
(exposure time 1   s with a Cy5.5 fi lter channel) 
of the same mouse at 0 and 3.5   h post 
injection. The position of the allograft tumor 
is marked by the red arrows. The color scale 
indicates relative fl uorescence intensity. 
( Reprinted with permission from Ref.  [117].    
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 MNPs coated with poly - (amidoamine) dendrimer - based multifunctional cancer 
therapeutic conjugates have been designed and synthesized to provide enhanced 
solubility. The functional molecules of FITC, folic acid and paclitaxel (taxol, a 
chemotherapeutic drug) were conjugated to the nonacetylated primary amino 
groups; the appropriate control dendrimer conjugates were also synthesized. The 
conjugation of FITC and folic acid prevented any nonspecifi c targeting of the MNP 
interactions (both  in vitro  and  in vivo ) during delivery  [119] . In another interesting 
experiment, the potential use of multimodal fl uorescent - magnetic polymer cap-
sules loaded with cancer agents for targeted drug delivery and cancer therapy  [120]  
was demonstrated. 

 Gu  et al.   [121]  have shown that iron oxide nanoparticles, when conjugated to 
porphyrin, can be utilized as bimodal anticancer agents for combined photody-
namic and hyperthermic therapies. These conjugates can be effectively taken up 
by HeLa cancer cells; subsequent exposure of the cells containing nanocomposites 
to yellow light resulted in a signifi cant change in their morphology, due to cell 
apoptosis. The authors suggested that these fi ndings might represent another 
potential use for MNPs in cancer imaging and therapy. 

 Kircher  et al.  employed dual - modality imaging nanoparticles for preoperative 
MRI and intraoperative optical imaging in an experimental brain tumor model 
 [122, 123] . Long - term - circulating iron oxide nanoparticles, with a  near - infrared 
fl uorescence  ( NIRF ) dye attached to a coating of crosslinked dextran (Cy5.5 - CLIO), 
were synthesized and investigated as a combined preoperative magnetic resonance 
contrast agent and intraoperative optical probe. A series of studies was carried out 
to determine the cellular distribution of Cy5.5 - CLIO, using triple - channel laser 
scanning confocal microscopy. Figure  6.5  compares the distribution of Cy5.5 -
 CLIO (Cy5.5 channel; Figure  6.5 a) with the distribution of tumor cells [ green 
fl uorescent protein  ( GFP ) channel; Figure  6.5 b] and microglia and macrophages 
(CD11b immunohistochemistry using the rhodamine channel; Figure  6.5 c). 
Cy5.5 - CLIO was strongly associated with CD11b - positive cells (Figure  6.5 d), and 
much less with GFP - positive cells (Figure  6.5 e).   

 These multimodal magneto/optical nanoparticles were also used with great 
effect to compare the visual presentation of a brain tumor during surgery with the 
multislice topographical capability of preoperative MRI. The results indicated the 
feasibility of this approach using nanoparticles similar to those used in clinical 
studies, to provide a strong NIRF signal and thus enable real - time imaging. This 
method was an extension of the existing MRI and simple NIRF/optical instrumen-
tation. The study results indicated that the key features of the nanoparticles, such 
as intracellular sequestration and slow degradation, together with the combined 
optical and magnetic properties of Cy5.5 - CLIO, would allow visualization of the 
same probes in the same cells by both radiologists and neurosurgeons. This may 
increase the precision of surgical resection and improve the outlook for many 
brain cancer patients. 

 In another key publication, Lv  et al.  showed that the nanocomposites could effec-
tively facilitate an interaction of the anticancer drug daunorubicin with leukemia 
cells, and remarkably enhance the permeation and drug uptake of anticancer 
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agents in cancer cells  [124] . These novel nanocomposites were prepared by utilizing 
 polylactide  ( PLA ) nanofi bers and tetraheptylammonium - capped Fe 3 O 4  magnetic 
nanoparticles. Both, optical microscopy and confocal fl uorescence microscopy 
observations indicated that the PLA nanofi bers and Fe 3 O 4  nanoparticles enhanced 
the accumulation of daunorubicin on the membrane of leukemia K562 cell lines.  

(a) (b)

(d) (e)

(f) (g) (h)

(c)

     Figure 6.5     Laser scanning confocal 
microscopy images of cell type internalizing 
Cy5.5 - CLIO as determined by: (a – e) area from 
tumor center (original magnifi cation,  × 200); 
and (f – h) area from tumor – brain interface 
(original magnifi cation,  × 10). (a) Distribution 
of Cy5.5 - CLIO in Cy5.5 channel; (b) GFP 
channel; (c) Anti - CD11b staining for microglia 
and macrophages in rhodamine channel; 
(d) Overlay of (a) and (c); (e) Overlay of 

(a) and (b). Cy5.5 - CLIO is internalized 
predominantly by microglial cells and 
infi ltrating macrophages; (f) Tumor border in 
the GFP channel; (g) Tumor border in the 
rhodamine channel (CD11b); (h) Overlay of 
(f) and (g). Cells positive for CD11b extend 
slightly beyond the border of the GFP 
fl uorescence.  Reprinted with permission from 
Ref.  [122].    
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  6.3.3 
 Ligand - Directed  MNP  s  for Cancer Imaging 

 Antibody - conjugated magnetic nanoparticles represent a specifi c and sensitive tool 
to enhance the MRI of both local and metastatic cancers. MNPs, when linked to 
immunomolecules, may provide multimodality imaging options when tagged with 
radioisotopes or fl uorescent molecules that thus provide the capability of being 
tracked and imaged in humans. This approach could be extended to a new model 
for targeted or pre - targeted therapy. Many study reports (the majority of which 
were published after 2006) indicated that ligand - directed nanoparticles were uti-
lized very effectively for cancer targeting. 

  6.3.3.1   Antibody - Directed  MNP  s  
 Guo  et al.  recently reported the use of ultrasmall superparamagnetic iron oxide 
particles linked to humanized SM5 - 1 antibodies (SM - USPIO) for the specifi c 
targeting of human  hepatocellular carcinoma  ( HCC ) cells  [125] . When the binding 
and internalization of SM - USPIO to the HCC cell line of ch - hep - 3 was demon-
strated using fl ow cytometry and confocal microscopy, the study results showed 
that SM - USPIO was able to accumulate selectively in the tumor cells, producing 
a marked decrease in the MRI T 2  - weighted signal intensity. The results of biodis-
tribution studies demonstrated an effi cient accumulation of SM - USPIO in the 
ch - hep - 3 tumor in nude mice. In an  in vivo  study in ch - hep - 3 tumor - bearing nude 
mice, the results indicated that MRI using SM - USPIOs as a contrast agent pro-
vided a good diagnostic ability, which in turn suggested that SM - USPIOs were 
potentially a promising targeted contrast agent for the diagnosis of HCC. 

 The tyrosine kinase Her - 2/neu receptor is a clinically relevant target in breast 
cancer, and plays a signifi cant role in the staging and treatment of cancer. Arte-
move  et al.   [126]  used streptavidin - conjugated superparamagnetic nanoparticles as 
a targeted MR contrast agent. In their study, Her - 2/neu receptors were imaged in 
a panel of breast cancer cells expressing different numbers of receptors on the cell 
membrane. The nanoparticles were directed to receptors by being preconjugated 
with biotinylated monoclonal antibodies, and generated strong T(2) MR contrast 
in Her - 2/neu - expressing cells. The contrast observed in MR images was propor-
tional to the expression level of the Her - 2/neu receptors determined independently 
with  fl uorescence - activated cell sorting  ( FACS ) analysis. In these experiments, the 
iron oxide nanoparticles were attached to the cell surface rather than being inter-
nalized into the cells, which might represent a major advantage for  in vivo  applica-
tions such as pretargeting radioimmunotherapy. 

 Streptavidin - labeled iron oxide nanoparticles conjugated to biotinylated anti -
  prostate - specifi c membrane antigen  ( PSMA ) antibody was used in MRI and confo-
cal laser scanning microscopy imaging studies using LNCaP prostate cancer cells. 
PSMA is predominantly expressed on the neovasculature of solid tumors and on 
the surface of prostate cells, with an enhanced expression following androgen -
 deprivation therapy. Labeled iron oxide nanoparticles were internalized by recep-
tor - mediated endocytosis, which involves the formation of clathrin - coated vesicles 
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 [127] . The endocytosed particles were not targeted to the Golgi apparatus for recy-
cling, but rather accumulated within the lysosomes. In T 1  - weighted MR images, 
signal enhancement owing to the magnetic particles was greater for cells with 
magnetic particles bound to the cell surface than for cells that internalized the 
particles. These fi ndings indicated that the targeting of prostate cancer cells using 
PSMA offered a specifi c and sensitive technique for the enhancement of MR 
images  [127] .  

  6.3.3.2   Antibody Fragment - Directed  MNP  s  
 A  single - chain Fv  ( scFv ) gene which was specifi c to  γ  - seminoprotein was developed 
for the treatment of prostate cancer; the ScFv antibody fragments were subse-
quently linked with MNPs for molecular - targeting in prostate cancer therapy or 
diagnosis, as reported by Han  et al.   [128] . In this case, the human seminoprotein 
secreted by the prostate tumor provides a specifi c antigen  [129] . In this study, the 
ScFv were used to deliver MNPs into prostate cancer cells for imaging the tumors. 
The results also showed that ScFv specifi c for seminoprotein were able to bind 
prostate cells specifi cally, and to transport the magnetic beads rapidly (within 
15   min) into the tumor cells. The quantity of magnetic beads located inside the 
tumor was increased as the culture time was prolonged. ScFv - conjugated magnetic 
beads did not enter non - specifi c control cells  [128] . Antibody scFv fragments were 
also used by Natarajan  et al.   [130] , who linked the MNPs to anti MUC - 1 di - scFv 
by site - specifi c coupling methods to target breast cancer cells for the focused 
hyperthermia created within them by an  alternating magnetic fi eld  ( AMF ). In this 
preparation, MNPs were attached to di - scFv - cysteine at a well - defi ned site. Studies 
with whole - body auto radiography (Figure  6.6 a) and pharmacokinetic investiga-
tions (Figure  6.6 b) showed the di - scFv - directed MNPs to be effectively targeted in 
breast cancer cells in mice  [130] .   

 Lee  et al.   [131]  developed engineered iron oxide nanoparticles (MEIO) and 
MnMEIO to target cancer and to provide ultra - sensitive MRI. In particular, molec-
ular probes based on MnMEIO have strong magnetic properties, demonstrated a 
considerably enhanced sensitivity for cancer cell detection, and also permitted 
imaging of the smallest possible tumors  in vivo . MnMEIO nanoparticles were also 
conjugated to the cancer - targeting Herceptin antibody  [132, 133] , which binds 
specifi cally to the HER2/neu marker that is overexpressed in breast and ovarian 
cancers  [134] . Both, MnMEIO    –    and MnMEIO – Herceptin proved to be biologically 
nontoxic. When these particles were compared to the CLIO – Herceptin conjugates 
 [135]  for their cancer cell - detecting ability, FACS analyses indicated that almost 
identical numbers of MnMEIO and CLIO nanoparticles were bound to cancer 
cells. 

 In these studies, MnMEIO – Herceptin conjugates (200   ml) were administered 
( n    =   8, dose 20   mg   kg  − 1 ) to nude mice implanted with NIH3T6.7 cells in the proxi-
mal femur region, and MR images subsequently obtained before and at 1   and 2   h 
after injection. The color - coded MR images shown in Figure  6.7 a – c indicated that 
the tumor site had been targeted and well detected. When the same experiment 
was performed with CLIO – Herceptin conjugates at the same dose level, no 
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apparent change was observed in the color - coded MR images (Figure  6.7 d – f). The 
percentage change in R2 at the tumor tissue was  − 25% at 1   h, and  − 34% at 2   h for 
MnMEIO – Herceptin, and in the case of CLIO – Herceptin was almost zero or  < 5%, 
respectively, at the tumor site (Figure  6.7 g). The color - coded MR images (Figure 
 6.7 h) of tumor tissue explanted from a mouse treated with the MnMEIO – 
Herceptin conjugate showed darkened MR images, with R2 signal enhancement 
( Δ R2/R2 control    =    − 31%; Figure  6.7 g, h), whereas very little MR contrast ( Δ R2/R2 control  
 < 5%) was seen at the tumor site of a mouse treated with CLIO – Herceptin conju-
gate (Figure  6.7 g, h). These  in vivo  results indicated that the high MR sensitivity 
of MnMEIO – Herceptin conjugates enables the MR detection of tumors as small 
as 50   mg  [136] .   

 Biodistribution studies of MnMEIO – Herceptin conjugates labeled with radioac-
tive  111 In using gamma - counter analyses showed that the uptake of injected par-
ticles by various organs (expressed as % of the dose per g tissue) was 3.4% in 
tumor tissue, 12.8% in the liver, 8.7% in the spleen, and 1.0% in muscle. These 
results provided further support for the use of MNPs, when linked with appropri-
ate cancer - targeting molecules, for the diagnosis of various cancers by ultrasensi-
tive MRI and radioimmunodetection systems. Ultimately, high - performance 
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     Figure 6.6     Autoradiography of whole body of 
mice euthanized at 24   h after an intravenous 
injection of 40   mCi (50    μ g) of di - scFv/
4   mg of  111 In - DOTA - di - scFv - NP. 
Radioimmunonanoparticles were mostly 
accumulated in the kidney and liver. The 
tumor localization was  ∼ 5% (black arrow). 
(b) Pharmacokinetic study of 
radioimmunonanoparticles (RINP) in mice 

with HBT3477 human breast cancer 
xenografts. Clearances of the blood ( � ) and 
body ( � ) of RINP was compared to the blood 
( � ) and body ( × ) of bioprobes at various time 
points of 2, 4, 24, and 48   h. The bioprobe data 
were plotted from previously published data 
in Ref.  [5] .  Reprinted with permission from 
Ref.  [130].    
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magnetic nanoprobing systems may play a pivotal role in the real - time visualiza-
tion of other biological events, such as cell traffi cking, cancer metastasis, cellular 
signaling, and interactions at the molecular and cellular levels.   

  6.3.4 
 Radioimmunonanoparticles 

 Biologically active  radioimmunoconjugate s ( RIC s) were ligated to MNPs to form 
  r adio i mmuno n ano p article s ( RINP s). Both, Natarajan  et al.   [137, 138]  and DeNardo 
 et al.   [139 – 141]  applied this technique for hyperthermia in a human breast cancer 
mouse model. An overview of reports related to  immunonanoparticle  ( INP ) and 
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     Figure 6.7     (a – f) Color maps of T 2  - weighted 
MR images of a mouse implanted with the 
cancer cell line NIH3T6.7, at different time 
points after injection of MnMEIO – Herceptin 
conjugates or CLIO – Herceptin conjugates 
(preinjection (a, d); and 1   h (b, e) or 2   h (c, f) 
after injection). In (a – c), the gradual color 
changes at the tumor site, from red (i.e., low 
R2) to blue (i.e., high R2), indicates 
progressive targeting by the MnMEIO –
 Herceptin conjugates. In contrast, almost no 
change was seen in mice treated with 
CLIO – Herceptin conjugate (d – f); (g) Plot of 
R2 change versus time. In mice treated with 
MnMEIO – Herceptin conjugate ( � ), 
signifi cant R2 changes (up to 34%) were 
observed with time after treatment. In 

contrast, R2 changed by  < 5% after treatment 
with CLIO – Herceptin conjugate ( � ) and by 
 < 13% after treatment with 12 - nm - MEIO –
 Herceptin conjugate ( � ); (h)  Ex vivo  MR 
images (i – iii) of explanted tumors (8   h) and 
their color maps (iv – vi). The tumor explanted 
after treatment with MnMEIO – Herceptin 
conjugate (i) was dark; that explanted 
following CLIO – Herceptin conjugate 
treatment (ii) or no treatment (iii) showed no 
contrast. Consistently, in the image color -
 coded according to R2, the tumor explanted 
after MnMEIO – Herceptin conjugate treatment 
was blue (iv), whereas that after CLIO –
 Herceptin conjugate treatment (v) or no 
treatment (vi) was red.  Reprinted with 
permission from Ref.  [131].    
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RINP applications in various cancer models for imaging is provided in the follow-
ing subsection. 

 In these studies, SPIONs were conjugated to prepare Hepama - 1, a humanized 
monoclonal antibody linked to MNPs for the treatment of human liver cancer. A 
direct method was used to radiolabel INPs with  188 Re, with the radiolabeled INPs 
subsequently demonstrating an effective killing of SMMC - 7721 liver cancer cells. 
It was suggested that such SPIONs might also be very useful for biomagnetically 
targeted radiotherapy in liver cancer treatment  [49] . 

 Alpha(nu)beta(3) - targeted  111 In - nanoparticles were developed and studied for the 
detection of tumor angiogenesis  [142] . Studies were conducted in New Zealand 
White rabbits which had been implanted 12 days earlier with the Vx - 2 tumor. 
Alpha(nu)beta(3) - targeted  111 In - NPs bearing approximately 10  111 In per NP versus 
 111 In per NP nuclide payloads were compared to nontargeted, radiolabeled control 
particles.  In vivo  competitive binding studies were used to assess the ligand - 
targeting specifi city. Alpha(nu)beta(3) - integrin - targeted NP with approximately 10 
 111 In per NP provided a better tumor - to - muscle ratio contrast (6.3    ±    0.2) than 
approximately 1  111 In per NP (5.1    ±    0.1), or nontargeted particles with approxi-
mately 10  111 In per NP (3.7    ±    0.1), over the initial 2   h period after injection. After 
18   h, the mean tumor activity in rabbits receiving alpha(nu)beta(3) - integrin - 
targeted NP was fourfold higher than that in nontargeted controls (Figure  6.8 ). 
Specifi city of the NP for the tumor neovasculature was supported by  in vivo  com-
petition studies and by fl uorescence microscopy of alpha(nu)beta(3) - targeted fl u-
orescence - labeled NP. Biodistribution studies revealed that, in rabbits, the primary 
organ of clearance was the spleen. It would appear that alpha(nu)beta(3) - targeted 
 111 In - NP may provide a clinically useful tool for the sensitive detection of angio-
genesis in tumors, particularly in combination with secondary high - resolution 
imaging modalities, such as MRI  [142] .    

(a)

Nontargeted Targeted

Tumor

(b)

     Figure 6.8     The 18 - h  111 In planar image (15   min scan, 
128    ×    128 matrix) of rabbits implanted 12 days previously 
with Vx - 2 tumor following 22 MBq   kg  − 1  (i.v.) of nontargeted 
(a) or  α  v  β  3  - targeted (b)  111 In nanoparticles (NP) bearing  − 10 
 111 In per NP. Both images were windowed to have identical 
dynamic ranges, as shown in (b).  Reprinted with permission 
from Ref.  [142].    
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  6.3.5 
 Annexin 5 - Directed  MNP  s  

 Bimodal contrast agents were developed to permit the detection of apoptotic cells 
with both MRI and optical techniques  [143] . MR contrast was provided either by the 
entrapment of iron oxide particles within PEGylated micelles, or by the incorpora-
tion of Gd - DTPA - bis(stearylamide) (Gd - DTPA - BSA) lipids within the lipid bilayer 
of PEGylated liposomes.  Apoptosis  (programmed cell death) plays an important 
role in the etiology of a variety of diseases, including cancer and myocardial infarc-
tion. The visualization of apoptosis would allow both the early detection of therapy 
effi ciency and an evaluation of disease progression. These contrast agents were 
approximately 10 and 100   nm in diameter, respectively. Additional fl uorescent 
lipids were incorporated into the lipid (bi)layer of the contrast agents so as to allow 
parallel detection with optical methods. Multiple human recombinant annexin A5 
molecules were covalently coupled to direct the NPs specifi cally towards apoptotic 
cells. Both annexin A5 - conjugated contrast agents were shown to signifi cantly 
increase the relaxation rates of apoptotic cell pellets compared to untreated control 
cells and apoptotic cells treated with nonfunctionalized nanoparticles. Increased 
relaxation rates were confi rmed, by using confocal microscopy, to originate from 
an association of the contrast agents with apoptotic cells. The targeted nanoparti-
cles presented in this study, which differed both in their size and in their magnetic 
properties, may have applications for the  in vivo  detection of apoptosis  [143] .  

  6.3.6 
 Chemotherapeutic Drugs Loaded with  MNP  s  for Cancer Therapy 

  Bacterial magnetosome s ( BM s) as magnetic - targeted drug carriers were used to 
load antitumor doxorubicin (DOX - loaded BMs; DBMs), and the latter evaluated in 
EMT - 6 and HL60 cell lines  [144] . The antineoplastic effects of DBMs on hepatic 
cancer were evaluated both  in vitro  and  in vivo . The administration of DBMs, DOX 
and BMs led to tumor suppression rates of 86.8%, 78.6% and 4.3%, respectively, 
in H22 cell - bearing mice, while mortality rates were 20%, 80% and 0%, respec-
tively. A pathological examination of the hearts and tumors revealed that both 
DBMs and DOX effectively inhibited tumor growth, although DBMs displayed a 
much lower cardiac toxicity compared to DOX. The DBMs were cytotoxic to H22 
cells; this manifested as an inhibition of cell proliferation and c - myc expression, 
and was consistent with DOX. The antitumor properties of DBMs were similar to 
those of DOX, while cardiac toxicity was signifi cantly reduced in DBMs compared 
to DOX. Overall, these studies provided an evaluation of the therapeutic potential 
of DBMs for targeted therapy against liver cancer. 

 Magnetic  poly(ethyl - 2 - cyanoacrylate)  ( PECA ) nanoparticles containing antican-
cer drugs (cisplatin and gemcitabine) were prepared by interfacial polymerization 
 [145] . The amount of magnetite encapsulated inside the polymer matrix was 
increased to 14.26% (w/w) by controlling the initial weight ratio of monomer/
magnetite. The amount of cisplatin encapsulated in the magnetic nanoparticle was 
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much higher than that of gemcitabine, mainly because cisplatin (hydrophobic) is 
highly soluble in the oil phase and is encapsulated more easily inside nanoparticles 
than is gemcitabine (hydrophilic).  In vitro  experiments of drug release and mag-
netic mobility under an external magnetic fi eld showed that these magnetic 
 poly(ethyl - 2 - cyanoacrylate)  ( PECA ) nanoparticles could serve as a highly versatile 
magnetic drug carrier, with sustained release behavior and suffi cient magnetic 
susceptibility. 

 Magnetic nanoparticles containing  5 - fl uorouracil  ( 5 - FU ) were tested against 
HCC induced in nude mice  [146] . Following treatment of the mice with the 5 - FU -
 linked MNPs, the tumor volume was seen to be markedly reduced and the expres-
sion of protein and mRNA of bcl - 2 markedly lowered, while the expression of bax 
and caspase 3 was signifi cantly increased. Overall, the study results showed that 
targeted magnetic nanoparticles containing 5 - FU could improve the chemothera-
peutic effect of 5 - FU against hepatocellular carcinoma by decreasing expression 
of the  bcl - 2  gene, and increasing the expression of  bax  and  caspase 3  genes. 

 MNPs with  poly( ε  - caprolactone)  ( PCL ) nanoparticles linked to an anticancer 
drug (gemcitabine) were developed using an emulsion – diffusion method to 
increase the effi ciency of drug delivery for cancer treatment  [147] . These particles 
were injected into nude mice bearing subcutaneous  human pancreatic adenocar-
cinoma cells  ( HPAC )  in vivo . The antitumor effect was demonstrated 15 - fold 
higher   dose when compared to free gemcitabine. The study results indicated that 
the magnetic PCL nanoparticles could provide a therapeutic benefi t by delivering 
drugs effi ciently to magnetically targeted tumor tissues, thus providing safe and 
successful antitumor effects, with low toxicity.  

  6.3.7 
 Lymph Node - Targeting  MNP  s  

 Sentinel node imaging is commonly performed prior to surgery for breast cancer 
and melanoma. While current methods are based on radionuclide lymphoscintig-
raphy,  MR lymphangiography  ( MRL ) offers the benefi ts of a better spatial resolu-
tion, without the use of ionizing radiation, if specifi city can be developed. For this, 
Kobayashi  et al.  studied a series of dendrimer - based MNPs; the G6 Gd dendrimer 
provided the lymphatic system and lymph nodes with peak concentrations, at 
24 – 36   min after injection  [148] . Based on  ex vivo  concentration phantoms, high 
levels of Gd(III) ions were seen to accumulate within lymph nodes (1.7 – 4.4   m M  
Gd; 270 – 680   ppm Gd), with high target - to - background ratios ( > 100). The authors 
concluded that the PAMAM - G6 Gd dendrimer might represent a potential agent 
for the imaging and targeted therapy of sentinel lymph nodes.  

  6.3.8 
 Other Novel  MNP  s  for Cancer Targeting 

  Arsenic trioxide  ( ATO ) is a potent drug in the treatment of  acute promyelocytic 
leukemia  ( APL ), and has been shown to induce differentiation and apoptosis of 
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APL cells. Magnetic ATO nanoparticles have been developed against osteosar-
coma, and have been investigated for their therapeutic effi cacy  in vivo  in a tumor 
model  [149] . For this, ATO was incorporated into the MNPs and encapsulated by 
poly(lactic acid). Following the subcutaneous injection of human MG - 63 osteosar-
coma cells into nude mice, ATO was shown to be released rapidly from the 
nanoparticles  in vitro  and delivered to the target tissues. The magnetic ATO evalu-
ation indicated that the MNPs might localize beneath the magnet  in vivo . An 
examination of the tumor volume showed that treatment with magnetic ATO 
nanoparticles achieved a similar degree of inhibition on osteosarcoma as did cis-
platin or ATO alone. Electron microscopic features typical of apoptosis were identi-
fi ed in the tumor tissue following magnetic ATO treatment. Thus,  “ magnetic ATO 
targeting ”  may offer the opportunity to treat osteosarcoma with a lower dose com-
pared to cisplatin.   

  6.4 
  MNP  s  Applied to Cancer Therapy 

  6.4.1 
  MNP  s  Utilized in Targeted Therapy for Cancer 

  6.4.1.1   Brain Tumor Therapy 
 Chertok  et al.   [150]  utilized magnetic targeting nanoparticles for localized drug 
delivery to treat brain tumors. The treatment of brain tumors is complicated by 
their deep intracranial location, as magnetic fi eld density cannot be focused very 
far from an externally applied magnet. These studies were aimed at examining 
whether, with magnetic targeting, a pathological alteration in brain tumor fl ow 
dynamics might be of value for discriminating a diseased site from the healthy 
brain. To address this question, the capture of MNPs was fi rst assessed  in vitro  
using a simple fl ow system under theoretically estimated glioma and normal brain 
fl ow conditions. Second, the accumulation of nanoparticles via magnetic targeting 
was evaluated  in vivo  using 9L - glioma - bearing rats. The  in vitro  results showed that 
a 7.6 - fold increase in nanoparticle capture at glioma - relevant versus contralateral 
brain - relevant fl ow rates was relatively consistent with the 9.6 - fold glioma selectiv-
ity of nanoparticle accumulation over the contralateral brain observed  in vivo . 
Based on these fi ndings, the  in vitro  ratio of nanoparticle capture can be viewed 
as a plausible indicator of  in vivo  glioma selectivity. 

 Magnetic nanoparticles were administered intravenously and passively distrib-
uted throughout the animal body by the systemic circulation. The study results of 
MRI images of control and experimental animals showed a region of pronounced 
hypointensity in the brain of the targeted animals, which refl ected the presence 
of MNPs. This region corresponded to the tumor location, and was clearly visual-
ized on T 2  - weighted MRI scans due to positive contrast. Interestingly, no detect-
able hypointensity was observed in the contralateral brain of the targeted animal. 
This fi nding implicated tumor selectivity in nanoparticle accumulation, which was 
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in good agreement with the  in vitro  results  [150] . The presence of nanoparticles 
within the glioma lesion of targeted animals was demonstrated by electron micros-
copy. In the contralateral brain sections of targeted animals, or in control animals, 
nanoparticles were not detected by TEM. Overall, this study provided the conclu-
sion that the decreased blood fl ow rate in glioma, which refl ected tumor vascular 
abnormalities, is an important contributor to glioma - selective nanoparticle accu-
mulation with magnetic targeting. 

 Reddy  et al.   [151]  prepared an F3 - targeted polymeric nanoparticle which con-
sisted of an encapsulated imaging agent (iron oxide or fl uorescent) and a photo-
sensitizer (Photofrin) to target brain tumors. F3 is a 31 - amino acid sequence of 
the NH 2  - terminal fragment of human high - mobility group protein 2, which was 
discovered using phage - displayed cDNA libraries  [152] . F3, vascular homing 
peptide, has been reported to have cell - penetrating properties  [152 – 156] , and binds 
nucleolin on the surface of tumor cells and angiogenic endothelial cells, which 
subsequently traffi cs into the nucleus. For  in vitro  cellular studies, the nanopar-
ticles were labeled with Alexa Fluor 594; the fi nal particle size was approximately 
40   nm and the average numbers of F3 peptides and fl uorochromes per nanopar-
ticle were 30 and 10, respectively. This nanoparticle was evaluated in a series of 
 in vitro  experiments for its ability to produce singlet oxygen, to target the nucleolin 
cell - surface receptor, and to confer photosensitivity. 

 The cellular uptake and phototoxicity of the particles were determined after a 
4   h incubation with F3 - tagged nanoparticles, followed by laser light illumination. 
The study resulted in 90% of breast cancer cells (MDA - 435) being killed as a result 
of the cytotoxicity delivered by photoactivation of the nanoparticles (as monitored 
by the presence of propidium iodide - stained red nuclei). The  in vitro  study report 
demonstrated F3 - targeted nanoparticles to be effectively internalized, transported, 
and concentrated within the tumor cell nuclei. 

  In vivo  studies showed that iron oxide/Photofrin - encapsulated F3 - targeted 
nanoparticles were targeted to 9L gliomas using MRI. The application of laser light 
via a fi ber - optic applicator into the tumor sites activates the photosensitizer that 
is linked to nanoparticles. Subsequently, the therapeutic effect of the nanoparticles 
was evaluated, and a signifi cant benefi t of F3 - targeted nanoparticles in comparison 
with nanoparticles without photosensitizer was demonstrated. These particles 
provided a signifi cantly increased survival time over that of nontargeted Photofrin -
 encapsulated nanoparticles or Photofrin alone. The ability of the various nanopar-
ticle formulations to be used for tumor treatment was evaluated using diffusion 
MRI as well as survival as the quantitative end points (Figure  6.9 ).   

 The F3 - targeted Photofrin - encapsulated nanoparticles resulted in the most sig-
nifi cant apparent diffusion. The tumor images were compared to pre -  and post -
 treatment of the same animal after 40 days, and demonstrated a high diffusion 
value indicative of a cystic cavity that was confi rmed at the end of the experimental 
period. An evaluation of the effects of each of the treatment groups on animal 
median survival was as follows: untreated controls (7.0 days), the laser - only group 
(8.5 days), the Photofrin group (13.0 days), and the F3 - targeted nanoparticle with 
Photofrin group (33 days), with three animals surviving for up to 60 days. Two of 
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these three animals were found to be disease - free at up to 6 months following 
treatment. Overall, the polymeric multifunctional nanoparticle formulation 
reported in this study was found to represent a versatile application for the delivery 
of imaging and therapeutic applications for cancer.  

  6.4.1.2   Breast Cancer Therapy 
 In another study,  multifunctional magneto - polymeric nanohybrid s ( MMPN s) 
composed of magnetic nanocrystals and an anticancer drug (doxorubicin, DOX) 
encapsulated by an amphiphilic block copolymer was prepared by Yang  et al.  for 
a targeted drug delivery to breast cancer  [157] . MMPNs with MnFe 2 O 4  nanopar-
ticles were conjugated to human epidermal growth factor receptor 2 (HER2) target-
ing anti - HER antibody (HER, Herceptin) by utilizing the carboxyl group on the 
surface of the MMPNs. The antibody - modifi ed MMPNs (HER - MMPNs) were 
utilized for ultra - sensitive targeted detection by MRI both  in vitro  (cellular) and  in 
vivo  (mouse) models. Fibroblast NIH3T6.7 cells, which highly express the HER2/
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(b)
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     Figure 6.9     Imaging and monitoring of 
therapeutic effi cacy using multifunctional 
nanoparticles in 9L brain tumors. (a, b) Top, 
T 2  - weighted coronal images through the 
tumor of two different rats, revealing the 
anatomic extent of the tumor mass. Fast 
spin - echo images of the tumor following 
administration of (a) nontargeted 
nanoparticles and (b) F3 - targeted 
nanoparticles obtained at the time points 
indicated. T 2  - weighted magnetic resonance 
images at day 8 after treatment from (c) a 
representative control intracerebral 9L tumor 
and tumors treated with (d) laser light only; 
(e) Intravenous administration of Photofrin 
plus laser light, (f) nontargeted nanoparticles 

containing Photofrin plus laser light, and 
(g) targeted nanoparticles containing 
Photofrin plus laser light. The image shown in 
panel (h) is from the same tumor shown in 
panel (g), which was treated with the 
F3 - targeted nanoparticle preparation but at 
day 40 after treatment. The color diffusion 
maps overlaid on top of T 2  - weighted images 
represent the apparent diffusion coeffi cient 
(ADC) distribution in each tumor slice shown; 
(i) The columns indicate the mean peak 
percentage change in tumor apparent 
diffusion coeffi cient values for each of the 
experimental groups; the bars indicate the 
standard errors.  Reprinted with permission 
from Ref.  [151].    
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neu cancer markers  [134] , were compared with MDA - MB - 231 cells, which express 
low levels of the cancer markers  [131] . Both, HER - MMPNs and IRR - MMPNs 
(nonspecifi c) particles were studied for the MRI and therapeutic effi cacy, using an 
animal model xenografted with NIH3T6.7 breast cancer cells, and the tumor 
growth inhibitory effect was evaluated. 

 MRI of the mice was performed at different temporal points (pre - injection, 
immediately post - injection and at 4   and 12   h) after the intravenous tail injection of 
the HER - MMPNs (120   g Fe   +   Mn). After injection of the HER - MMPNs, the value 
of R 2 /R 2  pre  increased to 50.5% and 23.2% at 12   h. The T 2  - weighted MR images for 
IRR - MMPNs were used as a control (R 2 /R 2  pre  value increase of approximately 
14.4% after injection and 6.2% at 12   h), and were consistent with previous  in vitro  
studies and showed a mild  enhanced permeability and retention  ( EPR ) effect at 
the tumor site. 

 HER - MMPNs (79.3    ±    7.9   nm) demonstrated a more effective tumor growth 
inhibition than IRR - MMPNs. The results suggested that injected HER - MMPNs 
were targeted specifi cally to overexpressed HER2/neu receptors on NIH3T6.7 cells 
in the mouse model, and taken up by a receptor - mediated endocytosis process. 
The release of DOX from the HER - MMPNs demonstrated an exceptional thera-
peutic effi cacy. In addition, the HER - MMPNs showed excellent synergistic effects 
for the inhibition of tumor growth. 

 Simberg  et al.   [158]  studied a biomimetic iron oxide nanoparticle coated with 
liposomes and tumor - homing CREKA (Cys - Arg - Glu - Lys - Ala) peptides in MMTV -
 PyMT transgenic breast cancer tumor - bearing mice  [159, 160] . The CREKA peptide 
was used as the targeting agent for nanoparticles, based on its specifi c affi nity 
towards clotted plasma proteins. The interstitial spaces of tumors contain fi brin 
and proteins that become crosslinked to fi brin in blood clotting, such as fi bronec-
tin  [161, 162] . The presence of these products in tumors, but not in normal tissues, 
is thought to be a result of the leakiness of tumor vessels, and allows the plasma 
proteins to enter from the blood into tumor tissue, where the leaked fi brinogen is 
converted to fi brin by tissue procoagulant factors  [161, 163] ; this creates additional 
clotting that can be targeted by the synthetic peptides  [162] . Thus, the novel self -
 amplifying nanoparticles accumulated in tumor vessels, where they induce addi-
tional local clotting and thereby produce new binding sites for more particles (i.e., 
nanoparticles), not only home to the tumors but also amplify their own homing. 
This self - amplifying homing is a novel function of nanoparticles. The function of 
the nanoparticles system is based on a peptide that recognizes clotted plasma 
proteins and selectively homes to tumors, where it binds to vessel walls and tumor 
stroma. 

 The system mimics platelets, which also circulate freely but accumulate selec-
tively in tumor sites. The clotting - based amplifi cation greatly enhances tumor 
imaging, and the addition of a drug carrier function to the particles is envisioned. 
The CREAK - Alexa Fluor 647 alone effectively targeted the breast cancer xenografts. 
These peptides were linked to SPIO nanoparticles (Alexa fl uor - CREAK - SPIO) 
studied  in vitro  in mouse or human plasma. For  in vivo  experiments, however, the 
particles did not accumulate effectively in MDA - MB - 435 breast cancer xenografts. 
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Overall, the results of the study showed that the new nanoparticles system created 
has the following features: specifi c tumor homing; an avoidance of the RES; and 
the provision of effective tumor imaging. Although the binding of CREKA - SPIO 
to tumor vessels does not require clotting activity, the clotting does improve the 
effi ciency of the tumor homing and enhances the tumor signal in whole - body 
scans. 

 Leuschner  et al.   [164]  utilized SPIONs for targeted delivery to metastatic cancer 
cells in peripheral tissues, lymph nodes and bones to enhance the sensitivity of 
MRI. Up to 60% of human breast cancers express receptors for  luteinizing 
hormone/chorionic gonadotropin  ( LH/CG ) and  luteinizing hormone - releasing 
hormone  ( LHRH )  [165 – 168] . In this study, SPIONs were linked to LHRH, with 
LH/CG - bound SPIONs being developed to test their ability to accumulate in 
LHRH - expressing human breast cancer cells, both  in vitro  and  in vivo . When 
particles were incubated with MDA - MB - 435S luc cells, the highest iron accumula-
tion was 452.6   pg Fe per cell for LHRH - SPIONs, 203.6   pg Fe per cell for beta - CG -
 SPIONs, and 51.3   pg Fe per cell for SPIONs. Similarly,  in vivo  in a nude mouse 
model, LHRH - SPIONs were specifi cally targeted and accumulated into tumors 
and metastatic cells of human breast cancer xenografts. The amount of LHRH -
 SPIONs in the lungs was directly dependent on the number of metastatic cells, 
and amounted to 77.8   pg Fe per metastatic cell. In contrast, unconjugated SPIONs 
accumulated in the liver, showed a poor affi nity to the tumor, and were not detect-
able in metastatic lesions in the lungs. LHRH - SPIONs accumulated in the cyto-
solic compartment of the target cells and formed clusters, but did not accumulate 
in the livers of normal mice. Thus, the study results provided another contrast 
agent for MRI  in vivo  and demonstrated an increased sensitivity for the detection 
of metastases and disseminated cells in lymph nodes, bones, and peripheral 
organs. 

 During recent years, many reports have been made of  in vivo  gene silencing by 
 short interfering RNAs  ( siRNA s)  [169 – 172] . In this connection,  RNA interference  
( RNAi ) has emerged as one of the promising strategies in the development of 
therapeutics, and dual - purpose probes have been developed for the detection of 
siRNA delivery and silencing of genes by novel noninvasive methods  [173] . In 
order to develop these probes, MNPs were effectively used as nanoplatforms for 
the dual imaging and delivery of siRNA therapeutics. The probes were capable of 
the  in vivo  transfer of siRNA and the simultaneous imaging of its accumulation 
in tumors, both by MRI and near - infrared  in vivo  optical imaging (NIRF).The 
reported multifunctional MNPs were tagged with a near - infrared dye and cova-
lently linked to siRNA molecules that were specifi c for model or therapeutic 
targets. Additionally, these nanoparticles were modifi ed with a membrane trans-
location peptide for intracellular delivery. An  in vivo  tracking of tumor uptake of 
these probes by MRI and optical imaging in two separate tumor models was 
established. This study represented the fi rst step towards an advancement of the 
siRNA delivery and imaging strategies that are essential for cancer therapeutic 
product development and optimization, utilizing MNPs as a multifunctional plat-
form  [173] .  
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  6.4.1.3    MNP  s  in Hyperthermia and Thermal Ablation 
 The application of suffi cient heat to kill cells in the treatment of cancer is referred 
to as  hyperthermia   [174, 175] , and can be used in combination with conventional 
treatment modalities. Although clinical trials have demonstrated the effi cacy of 
such combinations  [176, 177] , the major limitations of hyperthermia have been 
the selective targeting and homogeneous distribution of heat within the tumor. 
Hyperthermia procedures use different sources of heat within the tissue, includ-
ing externally applied electromagnetic waves (e.g., RF or microwaves), ultrasound 
(external or interstitial), a current fl ow between two or more electrodes, electric or 
magnetic fi elds between antennas, or electrically or magnetically induced thermo 
seeds  [176] . The use of biocompatible SPIONs coupled with a magnetic fi eld by 
an alternating magnetic fi eld to produce heat due to Brownian and Neel relaxation 
processes, is a well - known procedure  [139, 178] . 

 Magnetic particles in a range of sizes have been utilized for hyperthermia and 
tested on a variety of cancers (mammary, prostate, melanoma, breast, prostate, 
glioma) in animal models  [179 – 185]  and in a clinical trial  [186] . Hyperthermia 
treatment depends on the applied temperature, with the duration of heating result-
ing either in direct tumor cell killing or rendering the cells more susceptible to 
concomitant radiotherapy or chemotherapy. In recent years, numerous groups 
have been developing this area worldwide, with the result that two effi cacy trials 
are currently being conducted for glioblastoma multiforme (in combination with 
radiotherapy) and prostate cancer (intermediate risk patients, in combination 
with low - dose rate brachytherapy). Jordan  et al.  have conducted extensive studies 
with MNPs, both in animals and in clinical trials, by using  magnetic fl uid - induced 
hyperthermia  ( MFH )  [174, 175] . Their study results (Figure  6.10 ; Table  6.2 ) have 
shown that MFH could be applied to humans (Figure  6.11 ), the group having 
achieved a mean  cumulative equivalent minutes  ( CEM ) thermal dose at 43    ° C at 
the index temperature (T90), in comparison with results reported by other groups 
 [187 – 189] . Currently, Phase II clinical trials using MFH are still ongoing  [174] .     

 Many new developments are currently under way to improve hyperthermia. One 
example is that of tumor - targeting ligands on the surface of iron oxide nanopar-
ticles, which should bind specifi cally to certain tumor cell epitopes or vascular 
targeting molecules, or perhaps accumulate in the lymph nodes after systemic 
administration.  Focused hyperthermia  represents another approach, an example 
being the  111 In - ChL6 - MAb - conjugated SPIONs (bioprobes) developed by DeNardo 
 et al.  to target breast cancer cell membrane antigens in mice. Such therapy would 
be carried out with an externally applied  alternating magnetic fi eld  ( AMF ) so as 
to deliver thermoablative cancer therapy  [139, 178] . AMF - responsive bioprobes 
have enabled specifi c cancer cell thermal ablation by the selective targeting of 
extravascular cancer cells. 

 Electron microscopy images have confi rmed the presence of bioprobes on the 
surfaces of HBT 3477 cells from  ex vivo  tumors; tumor necrosis was observed in 
these samples at 24 and 48   h after treatment with AMF/bioprobe therapy (Figure 
 6.12 ). Signifi cant therapeutic responses were reported, with an up to eightfold 
longer mean time to quintuple the tumor volume with therapy compared to no 
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treatment ( P    =   0.0013) (Table  6.3 ). In another thermal dosimetry predictive and 
effi cacy study of  111 In - ChL6 nanoparticles, an AMF was delivered at 72   h after 
bioprobe injection at amplitudes of 1410 (113   kA   m  − 1 ), 1300 (104   kA   m  − 1 ), and 700 
(56   kA   m  − 1 ) Oersted (Oe) at 30%, 60%, and 90%  “ on ”  time (duty), respectively, and 
at 1050   Oe (84   kA   m  − 1 ) at 50% and 70% duty over the 20 - min treatment period 
(Figure  6.13 ; Table  6.4 ). Both, treated and control mice were monitored for 90 
days, with the tumor  total heat dose  ( THD ) from activated tumor bioprobes being 
calculated for each treatment group, using the  111 In - bioprobe tumor concentration 
and premeasured particle heat response to AMF amplitudes. Toxicity was seen 
only in the 1300   Oe AMF cohorts, with four of 12 immediate deaths and skin 
erythema  [139, 178] . The tumor responses of these study groups showed evidence 
of a heat dose dependence and thermal dosimetry relevant to the THD, which 
represents a conceptual parallel to radiation dosimetry. The reported thermal treat-
ment study outcome could be combined with radioisotope therapy, or in series 
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     Figure 6.10     Survival rate after thermotherapy 
using magnetic nanoparticles (Kaplan – Meier 
method). (a) C - 0   =   tumor growth control, 
C - A   =   application of magnetic fl uid DDM128 
P6, no magnetic fi eld, C - B   =   application of 
magnetic fl uid MFL AS, no magnetic fi eld, 
C - F   =   application of normal saline and 

magnetic fi eld treatment; (b) T - DDM128 P6 
(P6)   =   application of dextran - coated 
nanoparticles, treatment temperature 39    ° C, 
T - MFL AS   =   application of aminosilane - coated 
nanoparticles, treatment temperatures 
43 – 47    ° C.  Reprinted with permission from Ref. 
 [174].    
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     Figure 6.11     Thermotherapy treatment of the pelvic region 
after intratumoral injection of magnetic nanoparticles using 
the alternating magnetic fi eld applicator MFH 300F ®  
(MagForce Nanotechnologies AG, Berlin, Germany). 
 Reprinted with permission from Ref.  [175].    

 Table 6.2     Survival rate after thermography using magnetic nanoparticles. 

   Treatment group     Mean survival (days)     Signifi cance     Factor   a     

  C - 0    8.9    ±    3.1         –   
  C - A    8.0    ±    1.6        0.9  

  C - B    7.6    ±    0.7        0.9  

  C - F    10.1    ±    1.1        1.1  

  T - DDM128 P6, 39    ° C    10.3    ±    2.1        1.2  

  T - MFL AS, 43    ° C    15.4    ±    6.3     P     <    0.01    1.7  

  T - MFL AS, 44    ° C    28.3    ±    7.4     P     <    0.01    3.2  

  T - MFL AS, 45    ° C    34.7    ±    6.8     P     <    0.01    3.6  

  T - MFL AS, 46    ° C    37.8    ±    2.2     P     <    0.01    4.3  

   T - MFL AS, 47    ° C     39.7    ±    3.5      P     <    0.01     4.5  

    a  Factor describes the prolongation of survival in correlation to group C - 0: tumor growth 
control, C - A: applications of magnetic fl uid DDM128 P6, no magnetic treatment; C - B: 
application of magnetic fl uid MFL AS, no magnetic fi eld treatment; C - F: application of 
normal saline and magnetic fi eld treatment; T - DDM128 P6: application of dextran - coated 
nanoparticles, treatment temperature 39    ° C; T - MFL AS: application of aminosilane - coated 
nanoparticles, treatment temperature 43 – 47    ° C.  Reprinted with permission from Ref.  [175].     
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with external beam radiation treatment  [190] . Therefore, tumor - specifi c magnetic 
iron oxide nanoparticles may lead to advances in thermotherapy, thermochemo-
therapy and diagnostic imaging, or they may be combined as a so - called  “ theranos-
tic ”  approach  [191] . The controlled release of drugs from heat - sensitive particle – drug 
conjugates may also have the potential to reduce the adverse side effects of con-
ventional chemotherapeutic regimens.      

  6.4.1.4    MNP  s  - Directed Toxicity 
 The degradation of iron oxide nanoparticles  in vivo  is carried out via normal 
metabolism, the natural pathways leading to an increased iron storage in the body. 
Human tissues contain iron, iron oxides, ferritin, transferrin and hemosiderin for 
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     Figure 6.12     Electron microscopy images 
(original magnifi cation factor: 2.7 
(6500)   =   17   550) of HBT 3477 xenograft 
tumors which had been excised from 
the mice, at the time of sacrifi ce for 
biodistribution study, 48   h post injection. 
(a) Intact bioprobes can be seen on the 
cancer cell surfaces (arrows), inferring cell 
binding and retention; the nuclear membrane 
and nucleolus are clearly seen in these 

untreated cells; (b) Electron microscopy 
image at 120   h after bioprobe injection, 48   h 
after AMF treatment at 1300   Oe, 
demonstrating substantial necrosis of the 
cancer cells (a   =   nuclei of cells seen as 
fragments; b   =   abundant cytoplasmic 
vacuoles; c   =   disintegration of cell and nuclear 
membranes).  Reprinted with permission from 
Ref.  [139].    
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     Figure 6.13     Tumor response relationship to 
bioprobe AMF Rx. The increased time to 
double, triple, and quadruple the tumor 
volume refl ects the therapeutic response in 
mice receiving a higher total heat dose (THD) 
(J). A statistical relationship between response 

and THD was shown for tumors receiving 
13 – 19 and 21   J   g  − 1  compared to that of 
controls (data not shown). The control 
includes tumor growth of AMF alone, 
bioprobes alone, and untreated.  Reprinted 
with permission from Ref.  [178].    

 Table 6.3     Reduction in tumor growth rate related to Oersted treatment level. 

   Treatment level (Oe)      n      Mean    ±    SD     Two - sided  P   

  A  
     1300    12    35    ±    28    0.0277  

     1000    8    32    ±    19    0.0300  

     700    12    29    ±    23    0.1194  

     All treated    32    35    ±    28    0.0114  

     Control    14    13    ±    7     –   

  B  

     1300    12    49    ±    27    0.0335  

     1000    8    50    ±    25    0.0206  

     700    12    45    ±    19    0.0029  

     All treated    32    48    ±    24    0.0013  

      Control     14     24    ±    9      –   

   Note: Mean time for the HBT3477 human breast xenografts to triple (A) and quadruple (B) in 
volume segregated by Oersted treatment group. Two - sided  P  values when compared to control 
group (Willcoxon – Mann – Whitney test). The decrease in tumor growth rate was related to the 
Oersted level received by that cohort, and was signifi cant ( P     ≤    0.05) for most groups.  Reprinted 
with permission from Ref.  [139].     
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iron metabolism. A study of animal models indicated that a dose level of 600   mg   kg  − 1  
Fe was not fatal; indeed, many data were available that show MNPs to be relatively 
benign. For example, Feridex was visible under MRI at more than 4 weeks after 
administration, but demonstrated no pathological damage. However, one type of 
iron oxide nanoparticle (MION - 46) was shown to induce seizures in rats, and was 
not readily broken down in the brain due to a lack of response from local macro-
phages and reactive astrocytes. Although the major constituents of MNPs are 
biocompatible and nontoxic, their size and surface modifi cations might determine 
their physiological function and host responses.    

  6.5 
 Summary 

 In this chapter, details have been provided of some of the latest developments in 
MNPs for cancer diagnosis and therapy (Table  6.5 ). The chapter has focused on 
MNP applications in areas relevant to cancer, including MRI, multimodal imaging 
(e.g., MRI, optical, and radioactive), chemical drug delivery, targeted delivery, and 

 Table 6.4     Wilcoxon rank sum comparisons of tumor doubling,
 tripling, and quadrupling times for treatment versus control
 groups of mice. 

   Joules      n      Mean    ±    SD     Two - sided  P   

  Doubling times  
     9    10    10.5    ±    3.3    0.12  

     13 – 19    19    19.0    ±    22.7    0.01  

     21    9    20.0    ±    23.0    0.03  

     All treated    38    17.0    ±    20.0    0.004  

     Controls    34    11.5    ±    16.2    NA  

  Tripling times  

     9    10    17.6    ±    5.4    0.12  

     13 – 19    19    24.6    ±    21.1    0.02  

     21    9    30.2    ±    20.2    0.007  

     All treated    38    24.1    ±    18.6    0.004  

     Controls    34    18.7    ±    21.2    NA  

  Quadrupling times  

     9    10    28.3    ±    19.3    0.11  

     13 – 19    19    29.9    ±    20.0    0.03  

     21    9    36.2    ±    18.8    0.005  

     All treated    38    31.0    ±    19.7    0.004  

      Controls     34     22.7    ±    20.3     NA  

   NA   =   not applicable.  
  Reprinted with permission from Ref.  [178].  
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 Table 6.5     Magnetic nanoparticles utilized in cancer diagnosis, imaging and therapy. 

   Serial no.     Imaging modality   a        Treatment   b        Study model     Cancer type/target     Reference(s)  

  1    MR    PK    Patient    Brain     [192]   
  2    CT/MR        Animal    Brain     [193]   

  3    MR    IMA    Animal    Brain     [194]   

  4    MR    DD    Animal    Brain     [151]   

  5    MR    DD     In vitro / In vivo     Brain     [150]   

  6    MR    IMA     In vitro     Breast     [164]   

  7    MR/Optical         In vitro     Breast     [157]   

  8    MR/Optical         In vitro     Epithelial     [115]   

  9    Nuclear    HT    Animal    Breast     [178]   

  10    MR/PET/Optical        Animal    Colorectal     [195]   

  11    MR    DIA    Animal    Glioma     [95]   

  12    MR/PET    HT    Animal    Glioblastoma     [196]   

  13    MR    DD     In Vitro     Glioma     [197]   

  14    MR        Animal    Glioma     [198]   

  15    FM/MTT    DD     In vitro     Leukemia     [124]   

  16    MR    IMA    Animal    Liver     [199]   

  17    RT - PCR    DD    Animal    Liver     [146]   

  18    RT - PCR/EM    DD     In vitro / In vivo     Liver     [144]   

  19    MR    IMA     In vitro / In vivo     Liver     [125]   

  20    MR    HT    Animal    Liver     [174]   

  21    MR        Animal    Lung carcinoma     [200]   

  22    MR/Optical        Animal    Lung carcinoma     [117]   

  23    MR    IMA    Animal    Lung     [131]   

  24    MR/Optical        Animal    Lymph node     [201]   

  25    MR    IMA    Animal    Lymph node     [148]   

  26    MR/Optical    IMA    Animal    Lymph node     [66]   

  27    MR    IMA     In vitro / In vivo     Lymph     [65]   

  28    MR/Optical    IMA    Animal    Muc - 1     [202]   

  29    MR/EM        Animal    Osteosarcoma     [149]   

  30    MR    DD    Animal    Ovalbumin     [203]   

  31    MR/Optical        Animal    Ovarian     [118]   

  32    MR    DD    Animal    Pancreatic     [147]   

  33    Western blot    IMA     In vitro     Prostate     [128]   

  34    MR    IMA     In vitro     Prostate     [127]   

  35    CT    HT    Animal    Prostate     [204]   

  36    MR/Optical    IMA    Animal    RNA delivery     [173]   

  37    MR/Optical    IMA    Animal    Solid     [205]   

  38    FM/MR    IMA    Animal    Spleen     [142]   

  39    MR, Optical    IMA, DD     In vitro / In vivo     Apoptosis     [143, 158]   

   40     TEM           In vitro / In vivo            [73]   

    a    CT   =   computed tomography; EM   =   electron microscopy; MTT   =   microculture tetrazolium test; PET   =   positron 
emission tomography; RT - PCR   =   reverse - transcribed polymerase chain reaction; TEM   =   transmission electron 
microscopy.   

   b    DD   =   Drug Delivery; IMA   =   Imaging; DIA   =   Diagnosis.   
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hyperthermia. The chapter has also highlighted the signifi cant developments of 
MNPs as multimodality imaging agents, both  in vitro  and  in vivo  in animal models. 
Although the combination of magnetic, optical, and nuclear imaging properties, 
along with target - directed multifunctional MNPs progress, has been briefl y 
described, studies relating to the toxicity of MNPs have been few in number. 
Likewise, details were provided of pharmacokinetic, dosimetry, effi cacy and 
therapy studies of MNPs in animal models.   

 Despite much progress having been achieved in the use of MNPs as a multi-
functional platform for cancer diagnosis, the area is still in its infancy and much 
effort is required before these materials acquire clinical use. Many challenges 
remain if MNPs are to become a multifunctional platform for clinical diagnosis 
and therapy. Ideally, MNPs should be simple with a defi ned conjugation chemis-
try, have a small size (for favorable pharmacokinetics), show a high affi nity towards 
specifi c cell - surface receptor(s), or provide specifi c cell endocytotic ability. In the 
treatment of human disease, MNPs should have the following requisites: a well -
 defi ned and characterized particle size; a nontoxic nature; a specifi c target; and a 
multifunctional profi le. It follows, therefore, that the success of particle develop-
ment and its subsequent application in biomedicine will depend heavily on an 
interdisciplinary approach to research. 

 Ligand - directed multifunctional MNP platforms show great promise for the 
future development of clinical diagnostic and therapeutic applications. However, 
this will be possible only by maintaining an effective collaboration between the 
broad fi elds of materials chemistry, chemistry, cell biology, molecular biology, 
biophysics and immunology, in association with clinicians.  
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 Core – Shell Magnetic Nanomaterials in Medical Diagnosis 
and Therapy  
  Marites P.   Melancon   and   Chun   Li         

7

  7.1 
 Introduction 

 Core – shell magnetic nanomaterials generally fall into two categories, both of 
which consist of a metallic or metallic oxide core with an inorganic or organic 
shell. The core consists usually of magnetite or maghemite that is magnetic, while 
the shell makes the nanomaterial biocompatible, stable, and also serves as a 
platform for attaching target units. Core – shell magnetic nanomaterials offer 
attractive possibilities in biomedicine. First, their sizes can be tailored to 
match the dimensions of cells (10 – 100    μ m), viruses (20 – 450   nm), proteins (5 –
 50   nm), or genes (2   nm wide and 10 – 100   nm long). Because of the similarity in 
size between the nanoparticle and the biological entity of interest, these nanopar-
ticles can move within closer proximity with the target, and thus are more likely 
to interact. Second, the magnetic nanoparticles can be manipulated with an exter-
nal magnetic fi eld gradient, and therefore can be made to concentrate in target 
areas. In addition, these particles can be coupled with drugs for selective drug 
delivery, and/or with reporter molecules for noninvasive imaging, such as dyes 
for optical imaging and radionuclide atoms for nuclear imaging. Third, the mag-
netic nanoparticles can be made to resonantly respond to an alternating magnetic 
fi eld, which results in a heating effect; when this heating reaches a certain tem-
perature ( > 54    ° C) the nanoparticles can be used as an ablation agent. At a certain 
temperature, these agents can also be used to enhance chemotherapy and radio-
therapy. Finally, both magnetite and maghemite possess superparamagnetic prop-
erties that enable nanoparticles to be used as agents for  magnetic resonance 
imaging  ( MRI ). 

 In this chapter, we will discuss the synthesis of magnetic nanomaterials and 
their potential applications in MRI, hyperthermia - based treatment, and drug 
delivery.  
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  7.2 
 Synthesis 

 Molecular diagnostics have provided new strategies for tailoring therapies to fi t 
the needs of each cancer patient ’ s unique biology (i.e., individualized cancer 
therapy). Today, both diagnostic and therapeutic agents are increasingly prepared 
with controlled properties for specialized uses, although for these agents to 
perform properly it is important that the synthesized particles have an almost 
uniform size and shape. The synthesis of core – shell magnetic nanoparticles 
includes: (i) synthesizing the magnetic core; (ii) forming the core – shell magnetic 
nanoparticles with an organic or inorganic coating; and (iii) functionalizing the 
core – shell magnetic nanoparticles for biological applications. 

  7.2.1 
 Formation of the Magnetic Core 

 Several reviews have discussed the synthesis and characterization of the core of 
magnetic nanoparticles  [1, 2] . In this chapter, the discussion will be limited to 
synthesis of the  superparamagnetic iron oxide nanoparticle s ( SPION s) most com-
monly used for biological applications. Magnetite (Fe 3 O 4 ) and maghemite ( γ  - Fe 2 O 3 ) 
are the two most common materials; magnetite is oxidized very easily to maghemite 
so, for the sake of simplicity, we will here discuss maghemite as the iron oxide 
nanoparticles, unless otherwise noted. In later sections, we will briefl y outline the 
most common synthesis methods, the general synthetic mechanism, the param-
eters that affect the properties of the nanoparticles, and their advantages and 
disadvantages over the other methods. Some examples of each method will also 
be provided. 

  7.2.1.1   Coprecipitation from Solution 
 The easiest and most convenient way to synthesize iron oxides (Fe 3 O 4  or  γ  -  Fe 2 O 3 ) 
in the nanometer range is via coprecipitation. In this process, Fe 2+  or Fe 3+  is added 
with a base under inert atmosphere or at elevated temperatures, and the magnetic 
particle is then precipitated. Two main methods are available for synthesizing 
maghemite via coprecipitation: 

   •      The fi rst method is based on the partial oxidation of ferrous hydroxide via the 
addition of Fe 2+ , a base, and a mild oxidizing agent. For example, Sugimoto  et al.  
 [3]  reacted FeSO 4  with KOH in the presence of nitrate ion (the mild oxidizing 
agent). The resultant gelatinous suspension was maintained at 90    ° C in the 
presence of air for several hours, in order to oxidize the magnetite to maghemite. 
In this way, spherical magnetite particles with average diameters ranging from 
0.03 to 1.1    μ m, were obtained  [3] .  

   •      The second method involves ageing stoichiometric mixtures of ferrous and 
ferric ions in aqueous solution. For example, Massart  et al.   [4]  reacted alkaline 
Fe 2+  - Fe 3+  solutions to produce maghemite particles with good yield.    
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 Because, in addition to the usual fl occulation, nanoparticles are also attracted 
magnetically, the synthesized nanoparticles must be protected through surface 
modifi cation. The use of organic additives or stabilizers such as, 1%  polyvinyl 
alcohol  ( PVA )  [5]  and dextran  [6, 7] , has been shown to be an important factor in 
preparing monodisperse magnetite particles of varying sizes. 

 In coprecipitation, the adjustment of the reaction parameters such as pH, the 
ionic strength of the precipitation medium, the Fe 2+  to Fe 3+  ratio, salt type and 
reaction temperature, allows one to control the mean size, shape, and composition 
of the resultant magnetic nanoparticle  [1] . Other factors which affect the size and 
monodispersity of the iron oxide nanoparticles include the amount of stabilizing 
ions, the presence of other ions, chelation, and the adsorption of additives on the 
nuclei and growing crystals  [1] . 

 Although coprecipitation is probably the most widely used method used to 
obtain commercial magnetic nanoparticle - based MRI contrast agents, particles 
prepared by coprecipitation tend to be rather polydisperse, and their shapes are 
diffi cult to control. Other methods have been developed to provide a better control 
over the size and size distribution of magnetic nanoparticles; these will be dis-
cussed in the following sections.  

  7.2.1.2   Thermal Decomposition 
 Thermal decomposition is the decomposition of organometallic precursors in the 
presence of hot organic surfactants. The organometallic precursors for iron oxide 
preparation include cupferronates [Fe x Cup x ] (Cup   =    N  - nitrosophenylhydroxyl-
amine, C 6 H 5 N(NO)O  −  )  [8] , carbonyls  [9] , and acetylacetonates, [Fe(acac)  n  ], where 
 n    =   2 or 3  [10, 11] . Oleates  [12] , fatty acids  [13] , and hexadecylamine  [14]  are often 
used as surfactants. 

 Alivisatos  [8]  and coworkers were the fi rst to synthesize maghemite nanocrystals 
in a nonhydrolytic fashion. In this method, solutions of FeCup 3  in octylamine were 
injected into trioctylamine at 250 – 300    ° C in an argon atmosphere. The resultant 
iron oxide nanocrystals had a size range of 4 to 10   nm in diameter, were crystalline, 
and could be repeatedly dispersed and reprecipitated in organic solvents  [8] . Hyeon 
 et al.   [9]  also prepared monodisperse maghemite nanoparticles using the thermal 
decomposition method. In their approach, iron pentacarbonyl (Fe(CO) 5 ) was 
injected into a solution containing surfactants and trimethylamine oxide, a mild 
oxidant  [9] . Later, Hyeon and coworkers  [15]  modifi ed their procedure and used 
inexpensive and environmentally friendly FeCl 3  and sodium oleate, slowly heating 
the mixture to 320    ° C. Similarly, these nanoparticles have a uniform size of 
8 – 11   nm and were prepared on an ultra - large scale  [15] . The research group of Sun 
and Zeng  [10]  used acetylacetonates as a precursor in the presence of 1,2 - 
hexadecanediol, oleic acid, and oleylamine in phenol ether to prepare nearly mono-
dispersed Fe 2 O 3  nanoparticles which were 3 – 20   nm in diameter  [10] . 

 Factors that affect the size and morphology of magnetic nanomaterials prepared 
by thermal decomposition include the ratios of the starting reagents, such as 
organometallic compounds, surfactant, and solvent. The reaction temperature, 
reaction time, and aging period are also important. Thermal decomposition yields 
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nanoparticles with a narrow size distribution and good crystallinity of individual 
and dispersible magnetic iron oxide nanoparticles; however, because the process 
is complicated and requires an inert atmosphere, it often takes from a few hours 
to several days to synthesize the nanoparticles. In some of these preparations, it 
is also unknown whether the synthesized nanoparticles can be suspended in 
aqueous media, which is important in biological applications  [1] .  

  7.2.1.3   Microemulsions 
 Microemulsions are clear, isotropic, thermodynamically stable liquid media. 
These systems are composed of at least three components    –    two immiscible 
phases (generally water and oil) and a surfactant. It was proposed that, when water 
and oil collided, they would form a microemulsion. Then, when two microemul-
sions carrying appropriate reactants were put together they would form a 
surfactant - stabilized microcavity (with diameters typically ranging from 1 to 
50   nm), which provide a confi nement effect that limits particle nucleation, growth, 
and agglomeration. The reaction would then take place inside the microcavity 
containing the reactants, wherein these microdroplets would continuously collide, 
coalesce, and break again, with a precipitate fi nally forming in the micelles  [16, 
17] . By adding a solvent, such as acetone or ethanol, to the microemulsions, 
the precipitate can be extracted by either fi ltering or centrifuging the mixture. 
The size of the reverse micelle is determined by the molar ratio of water to 
surfactant  [17] . 

 An example of the microemulsion method was demonstrated by Pileni  [18]  and 
coworkers. In their method, ferrous dodecyl sulfate, Fe(DS) 2  micellar solution was 
used to produce nanosized magnetic nanoparticles with average sizes from 4 to 
12   nm, and standard deviation ranging from 0.2 to 0.3. The size of the synthesized 
magnetic nanoparticle can be controlled by the micellar concentration and the 
temperature  [18] . 

 Although many types of magnetic nanoparticle have been synthesized in a con-
trolled manner using the microemulsion method, the particle size and shapes 
usually vary widely. The working window for synthesis in microemulsions is 
usually quite narrow, and the yield of nanoparticles is low compared to other 
methods, such as thermal decomposition and coprecipitation. Furthermore, 
because large amounts of solvent are necessary to synthesize appreciable amounts 
of material, microemulsion is not a very effi cient process and is rather diffi cult to 
scale - up.  

  7.2.1.4   Pyrolysis 
 Pyrolysis is the decomposition of a material by heating it in the absence of oxygen. 
Maghemite nanoparticles are usually prepared via a pyrolytic method by reacting 
Fe 3+  salt and a reducing agent. In nanoparticle preparation, pyrolysis can be per-
formed in two ways: 

   •      Spray pyrolysis:     This produces ultrafi ne particles that are usually aggregated. In 
this process, a solution of precursors serves as the starting materials; these are 
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misted into droplets that are carried by gas into a hot zone, where they are 
rapidly heated and decomposed to form a powder  [19] .  

   •      Laser pyrolysis:     This has a shorter reaction time, and produces ultrafi ne particles 
that are less aggregated. The process involves heating a fl owing mixture of gases 
with a continuous - wave carbon dioxide laser, which initiates and sustains a 
chemical reaction. Above a certain pressure and laser power, a critical 
concentration of nuclei is reached in the reaction zone, leading to the 
homogeneous nucleation of particles that are further transported by an inert gas 
to a fi lter  [20] .    

 Both, spray and laser pyrolysis have been shown to be excellent techniques for 
the direct and continuous production of well - defi ned magnetic nanoparticles 
under exhaustive control of the experimental conditions. Indeed, their high pro-
duction rates indicate a promising future for the preparation of magnetic nanopar-
ticles that can be utilized for both  in vivo  and  in vitro  applications.   

  7.2.2 
 Formation of the Core – Shell Structure 

 Over time, core – shell magnetic particles have evolved to stabilize and protect the 
naked magnetic nanoparticle against its environment    –    that is, against oxidation 
by oxygen, or erosion by an acid or base. In addition, the encapsulation of nanopar-
ticles also reduces their toxicity and improves their dispersibility, chemical stabil-
ity, and biocompatibility  [21] . Magnetic nanoparticles can be coated with either: (i) 
organic materials, including surfactants and polymers; or (ii) inorganic compo-
nents, such as carbon, silica, precious metals such as silver and gold, or oxides. 
In this section, the different methods of coating magnetic nanoparticles with 
organic or inorganic shells will be discussed, with attention focused on the syn-
thesis of core – shell magnetic nanoparticles with an iron oxide core and gold shell. 

  7.2.2.1   Inorganic Core with Organic Shell 
 Surfactants or polymers are normally introduced into the nanoparticle surface 
during the synthesis ( in situ ) or after synthesis, so as to avoid agglomeration. In 
general, electrostatic or steric repulsion can be used to disperse the nanoparticles 
and to maintain them in a stable, colloidal state. In general, surfactants or poly-
mers can be chemically anchored or physically adsorbed onto the magnetic 
nanoparticles to form a single or double layer  [22] , that creates repulsive forces 
(mainly as steric repulsion) to balance the magnetic and van der Waals attractive 
forces acting on the nanoparticles, thus stabilizing the magnetic particles in sus-
pension. Polymers containing functional groups, such as carboxylic acids, phos-
phates, and sulfates, can bind to the surface of magnetite  [1] . The most common 
organic coatings include: dextran, carboxymethylated dextran, carboxydextran, 
starch, arabinogalactan, glycosaminoglycan, sulfonated styrene - divinylbenzene, 
 polyethylene glycol  ( PEG ),  polyvinyl alcohol  ( PVA ), poloxamers, and polyoxamines 
 [23] . Most of these polymers have been attached onto the surface of iron oxide 
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nanoparticles via coprecipitation methods  [5, 6, 24] , although in order to achieve 
a better dispersion the magnetite particles are often modifi ed after their precipita-
tion  [25] .  

  7.2.2.2   Inorganic Core with Inorganic Shell 
 The coating of iron oxide magnetic nanoparticles with polymers and surfactants 
does not always provide a suitable protection, mainly because the organic - coated 
iron oxides are not stable in air, and are easily leached by acidic solution, resulting 
in their demagnetization. Another drawback of polymer - coated magnetic nanopar-
ticles is the relatively low intrinsic stability of the coating at higher temperatures, 
a problem which is enhanced by the possible catalytic action of the metallic cores 
 [1] . Therefore, the development of other methods for protecting magnetic nanopar-
ticles against deterioration is warranted. Precious metals can be coated onto mag-
netic nanoparticles through reactions in microemulsion, redox transmetalation, 
iterative hydroxylamine seeding, or other methods, so as to protect the cores 
against oxidation. Although the use of several inorganic coating materials has been 
investigated, the use of silica and gold protective coatings is most effective, and 
this will be discussed in the following sections. 

  7.2.2.2.1   Coating with Gold     The preparation of iron oxide nanoparticles coated 
with gold is of special interest, not only because gold stabilizes the iron core, but 
also because of the potential applications of these nanoparticles in sensors, drug 
delivery, and biodetection technologies. Gold is an excellent candidate because of 
its easily reductive preparation, high chemical stability, biocompatibility, and its 
affi nity for binding to amine and thiol terminal groups in organic molecules. 
Ideally, gold nanoshells should be thin enough so as to barely alter the magnetic 
properties of the magnetite core. Detailed below is a variety of synthetic methods 
for the direct attachment of gold shell with the iron core. These different examples 
were chosen because of the very interesting structures and morphology of the 
gold – iron nanoparticle produced. Currently, however, the method of accomplish-
ing a controlled coating of individual magnetite nanoparticles, and the tunability 
of their shell thickness, remain largely unresolved. 

 Yu  et al.   [26]  prepared dumbbell - like Fe 3 O 4 @Au nanoparticles, by decomposing 
iron pentacarbonyl, Fe(CO) 5 , over the surface of gold nanoparticles in the presence 
of oleic acid and oleylamine (Figure  7.1 ). The mixture was heated under refl ux 
( ∼ 300    ° C), followed by room - temperature oxidation under air. The size of the Au 
particles, which was tuned at 2 – 8   nm for Au and 4 – 20   nm for Fe 3 O 4 , was controlled 
by adjusting the temperature at which the HAuCl 4  was injected, or the HAuCl 4 /

1.  Decomposition

2.  Oxidation 
Au Fe3O4Au

Fe(CO)5

     Figure 7.1     The formation of dumbbell - like Fe 3 O 4 @Au nanoparticles  [26] .  
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oleylamine ratio. The particles exhibited surface plasmon absorption characteristic 
of Au and magnetic properties characteristic of Fe 3 O 4 , which are affected by inter-
actions between Au and Fe 3 O 4 . The dumbbell shape was formed through the 
epitaxial growth of iron oxide on the Au seeds. The polarity of the solvent affected 
this growth; for example, the use of diphenyl ether resulted in fl ower - like 
Au – Fe 3 O 4  nanoparticles  [26] .   

 Cho  et al.   [27]  reported another method for directly attaching Au shells into the 
iron oxide cores. In their study, Fe - core, Au - shell nanoparticles, of approximately 
20   nm diameter, were synthesized using the reverse micelle method. Cho  et al.  
 [27]  proposed that the Au shell appeared to grow by nucleating at selected sites on 
the Fe core before coalescing. An examination of the nanoparticles, using  trans-
mission electron microscopy  ( TEM ), revealed rough shell surfaces that resulted 
from the gold ’ s less - than - ideal oxidation resistance. However, electrical transport 
measurements in its pressed pellet form revealed the particles to be fairly stable, 
as the resistance of the pellet did not change appreciably over time  [27] . 

 Caruntu  et al.   [28]  successfully coated  ∼ 10   nm Fe 3 O 4  nanocrystals with 2 – 3   nm 
gold particles by using a chemically controlled, two - step procedure The fi rst step 
in the process involved the formation of a stable methanolic solution of Fe 3 O 4  
nanospheres coated with an amino - terminated silane, and peptized to induce posi-
tive charges on the particles ’  surfaces. The second step involved treating the par-
ticles with a colloidal solution of negatively charged Au nanoparticles to enable 
the attachment of Au nanograins on the surface of the Fe 3 O 4  nanocrystals (Figure 
 7.2 ). These novel nanostructures opened up new opportunities for the use of 
magnetite nanoparticles for  in vivo  biomedical applications through the chemical 
bonding of bioactive molecules to the attached Au nanoparticles  [28] .   

 Lyon  et al.   [29]  synthesized water - soluble, Au - coated magnetic Fe oxide nanopar-
ticles with diameters  ∼ 60   nm. This was achieved by the reduction of Au 3+  onto the 
surfaces of  ∼ 9   nm - diameter particles consisting of either  γ  - Fe 2 O 3  or partially oxi-
dized Fe 3 O 4  via iterative hydroxylamine seeding. The morphology and optical 
properties of the core/shell particles were seen to depend on the quantity of depos-
ited Au, while the magnetic properties remained largely independent of the Au 
addition. The Au - coated particles exhibited a  surface plasmon resonance  ( SPR ) 
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     Figure 7.2     The formation of nanograin Fe 2 O 3 @Au 
nanoparticles  [28] . APTES, 3 - aminopropyltriethoxysilane; 
THPC, tetrakis(hydroxymethyl) phosphonium chloride.  
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peak that blue - shifted from 570 to 525   nm with increasing Au deposition.  Super-
conducting quantum - interference device  ( SQUID ) magnetometry revealed that 
the particle magnetic properties were not affected by the overlayer of a moderately 
thick Au shell. 

 The fi nal example to be discussed here is the synthesis of a monolayer - capped 
iron oxide and core (iron oxide) - shell (gold) nanocomposite, and their assembly 
towards thin fi lm materials. This was the fi rst example of interparticle ligand 
exchange – precipitation chemistry at the gold shell that has demonstrated the inter -
 shell reactivity for constructing thin fi lms of Fe 2 O 3 @ Au particles (Figure  7.3 )  [30] . 
In this method, presynthesized and size - defi ned iron oxide nanoparticles were 
used as seeding materials for the reduction of gold precursors, which was shown 
to be effective for coating the iron oxide cores with gold shells (Fe 2 O 3 @ Au). The 
novelty of their assembly strategy is the exploitation of the ligand - exchange reactiv-
ity at the gold shells for the thin fi lm assembly of the core – shell nanoparticles. 
The change in particle size, as detected using TEM, the change in the SPR band 
as detected by UV - visible observations, and the disappearance of the magnetite 
diffraction peaks after coating the gold shell, as detected by  X - ray diffraction  
( XRD ), support the formation of a core – shell morphology. Moreover, the study ’ s 
fi ndings provided an important insight into the design of interfacial reactivities 
via core – shell nanocomposites for magnetic, catalytic, and biological applica-
tions  [30] .    

  7.2.2.2.2   Coating with Silica     Magnetic nanoparticles coated with silica is becom-
ing a promising and important approach because of its potential for biolabeling, 
drug targeting, and drug delivery. First, silica shells not only protect the magnetic 
cores but also prevent the magnetic cores from coming in direct contact with 
additional agents linked to the silica surface, thus avoiding unwanted interactions. 

Fe oxide
@Au

     Figure 7.3     The formation of interparticle Fe 3 O 4 @Au 
nanoparticles  [30] . Monodisperse core – shell - structured 
Fe 3 O 4 @Au nanoparticles coated with oleic acid or oleylamine 
were linked together by the difunctional linker 
1,9 - nonanedithiol or mercaptoundecanoic acid.  
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Second, silica contains surface silanol groups that can easily react with alcohols 
and silane coupling agents that produce dispersions that are not only stable in 
aqueous solution but also provide the ideal anchorage for the covalent bonding of 
specifi c ligands. Third, silica - coated iron oxides are stable in aqueous conditions, 
particularly in solutions with low pH values. The interparticle interactions, both 
in solution and within structures, can be easily controlled by varying of the shell 
thickness. In general, four methods are used to prepare silica - coated magnetic 
nanoparticles: (i) sol - gel process, (ii) silicic acid method, (iii) aerosol pyrolysis, and 
(iv) microemulsion method. 

 The fi rst method, known as the Stober  [31]  method, is an  in situ  sol – gel process, 
that uses silicon alkoxides as the source of silica matrix. In this method, silica 
phase are formed on colloidal magnetic nanoparticles in a basic alcohol and water 
mixture. Xia  [32]  and co - workers have shown that commercially available ferrofl u-
ids can be directly coated with silica shells by the hydrolysis of tetraethyl orthosili-
cate. In their study, commercially available ferrofl uid (EMG 304) was diluted with 
deionized water and 2 - propanol. Ammonia solution and various amounts of tet-
raethyl orthosilicate were added stepwise to the reaction mixture under stirring. 
Coating the magnetic nanoparticles with silica proceeded at room temperature for 
about 3   h under continuous stirring. The coating thickness could be adjusted by 
varying the amount of tetraethyl orthosilicate. Because iron oxide surface has a 
strong affi nity towards silica, no primer was required to promote the deposition 
and adhesion of silica. The silica shells ’  negative charge enables these magnetic 
nanoparticles to be redispersed in water without the need for adding other surfac-
tants. Also, because of its relatively mild reaction condition, surfactant - free, and 
low cost, the sol - gel method has been adopted more widely than the other methods 
for the preparation of silica - coated magnetic nanoparticles  [32] . 

 The second approach is based on silicic acid formed during the addition of 
hydrochloric acid to sodium silicate solution containing iron oxide nanoparticles 
 [33] . The silicic acid undergoes a polymerization reaction, transforming silanol 
groups (Si – OH) to siloxane bonds (Si – O – Si) and the silica coating forms around 
iron oxide nanoparticles. Butterworth  et al.   [34]  synthesized a magnetite - silica 
nanocomposites by the aqueous deposition of silica onto ultrafi ne magnetite par-
ticles 5 – 20   nm in diameter via the controlled hydrolysis of sodium silicate. This 
method appeared to be able to provide highly functionalized, well - dispersed iron 
oxide nanoparticles at low cost  [33] . 

 The third method is called aerosol pyrolysis, in which silica - coated magnetic 
nanoparticles were prepared by aerosol pyrolysis of a precursor mixture composed 
of a silica precursor and an iron complex in gaseous phase  [35 – 37] . 

 In the fourth method, which is the microemulsion method, uses micelles and 
inverse micelles to confi ne and control silica coating. Previous studies have exam-
ined different non - ionic surfactants, including Triton X - 100, Igepal CO - 520, and 
Brij - 97 for preparing microemulsions, and evaluating their effects on the particle 
size, crystallinity, and the magnetic properties  [38] . Yang  et al.   [39]  synthesized 
nanostructured silica - coated magnetite in sol - gel materials using a reverse - micelle 
technique. Using this method, they were able to synthesize spherical particles that 
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have a typical diameter of 53    ±    4   nm. They were also able to simultaneously trap 
biological molecules, such as catalysts within the pores  [39] . 

 Recently, Hyeon  [40]  and co - workers synthesized hollow iron oxide magnetic 
nanoparticles using a process termed wrap, bake and peel method. Many hollow -
 structured nanomaterials of metals, metal oxides and other materials have been 
synthesized using various procedures, including the most popular template 
approach. However, most of them are unsuitable for biomedical applications 
because of their poor water - dispersibility, which is derived from their large particle 
size or hydrophobic nature. In the work of Hyeon and coworkers, the overall 
process starts with covering (wrap) of  β  - FeOOH nanoparticles with a silica coating, 
heating (bake) and then etching (peel) silica layer to produce hollow iron oxide 
nanocapsules. Depending on the heat treatment conditions, hollow nanocapsules 
of either hematite or magnetite were produced. The synthesized water - dispersible 
magnetite nanocapsules were successfully used not only as a drug - delivery vehicle, 
but also as a T 2  magnetic resonance imaging contrast agent  [40] . 

 Coating magnetic iron oxide with silica is a fairly controllable process, as shown 
in the examples presented above. However, silica is unstable under basic condi-
tions, and may contain pores through which oxygen or other species can diffuse. 
Coating magnetic nanoparticles with other oxides is a much less developed fi eld; 
therefore alternative methods, especially those that would enable stabilization 
under alkaline conditions, are needed.  

  7.2.2.2.3   Coating with Silica and Gold     The  near infrared  ( NIR ) region is a region 
of the electromagnetic radiation in which absorption of water and naturally occur-
ring fl uorochromes is lowest. Directly coating of gold onto the surface of the 
magnetic iron oxide core produces a core – shell nanoparticle of plasmon resonance 
ranging from 500 – 600   nm. In order for these nanoparticles to absorb light at the 
 near - infrared  ( NIR ) region, the iron oxide cores must be coated with dielectric 
silica and thin gold shells. Depending on the relative size of the core and the 
thickness of the shell, this iron oxide coated with silica and gold can be tuned to 
resonate from the visible to NIR regions. Previously, we have discussed the differ-
ent ways of coating the iron oxide with gold having different structures, and 
methods of synthesizing the core – shell particles. Next, we will discuss the different 
ways of protecting the magnetic core using silica and gold that absorbs at the NIR 
region. 

 Hyeon  [41]  and coworkers synthesized an Au - coated SPION with silica as the 
dielectric interface. The synthetic approach for the preparation of this Au - coated 
SPION, with TEM images of the products obtained after each synthetic step, are 
shown in Figure  7.4 . In this synthesis, 100   nm - diameter silica spheres were 
synthesized using the St ö ber  [31]  method, and the surfaces of the particles 
then modifi ed with 3 - aminopropyltrimethoxysilane. Monodisperse 7 - nm Fe 3 O 4  
nanoparticles stabilized with oleic acid were synthesized and subsequently ligand -
 exchanged with  2 - bromo - 2 - methylpropionic acid  ( BMPA ). The BMPA - stabilized 
Fe 3 O 4  nanoparticles were then covalently attached to the amino - modifi ed silica 
spheres through a direct nucleophilic substitution reaction between the bromo 
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groups and the amino groups. Gold seed nanoparticles of 1 – 3   nm were attached 
to the residual amino groups of the silica spheres. Finally, a complete 15   nm - thick 
gold shell with embedded Fe 3 O 4  nanoparticles was formed around the silica 
spheres, resulting in what the authors referred to as a  “ magnetic gold nanoshell ” . 
Similarly structured gold nanoshells embedded with silica - stabilized magnetite 
nanoparticles were fabricated by the groups of Stoeva  et al.   [42]  and Salgauerino -
 Maceira  et al.   [43] . More recently, Chen  [44]  and coworkers developed a multifunc-
tional silver nanoshell with a sandwich - like nanostructure which was composed 
of a yolk - egg magnetic silica core, coated with a layer of silver, and with a thin 
layer of gold sited between the core and shell. This had very high absorbance in 
the NIR region, suggesting its possible application in the biomedical fi eld. 
However, these syntheses yielded Au - coated nanoparticles that had an average 
diameter of  ∼ 200   nm with a shell thickness of  ∼ 30   nm  [42 – 44] .   

 It has been shown previously that the cell uptake of nanoparticles is dependent 
on the nanoparticle size, with a 50   nm diameter being optimal. Recently, the size, 
charge, and concentration - dependent uptake of iron oxide particles by nonphago-
cytic cells was evaluated by Thorek and Tsourkas  [45] , who showed that a 107 - nm 
 superparamagnetic iron oxide  ( SPIO ) manifestation led to the largest T 2  signal 
decrease. Thus, it is desirable to have particles with a mean size  < 100   nm. In order 
to meet these needs, a bifunctional gold - coated SPIO - silica nanoparticle was devel-
oped which had an average diameter of  ∼ 100   nm, a strong absorption at the 
NIR region, a high T 2  relaxivity value, and could be controlled by an external 
magnetic fi eld  [46] . The multistep synthesis of the Fe@Au nanoparticle is shown 
in Figure  7.5 .   

(b)
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silica sphere

50 nm 50 nm 50 nm 50 nm 200 nm

BMPA-stabilized
magnetite

nanoparticles
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gold seed
nanoparticles

gold shell
growth

magnetic gold nanoshell
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     Figure 7.4     The formation of silica - Fe 3 O 4 @Au 
nanoparticles  [41] . (a) 2 - Bromo - 2 -
 methylpropionic acid (BMPA) - stabilized Fe 3 O 4  
nanoparticles were covalently attached to the 
amino - modifi ed silica spheres, which were in 
turn coated with a Au layer; (b – e) TEM 

images showing the different stages in the 
preparation of silica - Fe 3 O 4 @Au nanoparticles: 
(b) silica spheres; (c) silica spheres with 
Fe 3 O 4  nanoparticles on the surface; (d) silica 
spheres with Fe 3 O 4  and a gold seeds on the 
outer layer; (e) the fi nal product.  
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 In the fi rst step, silica - coated SPIO (Fe 2 O 3 ) nanoparticles were synthesized using 
the St ö ber process. For this, commercially available SPIO (average diameter 
10   nm, EMG 304) nanoparticles were stabilized with oleic acid in water. The mag-
netic nanoparticles were easily coated with amorphous silica via the sol – gel 
process, because the iron oxide surface has a strong affi nity for silica, and no 
primer was required to promote the deposition and adhesion of silica. The thick-
ness of the silica sphere could be tuned from 2 to 100   nm simply by changing the 
concentration of the sol – gel precursor, tetraethyl orthosilicate. Next, the surface 
of the silica shell was functionalized with amine groups by treatment with NH4OH 
and 3 - aminopropyltrimethoxysilane. The 2 – 3   nm gold nanocrystal seeds were then 
attached to the amino groups on the silica sphere by reducing chloroauric acid 
(HAuCl 4 ) with  tetrakis(hydroxymethyl) phosphonium chloride  ( THPC ). Because 
the gold nanoseeds had net negative surface charges, they became fi rmly attached 
to the amino groups on the silica sphere, which were positively charged at acidic 
pH. Finally, the attached gold nanoseeds were used to nucleate the growth of a 
gold overlayer on the silica surface to form a gold nanoshell. The nanoshells were 
isolated by centrifugation, washed with deionized water, and then resuspended in 
sodium citrate buffer (33   m M ) to stabilize the particle solution. To control the 
thickness of the gold shells, the concentration of gold - seeded, SPIO - containing 
silica particles was varied while the concentration of gold precursor (HAuCl 4  in 
2.5% K 2 CO 3  solution) was kept constant. Subsequent TEM images revealed an 
average diameter of the Au - coated SPIO of 82.2    ±    9.7   nm, with a shell thickness 
of  ∼ 8   nm  [46] .     

  7.3 
 Applications: Magnetic Resonance Imaging 

 Magnetic resonance imaging is a noninvasive technique used to obtain anatomic 
and metabolic or functional information with high spatial and temporal resolution. 
MRI measures changes in the magnetization of hydrogen protons in water 

     Figure 7.5     The formation of SPIO@Si – Au nanoparticles  [46] . 
SPIO, superparamagnetic iron oxide; TEOS, 
tetraethylorthosilicate; APTMS, 3 - aminopropyltrimethoxysilane; 
THPC, tetrakis(hydroxymethyl) phosphonium chloride.  
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molecules placed in a magnetic fi eld after a pulse of radiofrequency has hit them. 
Protons from different tissues relax at different rates, and this results in clearly 
defi ned anatomical images. However, within a clinical setting, it is very diffi cult 
to use MRI alone to differentiate healthy from diseased tissues, and the use of a 
contrast agent is often necessary to make such a differentiation. Contrast agents 
alter the relaxation time of the protons in their proximity, thus providing a better 
contrast. In standard clinical MRI scans, the contrast agents are injected intrave-
nously, thus increasing the contrast systemically. Although the most commonly 
used MRI contrast media are gadolinium chelates, these small - molecular - weight 
contrast agents are rapidly cleared from the body, such that only a short time is 
allowed for the imaging process  [48] . Colloidal iron oxides may offer certain advan-
tages over gadolinium chelates as MRI contrast agents, including a long blood 
circulating time, biocompatibility, and high relaxivity values  [49] . Iron oxides are 
generally imaged through T 2  -  and T 2  -  * weighted MRI. To date, a wide variety of 
particles have been produced, which differ in their size (hydrodynamic particle 
sizes varying from 10 to 500   nm) and type of coating material used (e.g., dextran, 
starch, albumin, silicones, PEG)  [50] . These particles are classifi ed according to 
their size, as this infl uences both their physico - chemical and pharmacokinetic 
properties. The fi rst particle type    –    the superparamagnetic iron oxides (SPIOs)    –    are 
larger than 50   nm (coating included) in diameter, while the second type    –    the 
ultrasmall superparamagnetic iron oxides (USPIOs) are smaller than 50   nm  [51] . 
An extensive review on the imaging applications of magnetic iron oxide nanopar-
ticles has recently been published  [23, 47] . 

 Several generations of iron oxide - based magnetic nanoparticles have been 
developed: 

   •      First - generation MRI contrast agents tend to have a larger size (diameters 
 > 200   nm) and are polydisperse. When these agents are introduced into the body, 
they are rapidly recognized as being  “ foreign ”  to the body, and are taken up by 
the  reticuloendothelial system  ( RES ). Because they accumulate passively in the 
liver and spleen, these agents are used to image liver diseases, especially liver 
cancer.  

   •      Second - generation agents are mostly nanosized (diameters  < 200   nm), and their 
coatings are more extensive. These surface - modifi ed agents are designed to 
prevent aggregation and avoid sequestration by the RES; consequently, they 
have a narrow size distribution in solution and a long half - life in the blood 
circulation. Materials such as dextran, PEG, and PVA have been used to coat 
these nanoparticles.  

   •      Third - generation agents consist of magnetic cores coated with targeting ligands 
such as antibodies, and are used for active targeting. These tend to be smaller in 
size and have targeting units on their surface. These agents are designed to 
actively target magnetic nanoparticles to the sites of disease.    

 Examples of the different generations of contrast agent are presented in the 
following subsections. 
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 Ferumoxide  [52]  (AMA - 25; trade name Feridex  ®   or Endorem  ®  ) represents a 
fi rst - generation MRI contrast agent. This agent is based on SPIONs that have an 
average diameter of 120 – 180   nm and are coated with dextran  [52, 53] . Ferumoxide 
was the fi rst organ - specifi c MRI contrast agent to be approved for clinical applica-
tions in detecting and evaluating liver lesions  [54] . Second - generation agents of 
this type are represented by ferumoxytol (Code 7228)  [55] . This is an iron oxide 
nanoparticle of approximately 30   nm diameter, and is coated with carboxymethyl 
dextran instead of dextran. This second - generation magnetic nanoparticle is used 
for macrophage and blood pool imaging, and is currently undergoing Phase II 
clinical trials. 

 Ferumoxtran  [56]  (trade names Sinerem  ®  , Combidex  ®  ) is also a dextran - coated 
iron oxide nanoparticle with an average diameter of 15 – 30   nm that has 
been clinically approved for use in the US and in EU countries. It is currently 
being used to detect metastatic disease in lymph nodes. An alternative dextran -
 derivative coating is carboxydextran. Ferumoxsil  [57]  (trade names Lumirem  ®   or 
Gastromark  ®  ) and ferucarbotran  [58]  (trade names Resovist  ®  , Cliavist  ®   ) are 
300   nm - diameter SPIONs designed for gastrointestinal imaging after oral admin-
istration. Resovist  ®   or Cliavist  ®   is also used as an organ - specifi c MRI contrast 
agent after bolus intravenous injection to detect and characterize small focal liver 
lesions. 

 Several studies have shown that coating the magnetic nanoparticle with PEG, a 
highly hydrophilic synthetic polymer, renders the nanomaterials biocompatible 
and prolongs their blood circulation time. Feruglose (Clariscan  ®  )  [59]  consists of 
USPIO particles of 4 – 7   nm diameter, coated with PEG. The blood pool half - life of 
feruglose is more than 2   h in humans; the particles are taken up by the mono-
nuclear phagocyte system and distributed mainly to the liver and spleen. Recently, 
the development of feruglose has been discontinued. 

 Third - generation MRI contrast agents with targeting ligands such as antibodies 
are important in imaging diseases, especially at the earlier stages. Immunoglobu-
lins can be covalently linked to the dextran coat of the iron oxide nanoparticle, 
using standard methods  [60] , by glutaraldehyde crosslinking  [61] , by complexation 
through ultrasonication  [62, 63] , by using the biotin – streptavidin system  [64, 65] , 
and by amine sulfhydryl group linkage  [66, 67] . These antibodies have been shown 
to improve the sensitivity of cancer detection because the antibody - coated mag-
netic nanoparticles can interact with the cancer cells. For example, iron oxide 
nanoparticles conjugated with trastuzumab have been shown to attach and detect 
SKBR - 3 breast cancer cells  [68] . Peptides and other small molecules have also been 
attached to magnetic nanoparticles; notably, a cyclic peptide with the sequence 
arginine - glycine - aspartic acid (RGD) has been conjugated to crosslinked iron oxide 
nanoparticles to target integrins expressed in BT - 20 tumor cells  [69] . 

 Magnetic nanoparticles can also be used with MRI to track cells, as some units 
have resolutions (20 – 25    μ m) which approach the size of single cells  [65] . This 
technique can be used very effectively to monitor the fate of certain cells and to 
evaluate cell - based therapies  [70] . The tracking of cells with an MRI - detectable 
tracer was fi rst attempted about a decade ago, when various research groups 



 7.4 Applications: Hyperthermia and Thermal Ablation  273

labeled leukocytes, lymphocytes, and monocytes with SPIOs in an attempt to study 
immune tracking. However, because these nanoparticles were internalized very 
slowly, it became necessary to attach targeting vectors. For example, HIV - 1 Tat 
peptide carries a transmembrane and a nuclear localization signal within its 
sequence  [71] , and is therefore capable of translocating exogenous molecules into 
cells. The conjugation of HIV - 1 Tat peptide into dextran - crosslinked iron oxide 
nanoparticles has been shown to increase their uptake over 100 - fold into lympho-
cytes when compared to bare nanoparticles  [72, 73] . In addition,  anionic maghemite 
nanoparticle s ( AMNP s) have been shown to have a cell internalization rate com-
parable to that of dextran - coated iron oxide nanoparticles  [74] . This is because the 
particles ’  negative surface charge interacts strongly and nonspecifi cally with the 
cell ’ s plasma membrane (even if the net surface charge of the membrane is nega-
tive, there are also positive sites within it that attract the agent). This increase in 
internalization substantially increases the detectability of labeled cells by MRI, and 
consequently increased its ability to isolate and sort cells from tissues following 
 in vivo  experiments such as transplantations. 

 Magnetic nanoparticles have also been used for transgene expression with MRI. 
Other imaging modalities, such as optical and nuclear imaging, have been used 
to image transgene expression, although the relatively low resolutions or limited 
depths of penetration of these modalities limits their effectiveness. Although the 
use of magnetic nanoparticles to image transgene expression is still in its early 
stages, the results of preliminary studies have demonstrated the feasibility of using 
MRI to depict the activity of endocytotic receptors, such as the asialoglycoprotein 
receptor  [75, 76] . Human transferrin, which serves as a ligand for the endocytotic 
transferrin receptor, has been conjugated to monocrystalline iron oxide to image 
transgene expression using MRI  [77, 78] . A universal MRI marker gene to image 
gene expression may enable research groups to monitor gene therapy in which 
exogenous genes are introduced into the body so as to eliminate a genetic defect, 
or to add an additional gene function to the tumor cells. Currently, investigations 
in this area are leading to the development of techniques that can be used to 
visualize noninvasively where, when, and in some cases at what level, a gene is 
being expressed.  

  7.4 
 Applications: Hyperthermia and Thermal Ablation 

 The use of heat for the preferential killing of cancer cells, whether through 
hyperthermia or thermal ablation, represents a very promising approach to 
cancer therapy. This method is especially appealing because it is a physical 
treatment, and therefore there are fewer side effects compared to conventional 
cancer treatment strategies such as radiotherapy and chemotherapy. Both, hyper-
thermia and thermal ablation can also be performed repeatedly without any 
accumulation of toxic side effects. Hyperthermia is defi ned as the heating of 
tissues at 42 – 46    ° C  [79] , while thermal ablation is the heating of tissues at 
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temperatures in excess of 46    ° C  [80] . Hyperthermia causes cellular inactivation by 
inducing and regulating apoptosis, signal transduction and multi - drug resistance. 
Additionally, repeatedly heating tissues to hyperthermic temperatures signals the 
release of heat shock proteins  [81] . Hyperthermia can also boost the effi cacy of 
radiotherapy  [82, 83]  and chemotherapy  [84] . Thermal ablation kills cells directly, 
by inducing necrosis  [85] . 

 There are several different modalities by which hyperthermia is currently 
being investigated in the clinics. These include  radiofrequency  ( RF ) capacitance, 
RF probes, microwave radiation, interstitial laser photocoagulation, direct 
tumor injection of hot water, and direct hyperthermia  [86] . In general, these 
methods have not been successful for treating liver cancer because they are 
nonspecifi c and have poor targeting abilities as a result of the uncontrollable 
homogeneous heat distribution within the tumor, without harming the healthy 
tissues  [86] . 

 The concept of magnetically mediated hyperthermia was fi rst proposed by Gil-
christ  [87]  in 1957. In that study,  γ  - Fe 3 O 4  nanoparticles of 20 – 100   nm diameter 
were injected into the submucosa of the instestinal walls of dogs with bowel 
cancer. The lymph nodes, where  γ  - Fe 3 O 4  would be expected to accumulate, were 
then surgically removed. When an alternating magnetic fi eld at a power of 200 –
 240   Oersted (Oe) was applied to the resected lymph nodes, they were seen to have 
a magnetite uptake of 5   mg   g  − 1 , and an increase in temperature of 14    ° C after a 
3   min period of treatment  [87] . In theory, all metallic objects placed in an alternat-
ing magnetic fi eld should be heated up because of hysteresis loss, Neel relaxation, 
or induced eddy currents  [88] . The presence of magnetic iron should enhance this 
temperature increase    –    hence the remarkable increase in the temperature of the 
lymph nodes with metastasis. This is an important fi nding because a temperature 
of 43    ° C sustained for at least 240   min (hyperthermia), and a temperature attaining 
54    ° C, are both cytotoxic to cancer cells. 

 Some two years after their initial studies on  ex vivo  magnetic fl uid hyperthermia, 
Gilchrist and coworkers performed a series of successful hyperthermia experi-
ments on the lymph nodes of rats and dogs  [89, 90] . Since then, several groups 
have attempted to identify the most effective hyperthermia - based treatment. 
During the 1960s, the magnetic particles used in such treatments were mostly 
liquid silicones  [91, 92] , ferropolysaccharides  [93] , and metal fl akes of iron  [94] , 
although the distribution, clearance, and toxicity of these particles were unknown 
at that time. In addition, because of the nature of these materials, tumors and 
other sites of interest were often heated unevenly. In 1979, Gordon  et al.   [95]  
proposed the concept of  intracellular hyperthermia , which involves the introduc-
tion of submicron magnetic particles capable of penetrating the cell membrane, 
thus enabling magnetic excitation. Such excitation, which resulted from the appli-
cation of an external high - frequency or pulsed electromagnetic fi eld, raised the 
temperature of the particles and thereby generated intracellular heat in precise 
increments  [95] . The technique resulted in the selective thermal destruction of 
cancer cells, which were known to be more sensitive to temperatures in excess of 
43    ° C, but had very little effect on normal cells. Although most particles used in 
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intracellular hyperthermia are typically less than 100   nm in diameter, they must 
be coated with a material that will allow their selective uptake into tumor cells. 
Magnetic nanoparticles for intracellular hyperthermia may, or may not, have tar-
geting agents attached to them.. 

  7.4.1 
 Passive Targeting 

 Passive targeting is the extravasation of particles within the leaky and disordered 
neovasculature of tumors. These particles do not have any targeting units, and 
therefore depend on the particle size and nature of the coating material that inter-
acts with the innate property of the tumors in order to accumulate preferentially 
via an  enhanced permeability and retention  ( EPR ) effect. Details of the magnetic 
nanomaterials developed for intracellular hyperthermia and capable of accumulat-
ing in tumors via an EPR effect are provided in the following sections. 

  7.4.1.1   Dextran - Coated Magnetite 
 Dextran - coated magnetite nanoparticles were the fi rst to be investigated with 
regards to whether nanoparticles would be taken up by cancer cells during hyper-
thermia - based treatments. Gordon  et al.   [95]  administered dextran - coated magne-
tite intravenously to 26 Sprague - Dawley rats bearing mammary carcinomas, and 
detected cellular particle uptake in the tumor by electron microscopy and iron 
staining of the cancerous tissue. The rats were also exposed to a magnetic fi eld 
alternating at 450 kHz for 12   min. As a result, the tumor temperature was increased 
by 8    ° C, but no adverse side effects or toxicities were observed. However, because 
the particles were also present outside the tumor cells, they were distributed into 
the extravascular and extracellular spaces, and so may have contributed to the 
heating effect  [95] . 

 Jordan  et al.   [96]  performed additional experiments on intracellular hyperther-
mia using dextran - coated magnetite, which they showed was taken up by the cells 
(up to 1.1   pg iron per cell, equivalent to 1.4    ×    10 7  particles per cell), and corre-
sponded to an intracellular specifi c power absorption value of approximately 
44   mW   ml  − 1 . Although such specifi c power absorption should have caused substan-
tial cell death, no adverse biological effects due to intracellular hyperthermia were 
identifi ed over simply water - bath heating. Jordan  et al.   [96]  attributed this inactivity 
of the intracellular nanoparticles to a loss in the dextran coating and the subse-
quent formation of large - particle aggregates within the cells; these caused a reduc-
tion in the specifi c power absorption and, in turn, a higher than expected cell 
survival  [96] .  

  7.4.1.2   Aminosilan - Coated Magnetic Particles 
 The unsuitability of dextran - coated magnetite nanoparticles for intracellular hyper-
thermia led Jordan  et al.   [97]  to develop aminosilan - coated magnetic particles, 
which demonstrated differential cellular uptake with both malignant and normal 
cells. Silan has a biocompatibility and a high specifi c absorption rate similar to 
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those of dextran  [96] , and silan coatings are also resistant to enzymatic attacks in 
lysosomes. In an  in vitro  study  [98] , Jordan and colleagues inoculated carcinomas 
(colonic, adenocarcinoma and glioma) and normal human cell controls (fi broblasts 
and neurons) with dextran -  and aminosilan - coated magnetites. The results showed 
a greater cell kill with aminosilan - coated magnetites with an alternating magnetic 
fi eld compared to a water bath treatment  in vitro . The same authors also used these 
particles to create hyperthermia after directly injecting them into human prostate 
cancer xenografts  [99, 100]  and brain tumor xenografts  [101]   in vivo . Both trials 
involved direct injection inside the tumor mass of an orthotopic Dunning rat 
model. Following particle administration, prostate cancer growth was signifi cantly 
inhibited, with the prostate glands retaining 82.5% of the injected iron at 10 days 
after intratumoral application, and enabling sequential thermal therapies to be 
performed without the repeated injection of nanoparticles. 

 The fi ndings of Jordan and coworkers prompted a series of clinical studies with 
aminosilan - coated particles, these being the fi rst reported clinical applications of 
interstitial hyperthermia using magnetic nanoparticles in locally recurrent pros-
tate cancer. The study results showed that a single intratumoral application of 
aminosilan - coated particles was retained in the prostate gland during the 6 - week 
treatment. A recent Phase I clinical trial showed that intracranial thermotherapy 
using magnetic nanoparticles could be safely applied at therapeutic temperatures, 
with local effi cacy and no adverse side effects  [102] . Other clinical trials investigat-
ing the use of magnetic nanoparticles to deliver interstitial hyperthermia have 
included a Phase I study with  hepatocellular carcinoma  ( HCC ), esophageal cancer, 
and local residual tumors of different entities (cervical, uterine and ovarian carci-
nomas, as well as sarcomas), and also Phase II trials of prostate cancer and 
glioblastoma.  

  7.4.1.3   Magnetic Cationic Liposomes 
 In 1999, Kobayashi and coworkers  [103]  developed magnetic cationic liposomes to 
facilitate uptake by tumor tissue. These liposomes showed a 10 - fold greater affi nity 
towards glioma cells than did neutral, unsubstituted magnetite liposomes, due to 
the positive charge of the magnetic cationic liposome interacting electrostatically 
with the negatively charged glioma cells  [104] . In an  in vitro  study of rat glioma 
and agar phantoms subjected to a high - frequency magnetic fi eld (118   kHz), the 
temperature rose to more than 43    ° C, and all cells died after 40   min period of 
irradiation due to the nanoparticles ’  hypothermic effect  [104] . 

 Other experiments have been conducted to investigate the effi cacy of magnetic 
cationic liposome - mediated hyperthermia in animals with several types of tumor, 
including B16 mouse melanoma  [105] , T - 9 rat glioma  [106] , osteosarcoma in 
hamsters  [107] , MM46 mouse mammary carcinoma  [108] , PLS 10 rat prostate 
cancer  [109] , and VX - 7 squamous cell carcinoma in rabbit tongue  [110] . Although 
several  in vivo  studies have been conducted    –    including one in which frequent, 
repeated hyperthermia caused a complete regression of mouse mammary carci-
noma which was initially  > 15   mm in size  [110]     –    no clinical studies have yet been 
conducted.   
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  7.4.2 
 Active Targeting 

 Active targeting is a ligand - directed, site - specifi c accumulation of nanoparticles. 
Whereas, in passive targeting it is not possible to kill micrometastases, active 
targeting can be used to eliminate micrometastases by the intravenous administra-
tion of magnetic nanoparticles designed for selective uptake by tumor cells. Cur-
rently, attempts are being made to attach tumor cell - specifi c  “ address tags ”  such 
as antibodies  [56 – 65] , peptides  [66 – 67] , or folic acid  [111]  to magnetic complexes 
(e.g., liposomes, nanoparticles). 

  7.4.2.1   Antibodies 
 In a study conducted by Ito  et al.   [112] , anti - human epidermal growth factor recep-
tor 2 (HER2) immunoliposomes containing magnetite nanoparticles were con-
structed to mediate tumor targeting, antibody therapy and hyperthermia  [112] . The 
anti - HER2  monoclonal antibody  ( mAb ) can induce antitumor responses, and be 
used for delivering drugs to tumors that overexpress HER2. The magnetite 
nanoparticles would also generate heat in an alternating magnetic fi eld. Ito  et al.  
 [112]  found that 60% of the HER2 - targeted magnetic immunoliposomes were 
incorporated into HER - 2 - expressing SKBr3 cells, after which heating the cells at 
42.5    ° C in an alternating magnetic fi eld resulted in strong cytotoxic effects. 

 Iron oxide nanoparticles have also been conjugated with a  111 In - chimeric L6 mAb 
 [113] . The pharmacokinetics, tumor uptake, and therapeutic effect of inductively 
heating these bioprobes with an external alternating magnetic fi eld were studied 
in athymic mice bearing  hamster blood transfusion  ( HBT ) 3477 human breast 
cancer xenografts. The results indicated that when these mAb - conjugated mag-
netic nanoparticles were given intravenously, they escaped into the extravascular 
space and became bound to the cancer cell membrane antigen. These bioprobes 
could then be used in concert with an externally applied alternating magnetic fi eld 
to deliver thermal ablative cancer therapy  [113] . 

 An antibody fragment, Fab, was crosslinked to   N  - (6 - maleimidocaproyloxy) - dipal-
mitoyl phosphatidylethanolamine  ( EMC - DPPE ) in magnetic liposomes  [114] . The 
resultant Fab fragment - conjugated magnetic liposomes had a 2.4 - fold higher 
molar immobilization density compared to the whole - antibody - conjugated mag-
netic liposomes. In  in vitro  studies using U251 - SP glioma cells, the Fab - conjugated 
magnetic liposomes were shown to be taken up sevenfold more frequently than 
control magnetoliposomes. Similarly, in  in vivo  studies, mice injected with Fab -
 conjugated magnetic liposomes showed an increase in tumor temperature to 
43    ° C, and tumor growth was arrested for more than 2 weeks  [114] .  

  7.4.2.2   Peptides 
 Weissleder and colleagues conjugated the cyclic arginine - glycine - aspartic acid 
(RGD) in iron oxide nanoparticles  [115] . The RGD - conjugated magnetic nanopar-
ticle targets integrins on BT - 20 tumor as a model system. Other peptides, such 
as nuclear localization sequence and bombesin receptor peptides, have been 
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conjugated to Fe 3 O 4  nanoparticles  [69] . These nuclear localization peptide - coated 
nanoparticles were introduced into the cell cytoplasm and nuclei, where they 
remained monodispersed and nonaggregated.  

  7.4.2.3   Folic Acid 
 Folate - conjugated superparamagnetic maghemite nanoparticles have been synthe-
sized for treating solid tumors with intracellular hyperthermia  [111] . These ultra-
dispersed nanosystems have been characterized for their physico - chemical 
properties and tumor cell - targeting ability, which is facilitated by their surface 
modifi cation with folic acid. Preliminary experiments which involved heating 
these nanoparticles using an alternating magnetic fi eld at 108 kHz have also been 
performed. The nanoparticles ’  size, surface charge, and colloidal stability have 
been assessed for different ionic strengths and varying pH. The ability of the 
folate - conjugated maghemite nanoparticles to recognize the folate receptor has 
been investigated, both by SPR and in folate receptor - expressing cell lines using 
radiolabeled folic acid in competitive binding experiments. The specifi city of 
nanoparticle cellular uptake has been further investigated using TEM, after incu-
bation of these nanoparticles in the presence of three cell lines with different folate 
receptor expression levels. Both, qualitative and quantitative determinations of 
folate nanoparticles and nontargeted control nanoparticles have demonstrated a 
specifi c cell internalization of the folate superparamagnetic nanoparticles  [111] .   

  7.4.3 
 Laser - Induced Hyperthermia/Thermal Ablation Therapy 

 Another method of site - specifi c cancer cell destruction is that of laser - induced 
hyperthermia or  “ ablation therapy ” , which utilizes the absorption of nanoparticles 
in the NIR region. When light is absorbed, it is converted by the nanoparticles 
into heat, which in turn destroys the cancer cells. Because of its weak absorption 
by tissues, NIR light can penetrate more deeply into the skin, but without causing 
much damage to normal tissues; thus, it can be used in conjunction with nano-
materials to target specifi c cell types. 

 Recently, details of the synthesis and characterization of an SPIO@Au nanoshell 
for NIR laser - induced photothermal ablation therapy were published  [46, 116]  
(details of this synthesis are provided in Section  7.2.2.2.3 ). The SPIO@Au 
nanoshells have a strong absorption at 700 – 800   nm, and laser - induced hyperther-
mia experiments in solution have resulted in an increase in temperature of 16    ° C 
at a particle concentration of 7.5    ×    10 12    ml  − 1  when irradiated with an 810   nm con-
tinuous - wave diode laser at 1   W for 15   min. This increase in temperature was also 
seen to be concentration - dependent  [46] . Moreover, because the SPIO@Au 
nanoshells exhibited a high transverse relaxivity,  r  2 , and a large  r  2 / r  1  ratio, they 
could be imaged using MRI to obtain T 2  - weighted images. Experiments on the 
heat - generating capacity of SPIO@Au nanoshells under an alternating magnetic 
fi eld could be used with these nanoparticles to mediate thermal ablation, which 
makes it possible to treat both deep and superfi cial cancer lesions. Given their 
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unique magnetic and optical properties, multifunctional SPIO@Au nanoshells 
could be used to enhance the effi cacy of nanoshell - mediated photothermal therapy 
by making it possible to direct more nanoparticles to tumors through the applica-
tion of an external magnetic fi eld, and by permitting the real - time  in vivo  MRI 
imaging of nanoparticle distribution before, during, and after photothermal 
therapy.   

  7.5 
 Application: Drug Delivery 

 The main problems associated with systemic drug administration include the 
uneven biodistribution of pharmaceuticals throughout the body, the lack of drug 
specifi city towards a pathological site, the need for a large dose to achieve high 
local drug concentrations, nonspecifi c toxicity, and other adverse side effects due 
to high drug dose levels  [2] . Drug targeting based on the use of nanoparticles would 
aim to resolve many of these problems. 

 In 1960, Freeman  et al.   [117]  proposed that a magnetic fi eld could be used to 
help transport magnetic particles through the vascular system, and concentrate 
the particles in a specifi c part of the body. The main advantages of magnetic par-
ticles are that they can be: (i) visualized (superparamagnetic nanoparticles are used 
in MRI); (ii) guided or held in place using a magnetic fi eld; and (iii) heated in a 
magnetic fi eld to trigger drug release or hyperthermia, or the thermal ablation of 
tissue. Based on these advantages, the use of magnetic nanoparticles for delivering 
chemotherapeutics has evolved since the 1970s. In these drug delivery systems, 
the drug – carrier complex is injected either intravenously or intra - arterially into the 
subject, after which the magnetic particle containing the drug is concentrated into 
the target site with the aid of a high - gradient external magnetic fi eld generated by 
permanent magnets  [117] . When the magnetic carrier is concentrated at the tumor 
or other targets  in vivo , the therapeutic agent is released either via enzymatic activ-
ity or through changes in physiological conditions such as pH, osmolality, or 
temperature; the net result is an increased uptake of the drug by tumor cells at 
the target sites  [118] . 

 The above - described method has achieved success in several animal studies. For 
example, Widder  et al.   [119]  conjugated doxorubicin to magnetically responsive 
albumin microspheres and injected the resultant nanoparticles into the ventral 
caudal arteries of rats bearing Yoshida sarcoma tumors. A bipolar permanent 
magnet was placed adjacent to the tumor during the infusion to help localize the 
agent. Of the 22 animals receiving magnetically localized doxorubicin micro-
spheres, 17 had a total histological remission of their tumors, while the other fi ve 
demonstrated a marked tumor regression which represented a reduction in tumor 
size of 500 – 600   mm 2 . While no deaths or metastases occurred in the groups receiv-
ing localized drug, those animals treated with free doxorubicin, placebo micro-
spheres, or nonlocalized doxorubicin microspheres exhibited a signifi cant increase 
in tumor size with metastases; subsequently, 90 – 100% of these animals died. 
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Tumor remission has been achieved not only in small animals such as rabbits and 
rats  [118, 120, 121] , but also in much larger animals such as swine  [122, 123] . For 
example, in a study conducted by Alexiou  et al.   [118] , ferrofl uids bound to mito-
xantrone were concentrated in VX - 2 carcinomas in New Zealand White rabbits by 
using an external magnetic fi eld. The application of an external alternating mag-
netic fi eld resulted in a signifi cant, complete, and permanent remission of squa-
mous cell carcinoma, with no signs of toxicity compared to the control group (no 
treatment). Alexiou  et al.   [124]  then conducted a follow - up study to investigate the 
 in vitro  and  in vivo  capabilities of ferrofl uids bound to mitoxantrone, and found 
the concentration of the chemotherapeutic agent in the tumor region to be much 
higher than with regular, systemic chemotherapy. 

 Pulfer  et al.   [121]  evaluated the ability of uncharged magnetic nanoparticles 
(10 – 20   nm) to target intracerebral rat glioma - 2 tumors  in vivo . In order to deter-
mine the ways in which particle size infl uenced the blood – tumor barrier uptake, 
these authors injected nanoparticles (4   mg   kg  − 1 ) intra - arterially into male Fisher 
344 rats bearing rat glioma - 2 tumors, and then applied magnetic fi elds of between 
0 and 6000   G to the rat brains for 30   min. The animals were killed at either 30   min 
or 6   h after injection, and the tissues collected and analyzed for their magnetite 
content. It was found that, in the presence of a magnetic fi eld, the nanoparticles 
localized in brain tumor tissue at levels of 41% and 48% of the dose per gram of 
tissue after 30   min and 6   h respectively, which was signifi cantly greater than their 
uptake in nontarget tissues. In the absence of a magnetic fi eld, levels of only 31% 
and 23% dose per gram were achieved at the same time points. A TEM analysis 
of the brain tissue revealed magnetic nanoparticles in the interstitial space of the 
tumors, but only in the vasculature of normal brain tissue. These results suggested 
that changes in the vascular endothelium of tumor tissue had promoted a selective 
uptake of the uncharged magnetic nanoparticles, and thus provided a basis for the 
development of novel drug - loaded nanoparticles as targeted drug delivery systems 
for brain tumors. 

 Goodwin  [122, 123]  and coworkers used a swine model to investigate drug target-
ing and retention abilities in regions of interest after an intra - arterial infusion of 
doxorubicin, coupled to magnetically targeted particles composed of elemental iron 
and activated carbon. The placement of an external magnet over the tumor region 
enabled an effi cient targeting of the doxorubicin - coupled magnetic particles  [105] . 

 Recently, Alexiou  et al.   [124]  achieved a degree of success in quantifying the 
distribution of magnetically targeted carriers in a rabbit model using a high - 
performance liquid chromatography analysis of mitoxantrone bound to ferrofl u-
ids, having demonstrated the uptake of magnetically targeted carriers in HeLa cells 
 in vitro . In order to overcome problems associated with the spatial confi guration 
of these delivery systems, Kubo  et al.   [125]  implanted permanent magnets at solid 
osteosarcoma sites in hamsters, and then used magnetoliposomes to deliver cyto-
toxic compounds. These authors discovered a fourfold increase in drug delivery to 
the tumor site compared to normal intravenous (nonmagnetic) delivery. Kubo 
 et al.  also reported a signifi cant increase in antitumor activity and a reduction in 
weight - loss - inducing side effects. The use of implanted magnetic grids to target 
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the heart muscle may represent another possible solution to the problems of 
delivery system geometry  [126] . 

 Although magnetic targeting has been accomplished in a number of animal 
models, magnetic targeting in humans has not yet been approved for clinical use. 
However, two Phase I/II clinical trials have been conducted to investigate the role 
of magnetic targeting in humans. In the fi rst Phase I clinical trial, which was 
conducted by Lubbe  et al.   [127]  in 1996, a 100 - nm ferrofl uid was used to which 
epirubicin (an anthracycline antibiotic) was chemically bound. Briefl y, the mag-
netic particles were coated with special starch polymers and anionic phosphate 
groups to enable binding of the positively charged amino sugars of epirubicin to 
the nanoparticles. A total of 14 patients received intravenous infusions of epirubi-
cin - coated nanoparticles and one course of conventional chemotherapy. During, 
and at 45   min after, the infusion a magnetic fi eld was introduced as close to the 
tumor as possible ( < 0.5   cm). In this way, it was found that the ferrofl uid could be 
successfully directed to the tumors in about half of the patients. Although the 
particles accumulated in the liver, the study results showed that, in general the 
magnetic carriers were well tolerated. 

 In a second clinical trial, Koda  et al.   [128]  used subselective hepatic artery cath-
eterization to deliver doxorubicin hydrochloride coupled with magnetic nanopar-
ticles to 32 HCC patients. An external magnetic fi eld (500   mT) was used to target 
the particle – drug complex to the tumor site, and MRI used to examine particle 
localization. The tumors were targeted effectively in 30 patients. A further analysis 
of 20 tumors from 17 HCC patients in whom targeting was successful revealed 
that 15 of the lesions had remained stable or had shrunk, while only fi ve had 
progressed  [129] . 

 More recently, a Phase I/II trial was conducted to evaluate magnetic nanoparti-
cle - based targeting in four HCC patients  [130] . The magnetic carrier was bound 
to doxorubicin and targeted to the liver via a transcatheter delivery through the 
hepatic artery under concurrent MRI. The fi nal fraction of treated tumor volume 
ranged from 0.64 to 0.91   cm 3 , while the fraction of affected normal liver volume 
ranged from 0.07 to 0.30   cm 3 , indicating that the combination of MRI and angi-
ography could be used to optimize magnetic targeting in some patients. 

 In addition to cancer treatments, magnetic nanoparticles can also be used to 
treat anemia caused by chronic kidney disease, as well as disorders associated with 
the musculoskeletal system. For these disorders, SPIO nanoparticles in conjunc-
tion with external magnetic fi elds appear to offer a suitable alternative for deliver-
ing drugs to infl ammatory sites by maintaining appropriate local concentrations 
while reducing the overall dosage and adverse side effects.  

  7.6 
 Summary and Perspectives 

 Magnetic nanoparticles have great potential for MRI, hyperthermia and 
thermal ablation therapy, and drug delivery. For  in vivo  applications, magnetic 
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nanoparticles must be coated with biocompatible and diamagnetic materials such 
as organic polymers or silica matrices, so as to prevent the formation of large 
aggregates, to provide biocompatible surfaces, and to facilitate drug attachment. 
During recent years, a major effort has been made to synthesize and characterize 
magnetic iron/iron oxide nanoparticles coated with a variety of materials ranging 
from polymers to silica and gold. 

 As with other nanoparticle platforms, signifi cant efforts have also been made to 
produce multifunctional magnetic nanoparticles. For example, magnetic nano-
structures with highly controlled optical properties have attracted great interest 
because of their potential diagnostic and therapeutic applications in biological and 
biomedical systems. Such materials are capable not only of mediating a cell killing 
effect via both alternating magnetic fi eld and laser light, but also of potentially 
enhancing the effi cacy of treatment with a dual - modality approach. Such an 
approach also offers opportunities for selective drug delivery through external 
magnet guided deposition, as well as receptor - mediated active targeting. Among 
such nanostructures, gold - derived nanoparticles are especially attractive because 
of their ease of preparation, good biocompatibility, ready bioconjugation, and 
unique optical properties. One especially attractive advantage of superparamag-
netic nanoparticles is their visibility on MRI, which allows the noninvasive moni-
toring not only of a nanoparticles ’   in vivo  distribution but also its delivery effi ciency 
to the disease sites. 

 In order to realize the potential applications of magnetic nanoparticles in both 
diagnosis and therapy, it is important that they are effi ciently delivered to the target 
sites. Future studies will, inevitably, be devoted to elucidating those factors that 
infl uence the pharmacokinetics and biodistribution of surface - modifi ed magnetic 
nanoparticles, and developing magnetic nanoparticles targeted to various biomark-
ers associated with various diseases.  

  Acknowledgments 

 These studies were supported by the National Cancer Institute (grant R01 
CA119387) and by the John S. Dunn Foundation. The authors thank Joe Munch 
from M.D. Anderson ’ s Department of Scientifi c Publications for editorial 
assistance.  

  References 

1     Lu ,  A.H.  ,   Salabas ,  E.L.   and   Schuth , 
 F.   ( 2007 )  Magnetic 
nanoparticles: synthesis, 
protection, functionalization, and 
application .  Angewandte Chemie, 
International Edition in English ,  46  ( 8 ), 
 1222  –  44 .  

2     Tartaj ,  P.  ,   Morales ,  M.D.P.  ,   
Veintemillas - Verdaguer ,  S.  ,   Gonzalez -
 Carreno ,  T.   and   Serna ,  C.J.   ( 2003 )  The 
preparation of magnetic nanoparticles 
for applications in biomedicine .  Journal 
of Physics D: Applied Physics ,  36  ( 13 ), 
R 182  –  97 .  



 References  283

3     Sugimoto ,  T.   and   Matijevic ,  E.   ( 1980 ) 
 Formation of uniform spherical 
magnetite particles by crystallization 
from ferrous hydroxide gels .  Journal of 
Colloid and Interface Science ,  74  ( 1 ), 
 227  –  43 .  

4     Massart ,  R.C.   and   Cabuil ,  V.   ( 1987 ) 
 Effect of some parameters on the 
formation of colloidal magnetite in 
alkaline medium: yield and particle size 
control .  The Journal of Chemical Physics , 
 84 ,  967 .  

5     Lee ,  J.  ,   Isobe ,  T.   and   Senna ,  M.   ( 1996 ) 
 Preparation of ultrafi ne Fe 3 O 4  particles 
by precipitation in the presence of PVA 
at high pH .  Journal of Colloid and 
Interface Science ,  177  ( 2 ),  490  –  4 .  

6     Molday ,  R.S.   and   MacKenzie ,  D.   ( 1982 ) 
 Immunospecifi c ferromagnetic 
iron - dextran reagents for the labeling 
and magnetic separation of cells .  Journal 
of Immunological Methods ,  52  ( 3 ),  353  –  67 .  

7     Palmacci ,  W.S.   and   Josephson ,  L.   ( 1993 ) 
US Patent No.  5,262,176 .  

8     Rockenberger ,  J.  ,   Scher ,  E.C.   and 
  Alivisatos ,  A.P.   ( 1999 )  A new 
nonhydrolytic single - precursor approach 
to surfactant - Capped nanocrystals of 
transition metal oxides .  Journal of the 
American Chemical Society ,  121  ( 49 ), 
 11595  –  6 .  

9     Hyeon ,  T.  ,   Lee ,  S.S.  ,   Park ,  J.  ,   Chung ,  Y.   
and   Na ,  H.B.   ( 2001 )  Synthesis of highly 
crystalline and monodisperse maghemite 
nanocrystallites without a size - selection 
process .  Journal of the American Chemical 
Society ,  123  ( 51 ),  12798  –  801 .  

10     Sun ,  S.   and   Zeng ,  H.   ( 2002 )  Size -
 controlled synthesis of magnetite 
nanoparticles .  Journal of the American 
Chemical Society ,  124  ( 28 ),  8204  –  5 .  

11     Sun ,  S.  ,   Zeng ,  H.  ,   Robinson ,  D.B.  , 
  Raoux ,  S.  ,   Rice ,  P.M.  ,   Wang ,  S.X.   and   Li , 
 G.   ( 2004 )  Monodisperse MFe 2 O 4  
(M   =   Fe, Co, Mn) Nanoparticles .  Journal 
of the American Chemical Society ,  126  ( 1 ), 
 273  –  9 .  

12     Samia ,  A.C.S.  ,   Hyzer ,  K.  ,   Schlueter ,  J.A.  , 
  Qin ,  C.J.  ,   Jiang ,  J.S.  ,   Bader ,  S.D.   and 
  Lin ,  X.M.   ( 2005 )  Ligand effect on the 
growth and the digestion of Co 
nanocrystals .  Journal of the American 
Chemical Society ,  127  ( 12 ),  4126  –  7 .  

13     Jana ,  N.R.  ,   Chen ,  Y.   and   Peng ,  X.   ( 2004 ) 
 Size -  and shape - controlled magnetic (Cr, 
Mn, Fe, Co, Ni) oxide nanocrystals via a 
simple and general approach .  Chemistry 
of Materials ,  16  ( 20 ),  3931  –  5 .  

14     Li ,  Y.  ,   Afzaal ,  M.   and   O ’ Brien ,  P.   ( 2006 ) 
 The synthesis of amine - capped magnetic 
(Fe, Mn, Co, Ni) oxide nanocrystals and 
their surface modifi cation for aqueous 
dispersibility .  Journal of Materials 
Chemistry ,  16  ( 22 ),  2175 .  

15     Park ,  J.  ,   An ,  K.  ,   Hwang ,  Y.  ,   Park ,  J. - G.  , 
  Noh ,  H. - J.  ,   Kim ,  J. - Y.  ,   Park ,  J. - H.  , 
  Hwang ,  N. - M.   and   Hyeon ,  T.   ( 2004 ) 
 Ultra - large - scale syntheses of 
monodisperse nanocrystals .  Nature 
Materials ,  3  ( 12 ),  891  –  5 .  

16     Pileni ,  M.P.   ( 1993 )  Reverse micelles as 
microreactors .  The Journal of Physical 
Chemistry ,  97  ( 27 ),  6961  –  73 .  

17     Pileni ,  M.P.   ( 2003 )  The role of soft 
colloidal templates in controlling the 
size and shape of inorganic nanocrystals . 
 Nature Materials ,  2  ( 3 ),  145  –  50 .  

18     Feltin ,  N.   and   Pileni ,  M.P.   ( 1997 )  New 
technique for synthesizing iron ferrite 
magnetic nanosized particles .  Langmuir , 
 13  ( 15 ),  3927  –  33 .  

19     Messing ,  G.L.  ,   Zhang ,  S.C.   and   Jayanthi , 
 G.V.   ( 1993 )  Ceramic powder synthesis 
by spray pyrolysis .  Journal of The 
American Ceramic Society ,  76  ( 11 ), 
 2707  –  26 .  

20     Veintemillas - Verdaguer ,  S.  ,   Morales , 
 M.P.   and   Serna ,  C.J.   ( 1998 )  Continuous 
production of [gamma] - Fe 2 O 3  ultrafi ne 
powders by laser pyrolysis .  Materials 
Letters ,  35  ( 3 – 4 ),  227  –  31 .  

21     Bourgeat - Lami ,  E.   and   Lang ,  J.   ( 1998 ) 
 Encapsulation of inorganic particles by 
dispersion polymerization in polar 
media: 1. Silica nanoparticles 
encapsulated by polystyrene .  Journal of 
Colloid and Interface Science ,  197  ( 2 ), 
 293  –  308 .  

22     Shen ,  L.  ,   Laibinis ,  P.E.   and   Hatton ,  T.A.   
( 1999 )  Bilayer surfactant stabilized 
magnetic fl uids: synthesis and 
interactions at interfaces .  Langmuir ,  15  
( 2 ),  447  –  53 .  

23     Laurent ,  S.  ,   Forge ,  D.  ,   Port ,  M.  ,   Roch , 
 A.  ,   Robic ,  C.  ,   Vander   Elst ,  L.   and   Muller , 
 R.N.   ( 2008 )  Magnetic iron oxide 



 284  7 Core–Shell Magnetic Nanomaterials in Medical Diagnosis and Therapy 

nanoparticles: synthesis, stabilization, 
vectorization, physicochemical 
characterizations, and biological 
applications .  Chemical Reviews ,  108  ( 6 ), 
 2064  –  110 .  

24     Kumagai ,  M.  ,   Imai ,  Y.  ,   Nakamura ,  T.  , 
  Yamasaki ,  Y.  ,   Sekino ,  M.  ,   Ueno ,  S.  , 
  Hanaoka ,  K.  ,   Kikuchi ,  K.  ,   Nagano ,  T.  , 
  Kaneko ,  E.  ,   Shimokado ,  K.   and   Kataoka , 
 K.   ( 2007 )  Iron hydroxide nanoparticles 
coated with poly(ethylene glycol) -
 poly(aspartic acid) block copolymer as 
novel magnetic resonance contrast 
agents for  in vivo  cancer imaging . 
 Colloids and Surfaces B: Biointerfaces ,  56  
( 1 – 2 ),  174  –  81 .  

25     Kataby ,  G.  ,   Ulman ,  A.  ,   Prozorov ,  R.   and 
  Gedanken ,  A.   ( 1998 )  Coating of 
amorphous iron nanoparticles by 
long - chain alcohols .  Langmuir ,  14  ( 7 ), 
 1512  –  15 .  

26     Yu ,  H.  ,   Chen ,  M.  ,   Rice ,  P.M.  ,   Wang , 
 S.X.  ,   White ,  R.L.   and   Sun ,  S.   ( 2005 ) 
 Dumbbell - like bifunctional Au - Fe 3 O 4  
nanoparticles .  Nano Letters ,  5  ( 2 ), 
 379  –  82 .  

27     Cho ,  S.J.  ,   Idrobo ,  J.C.  ,   Olamit ,  J.  ,   Liu ,  K.  , 
  Browning ,  N.D.   and   Kauzlarich ,  S.M.   
( 2005 )  Growth mechanisms and 
oxidation resistance of gold - coated iron 
nanoparticles .  Chemistry of Materials ,  17  
( 12 ),  3181  –  6 .  

28     Caruntu ,  D.  ,   Cushing ,  B.L.  ,   Caruntu ,  G.   
and   O ’ Connor ,  C.J.   ( 2005 )  Attachment of 
gold nanograins onto colloidal magnetite 
nanocrystals .  Chemistry of Materials ,  17  
( 13 ),  3398  –  402 .  

29     Lyon ,  J.L.  ,   Fleming ,  D.A.  ,   Stone ,  M.B.  , 
  Schiffer ,  P.   and   Williams ,  M.E.   ( 2004 ) 
 Synthesis of Fe oxide core/Au shell 
nanoparticles by iterative hydroxylamine 
seeding .  Nano Letters ,  4  ( 4 ),  719  –  23 .  

30     Wang ,  L.  ,   Luo ,  J.  ,   Fan ,  Q.  ,   Suzuki ,  M.  , 
  Suzuki ,  I.S.  ,   Engelhard ,  M.H.  ,   Lin ,  Y.  , 
  Kim ,  N.  ,   Wang ,  J.Q.   and   Zhong ,  C.J.   
( 2005 )  Monodispersed core - shell Fe 3 O 4 @
Au nanoparticles .  The Journal of Physical 
Chemistry B ,  109  ( 46 ),  21593  –  601 .  

31     St ö ber ,  W.  ,   Fink ,  A.   and   Bohn ,  E.   ( 1968 ) 
 Controlled growth of monodisperse 
silica spheres in the micron size range . 
 Journal of Colloid and Interface Science ,  26  
( 1 ),  62  –  9 .  

32     Lu ,  Y.  ,   Yin ,  Y.  ,   Mayers ,  B.T.   and   Xia ,  Y.   
( 2002 )  Modifying the surface properties 
of superparamagnetic iron oxide 
nanoparticles through a sol - gel approach . 
 Nano Letters ,  2  ( 3 ),  183  –  6 .  

33     Liu ,  X.  ,   Xing ,  J.  ,   Guan ,  Y.  ,   Shan ,  G.   and 
  Liu ,  H.   ( 2004 )  Synthesis of amino - silane 
modifi ed superparamagnetic silica 
supports and their use for protein 
immobilization .  Colloids and Surfaces A: 
Physicochemical and Engineering Aspects , 
 238  ( 1 – 3 ),  127  –  31 .  

34     Butterworth ,  M.D.  ,   Bell ,  S.A.  ,   Armes , 
 S.P.   and   Simpson ,  A.W.   ( 1996 )  Synthesis 
and characterization of polypyrrole -
 magnetite - silica particles .  Journal of 
Colloid and Interface Science ,  183  ( 1 ), 
 91  –  9 .  

35     Bomat í  - Miguel ,  O.  ,   Leconte ,  Y.  ,   Morales , 
 M.P.  ,   Herlin - Boime ,  N.   and 
  Veintemillas - Verdaguer ,  S.   ( 2005 )  Laser 
pyrolysis preparation of SiO2 - coated 
magnetic nanoparticles for biomedical 
applications .  Journal of Magnetism and 
Magnetic Materials ,  290  –  291  (Pt 1), 
 272  –  5 .  

36     Pola ,  J.  ,   Bastl ,  Z.  ,   Vorlicek ,  V.  , 
  Dumitrache ,  F.  ,   Alexandrescu ,  R.  , 
  Morjan ,  I.  ,   Sandu ,  I.   and   Ciupina ,  V.   
( 2004 )  Laser - induced synthesis of 
iron - iron oxide/methylmethoxysilicone 
nanocomposite .  Applied Organometallic 
Chemistry ,  18  ( 7 ),  337  –  42 .  

37     Fern á ndez - Pacheco ,  R.  ,   Arruebo ,  M.  , 
  Marquina ,  C.  ,   Ibarra ,  R.  ,   Arbiol ,  J.   and 
  Santamar í a ,  J.   ( 2006 )  Highly magnetic 
silica - coated iron nanoparticles prepared 
by the arc - discharge method . 
 Nanotechnology ,  17 ,  1188  –  92 .  

38     Philipse ,  A.P.  ,   van   Bruggen ,  M.P.B.   and 
  Pathmamanoharan ,  C.   ( 1994 )  Magnetic 
silica dispersions: preparation and 
stability of surface - modifi ed silica 
particles with a magnetic core .  Langmuir , 
 10  ( 1 ),  92  –  9 .  

39     Pichyangkul ,  S.  ,   Gettayacamin ,  M.  , 
  Miller ,  R.S.  ,   Lyon ,  J.A.  ,   Angov ,  E.  , 
  Tongtawe ,  P.  ,   Ruble ,  D.L.  ,   Heppner , 
 D.G. ,  Jr  ,   Kester ,  K.E.  ,   Ballou ,  W.R.  , 
  Diggs ,  C.L.  ,   Voss ,  G.  ,   Cohen ,  J.D.   and 
  Walsh ,  D.S.   ( 2004 )  Pre - clinical 
evaluation of the malaria vaccine 
candidate  P. falciparum  MSP1(42) 



 References  285

formulated with novel adjuvants or with 
alum .  Vaccine ,  22  ( 29 – 30 ),  3831  –  40 .  

40     Piao ,  Y.  ,   Kim ,  J.  ,   Na ,  H.B.  ,   Kim ,  D.  , 
  Baek ,  J.S.  ,   Ko ,  M.K.  ,   Lee ,  J.H.  , 
  Shokouhimehr ,  M.   and   Hyeon ,  T.   ( 2008 ) 
 Wrap - bake - peel process for 
nanostructural transformation from 
[beta] - FeOOH nanorods to biocompatible 
iron oxide nanocapsules .  Nature 
Materials ,  7  ( 3 ),  242  –  7 .  

41     Kim ,  J.  ,   Park ,  S.  ,   Lee ,  J.  ,   Jin ,  S.M.  ,   Lee , 
 J.H.  ,   Lee ,  I.S.  ,   Yang ,  I.  ,   Kim ,  J. - S.  ,   Kim , 
 S.K.  ,   Cho ,  M. - H.   and   Hyeon ,  T.   ( 2006 ) 
 Designed fabrication of multifunctional 
magnetic gold nanoshells and their 
application to magnetic resonance 
imaging and photothermal therapy 13 . 
 Angewandte Chemie, International Edition 
in English ,  45  ( 46 ),  7754  –  8 .  

42     Stoeva ,  S.I.  ,   Huo ,  F.  ,   Lee ,  J.S.   and 
  Mirkin ,  C.A.   ( 2005 )  Three - layer 
composite magnetic nanoparticle probes 
for DNA .  Journal of the American 
Chemical Society ,  127  ( 44 ),  15362  –  3 .  

43     Salgueirino - Maceira ,  V.  ,   Correa - Duarte , 
 M.A.  ,   Farle ,  M.  ,   Lopez - Quintela ,  A.  , 
  Sieradzki ,  K.   and   Diaz ,  R.   ( 2006 ) 
 Bifunctional gold - coated magnetic silica 
spheres .  Chemistry of Materials ,  18  ( 11 ), 
 2701  –  6 .  

44     Chen ,  M.  ,   Kim ,  Y.N.  ,   Lee ,  H.M.  ,   Li ,  C.   
and   Cho ,  S.O.   ( 2008 )  Multifunctional 
magnetic silver nanoshells with 
sandwichlike nanostructures .  The Journal 
of Physical Chemistry C ,  112  ( 24 ),  8870  –  4 .  

45     Thorek ,  D.L.   and   Tsourkas ,  A.   ( 2008 ) 
 Size, charge and concentration 
dependent uptake of iron oxide particles 
by non - phagocytic cells .  Biomaterials ,  29  
( 26 ),  3583  –  90 .  

46     Street ,  C.N.  ,   Lakey ,  J.R.  ,   Shapiro ,  A.M.  , 
  Imes ,  S.  ,   Rajotte ,  R.V.  ,   Ryan ,  E.A.  ,   Lyon , 
 J.G.  ,   Kin ,  T.  ,   Avila ,  J.  ,   Tsujimura ,  T.   and 
  Korbutt ,  G.S.   ( 2004 )  Islet graft 
assessment in the Edmonton Protocol: 
implications for predicting long - term 
clinical outcome .  Diabetes ,  53  ( 12 ), 
 3107  –  14 .  

47     Ji ,  X.  ,   Shao ,  R.  ,   Elliott ,  A.M.  ,   Stafford , 
 R.J.  ,   Esparza - Coss ,  E.  ,   Bankson ,  J.A.  , 
  Liang ,  G.  ,   Luo ,  Z.P.  ,   Park ,  K.  ,   Markert , 
 J.T.   and   Li ,  C.   ( 2007 )  Bifunctional gold 
nanoshells with a superparamagnetic 

iron oxide - silica core suitable for both 
MR imaging and photothermal therapy . 
 Journal of Physical Chemistry C ,  111  ( 17 ), 
 6245  –  51 .  

48     Kubaska ,  S.  ,   Sahani ,  D.V.  ,   Saini ,  S.  , 
  Hahn ,  P.F.   and   Halpern ,  E.   ( 2001 )  Dual 
contrast enhanced magnetic resonance 
imaging of the liver with 
superparamagnetic iron oxide followed 
by gadolinium for lesion detection and 
characterization .  Clinical Radiology ,  56  
( 5 ),  410  –  15 .  

49     Halavaara ,  J.  ,   Tervahartiala ,  P.  ,   Isoniemi , 
 H.   and   Hockerstedt ,  K.   ( 2002 )  Effi cacy of 
sequential use of superparamagnetic 
iron oxide and gadolinium in liver MR 
imaging .  Acta Radiologica ,  43  ( 2 ),  180  –  5 .  

50     Babes ,  L.  ,   Denizot ,  B.  ,   Tanguy ,  G.  ,   Le 
Jeune ,  J.J.   and   Jallet ,  P.   ( 1999 )  Synthesis 
of iron oxide nanoparticles used as MRI 
contrast agents: a parametric study . 
 Journal of Colloid and Interface Science , 
 212  ( 2 ),  474  –  82 .  

51     Brigger ,  I.  ,   Dubernet ,  C.   and   Couvreur , 
 P.   ( 2002 )  Nanoparticles in cancer therapy 
and diagnosis .  Advanced Drug Delivery 
Reviews ,  54  ( 5 ),  631  –  51 .  

52     Stark ,  D.D.  ,   Weissleder ,  R.  ,   Elizondo ,  G.  , 
  Hahn ,  P.F.  ,   Saini ,  S.  ,   Todd ,  L.E.  , 
  Wittenberg ,  J.   and   Ferrucci ,  J.T.   ( 1988 ) 
 Superparamagnetic iron oxide: clinical 
application as a contrast agent for MR 
imaging of the liver .  Radiology ,  168  ( 2 ), 
 297  –  301 .  

53     Saini ,  S.  ,   Stark ,  D.D.  ,   Hahn ,  P.F.  , 
  Bousquet ,  J.C.  ,   Introcasso ,  J.  , 
  Wittenberg ,  J.  ,   Brady ,  T.J.   and   Ferrucci , 
 J.T. ,  Jr   ( 1987 )  Ferrite particles: a 
superparamagnetic MR contrast agent 
for enhanced detection of liver 
carcinoma .  Radiology ,  162  ( 1  Pt 1), 
 217  –  22 .  

54     Marchal ,  G.  ,   Van   Hecke ,  P.  ,   Demaerel , 
 P.  ,   Decrop ,  E.  ,   Kennis ,  C.  ,   Baert ,  A.L.   
and   van der   Schueren ,  E.   ( 1989 ) 
 Detection of liver metastases with 
superparamagnetic iron oxide in 15 
patients: results of MR imaging at 1.5 T . 
 American Journal of Roentgenology ,  152  
( 4 ),  771  –  5 .  

55     Li ,  W.  ,   Tutton ,  S.  ,   Vu ,  A.T.  ,   Pierchala ,  L.  , 
  Li ,  B.S.  ,   Lewis ,  J.M.  ,   Prasad ,  P.V.   and 
  Edelman ,  R.R.   ( 2005 )  First - pass 



 286  7 Core–Shell Magnetic Nanomaterials in Medical Diagnosis and Therapy 

contrast - enhanced magnetic resonance 
angiography in humans using 
ferumoxytol, a novel ultrasmall 
superparamagnetic iron oxide (USPIO) -
 based blood pool agent .  Journal of 
Magnetic Resonance Imaging ,  21  ( 1 ), 
 46  –  52 .  

56     McLachlan ,  S.J.  ,   Morris ,  M.R.  ,   Lucas , 
 M.A.  ,   Fisco ,  R.A.  ,   Eakins ,  M.N.  ,   Fowler , 
 D.R.  ,   Scheetz ,  R.B.   and   Olukotun ,  A.Y.   
( 1994 )  Phase I clinical evaluation of a 
new iron oxide MR contrast agent . 
 Journal of Magnetic Resonance Imaging ,  4  
( 3 ),  301  –  7 .  

57     Jung ,  C.W.   ( 1995 )  Surface properties of 
superparamagnetic iron oxide MR 
contrast agents: ferumoxides, 
ferumoxtran, ferumoxsil .  Magnetic 
Resonance Imaging ,  13  ( 5 ),  675  –  91 .  

58     Reimer ,  P.  ,   Marx ,  C.  ,   Rummeny ,  E.J.  , 
  Muller ,  M.  ,   Lentschig ,  M.  ,   Balzer ,  T.  , 
  Dietl ,  K.H.  ,   Sulkowski ,  U.  ,   Berns ,  T.  , 
  Shamsi ,  K.   and   Peters ,  P.E.   ( 1997 ) 
 SPIO - enhanced 2D - TOF MR 
angiography of the portal venous system: 
results of an intraindividual comparison . 
 Journal of Magnetic Resonance Imaging ,  7  
( 6 ),  945  –  9 .  

59     Kellar ,  K.E.  ,   Fujii ,  D.K.  ,   Gunther ,  W.H.  , 
  Briley - Saebo ,  K.  ,   Bjornerud ,  A.  ,   Spiller , 
 M.   and   Koenig ,  S.H.   ( 2000 )  NC100150 
Injection, a preparation of optimized 
iron oxide nanoparticles for positive -
 contrast MR angiography .  Journal of 
Magnetic Resonance Imaging ,  11  ( 5 ), 
 488  –  94 .  

60     Dutton ,  A.H.  ,   Tokuyasu ,  K.T.   and 
  Singer ,  S.J.   ( 1979 )  Iron - dextran antibody 
conjugates: general method for 
simultaneous staining of two 
components in high - resolution 
immunoelectron microscopy .  Proceedings 
of the National Academy of Sciences of the 
United States of America ,  76  ( 7 ),  3392  –  6 .  

61     Renshaw ,  P.F.  ,   Owen ,  C.S.  ,   McLaughlin , 
 A.C.  ,   Frey ,  T.G.   and   Leigh ,  J.S. ,  Jr   ( 1986 ) 
 Ferromagnetic contrast agents: a new 
approach .  Magnetic Resonance in 
Medicine ,  3  ( 2 ),  217  –  25 .  

62     Cerdan ,  S.  ,   Lotscher ,  H.R.  ,   Kunnecke ,  B.   
and   Seelig ,  J.   ( 1989 )  Monoclonal 
antibody - coated magnetite particles as 
contrast agents in magnetic resonance 

imaging of tumors .  Magnetic Resonance 
in Medicine ,  12  ( 2 ),  151  –  63 .  

63     Suwa ,  T.  ,   Ozawa ,  S.  ,   Ueda ,  M.  ,   Ando ,  N.   
and   Kitajima ,  M.   ( 1998 )  Magnetic 
resonance imaging of esophageal 
squamous cell carcinoma using 
magnetite particles coated with 
anti - epidermal growth factor receptor 
antibody .  International Journal of Cancer , 
 75  ( 4 ),  626  –  34 .  

64     Artemov ,  D.  ,   Mori ,  N.  ,   Ravi ,  R.   and 
  Bhujwalla ,  Z.M.   ( 2003 )  Magnetic 
resonance molecular imaging of the 
HER - 2/neu receptor .  Cancer Research ,  63  
( 11 ),  2723  –  7 .  

65     Bulte ,  J.W.  ,   Hoekstra ,  Y.  ,   Kamman ,  R.L.  , 
  Magin ,  R.L.  ,   Webb ,  A.G.  ,   Briggs ,  R.W.  , 
  Go ,  K.G.  ,   Hulstaert ,  C.E.  ,   Miltenyi ,  S.  , 
  The ,  T.H.    et al.  ( 1992 )  Specifi c MR 
imaging of human lymphocytes by 
monoclonal antibody - guided dextran -
 magnetite particles .  Magnetic Resonance 
in Medicine ,  25  ( 1 ),  148  –  57 .  

66     Tiefenauer ,  L.X.  ,   Kuhne ,  G.   and   Andres , 
 R.Y.   ( 1993 )  Antibody - magnetite 
nanoparticles:  in vitro  characterization of 
a potential tumor - specifi c contrast agent 
for magnetic resonance imaging . 
 Bioconjugate Chemistry ,  4  ( 5 ),  347  –  52 .  

67     Tiefenauer ,  L.X.  ,   Tschirky ,  A.  ,   Kuhne ,  G.   
and   Andres ,  R.Y.   ( 1996 )  In vivo 
evaluation of magnetite nanoparticles for 
use as a tumor contrast agent in MRI . 
 Magnetic Resonance Imaging ,  14  ( 4 ), 
 391  –  402 .  

68     Jun ,  Y.W.  ,   Huh ,  Y.M.  ,   Choi ,  J.S.  ,   Lee , 
 J.H.  ,   Song ,  H.T.  ,   Kim ,  S.J.  ,   Yoon ,  S.  , 
  Kim ,  K.S.  ,   Shin ,  J.S.  ,   Suh ,  J.S.   and 
  Cheon ,  J.   ( 2005 )  Nanoscale size effect of 
magnetic nanocrystals and their 
utilization for cancer diagnosis via 
magnetic resonance imaging .  Journal of 
the American Chemical Society ,  127  ( 16 ), 
 5732  –  3 .  

69     Montet ,  X.  ,   Weissleder ,  R.   and 
  Josephson ,  L.   ( 2006 )  Imaging pancreatic 
cancer with a peptide - nanoparticle 
conjugate targeted to normal pancreas . 
 Bioconjugate Chemistry ,  17  ( 4 ),  905  –  11 .  

70     Jun ,  Y.W.  ,   Lee ,  J.H.   and   Cheon ,  J.   ( 2008 ) 
 Chemical design of nanoparticle probes 
for high - performance magnetic 
resonance imaging .  Angewandte Chemie, 



 References  287

International Edition in English ,  47  ( 28 ), 
 5122  –  35 .  

71     Vives ,  E.  ,   Brodin ,  P.   and   Lebleu ,  B.   
( 1997 )  A truncated HIV - 1 Tat protein 
basic domain rapidly translocates 
through the plasma membrane and 
accumulates in the cell nucleus .  The 
Journal of Biological Chemistry ,  272  ( 25 ), 
 16010  –  17 .  

72     Josephson ,  L.  ,   Tung ,  C.H.  ,   Moore ,  A.   
and   Weissleder ,  R.   ( 1999 )  High -
 effi ciency intracellular magnetic labeling 
with novel superparamagnetic - Tat 
peptide conjugates .  Bioconjugate 
Chemistry ,  10  ( 2 ),  186  –  91 .  

73     Allport ,  J.R.   and   Weissleder ,  R.   ( 2001 )  In 
vivo imaging of gene and cell therapies . 
 Experimental Hematology ,  29  ( 11 ), 
 1237  –  46 .  

74     Wilhelm ,  C.  ,   Gazeau ,  F.  ,   Roger ,  J.  ,   Pons , 
 J.N.   and   Bacri ,  J.C.   ( 2002 )  Interaction of 
anionic superparamagnetic nanoparticles 
with cells: kinetic analyses of membrane 
adsorption and subsequent 
internalization .  Langmuir ,  18  ( 21 ), 
 8148  –  55 .  

75     Josephson ,  L.  ,   Groman ,  E.V.  ,   Menz ,  E.  , 
  Lewis ,  J.M.   and   Bengele ,  H.   ( 1990 )  A 
functionalized superparamagnetic iron 
oxide colloid as a receptor directed MR 
contrast agent .  Magnetic Resonance 
Imaging ,  8  ( 5 ),  637  –  46 .  

76     Weissleder ,  R.  ,   Elizondo ,  G.  ,   Wittenberg , 
 J.  ,   Rabito ,  C.A.  ,   Bengele ,  H.H.   and 
  Josephson ,  L.   ( 1990 )  Ultrasmall 
superparamagnetic iron oxide: 
characterization of a new class of 
contrast agents for MR imaging . 
 Radiology ,  175  ( 2 ),  489  –  93 .  

77     Hogemann ,  D.  ,   Josephson ,  L.  , 
  Weissleder ,  R.   and   Basilion ,  J.P.   ( 2000 ) 
 Improvement of MRI probes to allow 
effi cient detection of gene expression . 
 Bioconjugate Chemistry ,  11  ( 6 ),  941  –  6 .  

78     Moore ,  A.  ,   Josephson ,  L.  ,   Bhorade ,  R.M.  , 
  Basilion ,  J.P.   and   Weissleder ,  R.   ( 2001 ) 
 Human transferrin receptor gene as a 
marker gene for MR imaging .  Radiology , 
 221  ( 1 ),  244  –  50 .  

79     Hilger ,  I.  ,   Fruhauf ,  K.  ,   Andra ,  W.  , 
  Hiergeist ,  R.  ,   Hergt ,  R.   and   Kaiser ,  W.A.   
( 2002 )  Heating potential of iron oxides 
for therapeutic purposes in 

interventional radiology .  Academic 
Radiology ,  9  ( 2 ),  198  –  202 .  

80     Hilger ,  I.  ,   Andra ,  W.  ,   Hergt ,  R.  , 
  Hiergeist ,  R.  ,   Schubert ,  H.   and   Kaiser , 
 W.A.   ( 2001 )  Electromagnetic heating of 
breast tumors in interventional 
radiology:  in vitro  and  in vivo  studies in 
human cadavers and mice .  Radiology , 
 218  ( 2 ),  570  –  5 .  

81     Milani ,  V.  ,   Endres ,  M.  ,   Kuppner ,  M.C.  , 
  Issels ,  R.D.   and   Noessner ,  E.   ( 2004 ) 
 [Heat shock proteins, immune 
competence and vaccination] .  Deutsche 
Medizinische Wochenschrift ,  129  ( 1 - 2 ), 
 31  –  5 .  

82     Overgaard ,  J.   ( 1989 )  The current and 
potential role of hyperthermia in 
radiotherapy .  International Journal of 
Radiation Oncology, Biology, Physics ,  16  
( 3 ),  535  –  49 .  

83     Overgaard ,  J.  ,   Gonzalez Gonzalez ,  D.  , 
  Hulshof ,  M.C.  ,   Arcangeli ,  G.  ,   Dahl ,  O.  , 
  Mella ,  O.   and   Bentzen ,  S.M.   ( 1995 ) 
 Randomised trial of hyperthermia as 
adjuvant to radiotherapy for recurrent or 
metastatic malignant melanoma. 
European Society for Hyperthermic 
Oncology .  Lancet ,  345  ( 8949 ),  540  –  3 .  

84     Engelhardt ,  R.   ( 1987 )  Hyperthermia and 
drugs .  Recent Results in Cancer Research , 
 104 ,  136  –  203 .  

85     Dewey ,  W.C.   ( 1994 )  Arrhenius 
relationships from the molecule and cell 
to the clinic .  International Journal of 
Hyperthermia ,  10  ( 4 ),  457  –  83 .  

86     Moroz ,  P.  ,   Jones ,  S.K.   and   Gray ,  B.N.   
( 2002 )  Magnetically mediated 
hyperthermia: current status and future 
directions .  International Journal of 
Hyperthermia ,  18  ( 4 ),  267  –  84 .  

87     Gilchrist ,  R.K.  ,   Medal ,  R.  ,   Shorey ,  W.D.  , 
  Hanselman ,  R.C.  ,   Parrott ,  J.C.   and 
  Taylor ,  C.B.   ( 1957 )  Selective inductive 
heating of lymph nodes .  Annals of 
Surgery ,  146  ( 4 ),  596  –  606 .  

88     Hiergeist ,  R.  ,   Andr ä  ,  W.  ,   Buske ,  N.  , 
  Hergt ,  R.  ,   Hilger ,  I.  ,   Richter ,  U.   and 
  Kaiser ,  W.   ( 1999 )  Application of 
magnetite ferrofl uids for hyperthermia . 
 Journal of Magnetism and Magnetic 
Materials ,  201  ( 1 – 3 ),  420  –  2 .  

89     Gilchrist ,  R.K.  ,   Shorey ,  W.D.  , 
  Hanselman ,  R.C.  ,   Depeyster ,  F.A.  ,   Yang , 



 288  7 Core–Shell Magnetic Nanomaterials in Medical Diagnosis and Therapy 

 J.   and   Medal ,  R.   ( 1965 )  Effects of 
electromagnetic heating on internal 
viscera: a preliminary to the treatment of 
human tumors .  Annals of Surgery ,  161 , 
 890  –  6 .  

90     Medal ,  R.  ,   Shoney ,  W.D.  ,   Gilchrist ,  R.K.  , 
  Barker ,  W.   and   Hanselman ,  R.   ( 1959 ) 
 Controlled radiofrequency generator for 
production of localized heat in intact 
animal .  Archives of Surgery ,  79 ,  427  –  31 .  

91     Rand ,  R.W.  ,   Snyder ,  M.  ,   Elliott ,  D.   and 
  Snow ,  H.   ( 1976 )  Selective radiofrequency 
heating of ferrosilicone occluded tissue: 
a preliminary report .  Bulletin of the Los 
Angeles Neurological Societies ,  41  ( 4 ), 
 154  –  9 .  

92     Rand ,  R.W.   and   Mosso ,  J.A.   ( 1972 ) 
 Ferromagnetic silicone vascular 
occlusion in a superconducting magnetic 
fi eld. Preliminary report .  Bulletin of the 
Los Angeles Neurological Societies ,  37  ( 2 ), 
 67  –  74 .  

93     Brilis ,  G.M.  ,   Lyon ,  J.G.  ,   Worthington , 
 J.C.   and   Lysakowski ,  R.   ( 2004 ) 
 Implementing and auditing electronic 
recordkeeping systems used in scientifi c 
research and development .  Quality 
Assurance ,  11  ( 1 ),  5  –  24 .  

94     Matsuki ,  H.  ,   Yanada ,  T.  ,   Sato ,  T.  , 
  Murakami ,  K.   and   Minakawa ,  S.   ( 1994 ) 
 Temperature - sensitive amorphous 
magnetic fl akes for intratissue 
hyperthermia .  Materials Science and 
Engineering: A ,  181  -  182 ,  1366  –  8 .  

95     Gordon ,  R.T.  ,   Hines ,  J.R.   and   Gordon , 
 D.   ( 1979 )  Intracellular hyperthermia. A 
biophysical approach to cancer treatment 
via intracellular temperature and 
biophysical alterations .  Medical 
Hypotheses ,  5  ( 1 ),  83  –  102 .  

96     Jordan ,  A.  ,   Wust ,  P.  ,   Scholz ,  R.  ,   Tesche , 
 B.  ,   Fahling ,  H.  ,   Mitrovics ,  T.  ,   Vogl ,  T.  , 
  Cervos - Navarro ,  J.   and   Felix ,  R.   ( 1996 ) 
 Cellular uptake of magnetic fl uid 
particles and their effects on human 
adenocarcinoma cells exposed to AC 
magnetic fi elds  in vitro  .  International 
Journal of Hyperthermia ,  12  ( 6 ),  705  –  22 .  

97     Jordan ,  A.  ,   Wust ,  P.  ,   Fahling ,  H.  ,   John , 
 W.  ,   Hinz ,  A.   and   Felix ,  R.   ( 1993 ) 
 Inductive heating of ferrimagnetic 
particles and magnetic fl uids: physical 
evaluation of their potential for 

hyperthermia .  International Journal of 
Hyperthermia ,  9  ( 1 ),  51  –  68 .  

98     Jordan ,  A.  ,   Scholz ,  R.  ,   Wust ,  P.  ,   Fahling , 
 H.  ,   Krause ,  J.  ,   Wlodarczyk ,  W.  ,   Sander , 
 B.  ,   Vogl ,  T.   and   Felix ,  R.   ( 1997 )  Effects 
of magnetic fl uid hyperthermia (MFH) 
on C3H mammary carcinoma  in vivo  . 
 International Journal of Hyperthermia ,  13  
( 6 ),  587  –  605 .  

99     Johannsen ,  M.  ,   Jordan ,  A.  ,   Scholz ,  R.  , 
  Koch ,  M.  ,   Lein ,  M.  ,   Deger ,  S.  ,   Roigas ,  J.  , 
  Jung ,  K.   and   Loening ,  S.   ( 2004 ) 
 Evaluation of magnetic fl uid 
hyperthermia in a standard rat model of 
prostate cancer .  Journal of Endourology/
Endourological Society ,  18  ( 5 ),  495  –  500 .  

100     Johannsen ,  M.  ,   Thiesen ,  B.  ,   Gneveckow , 
 U.  ,   Taymoorian ,  K.  ,   Waldofner ,  N.  , 
  Scholz ,  R.  ,   Deger ,  S.  ,   Jung ,  K.  ,   Loening , 
 S.A.   and   Jordan ,  A.   ( 2006 ) 
 Thermotherapy using magnetic 
nanoparticles combined with external 
radiation in an orthotopic rat model of 
prostate cancer .  The Prostate ,  66  ( 1 ), 
 97  –  104 .  

101     Jordan ,  A.   and   Maier - Hauff ,  K.   ( 2007 ) 
 Magnetic nanoparticles for intracranial 
thermotherapy .  Journal of Nanoscience 
and Nanotechnology ,  7  ( 12 ),  4604  –  6 .  

102     Wust ,  P.  ,   Gneveckow ,  U.  ,   Johannsen , 
 M.  ,   Bohmer ,  D.  ,   Henkel ,  T.  ,   Kahmann , 
 F.  ,   Sehouli ,  J.  ,   Felix ,  R.  ,   Ricke ,  J.   and 
  Jordan ,  A.   ( 2006 )  Magnetic nanoparticles 
for interstitial thermotherapy    –    feasibility, 
tolerance and achieved temperatures . 
 International Journal of Hyperthermia ,  22  
( 8 ),  673  –  85 .  

103     Shinkai ,  M.  ,   Yanase ,  M.  ,   Suzuki ,  M.  , 
  Hiroyuki ,  H.  ,   Wakabayashi ,  T.  ,   Yoshida , 
 J.   and   Kobayashi ,  T.   ( 1999 )  Intracellular 
hyperthermia for cancer using magnetite 
cationic liposomes .  Journal of Magnetism 
and Magnetic Materials ,  194  ( 1 – 3 ), 
 176  –  84 .  

104     Shinkai ,  M.  ,   Yanase ,  M.  ,   Honda ,  H.  , 
  Wakabayashi ,  T.  ,   Yoshida ,  J.   and 
  Kobayashi ,  T.   ( 1996 )  Intracellular 
hyperthermia for cancer using magnetite 
cationic liposomes:  in vitro  study .  Cancer 
Science ,  87  ( 11 ),  1179  –  83 .  

105     Suzuki ,  M.  ,   Shinkai ,  M.  ,   Honda ,  H.   and 
  Kobayashi ,  T.   ( 2003 )  Anticancer effect 
and immune induction by hyperthermia 



 References  289

of malignant melanoma using magnetite 
cationic liposomes .  Melanoma Research , 
 13  ( 2 ),  129  –  35 .  

106     Yanase ,  M.  ,   Shinkai ,  M.  ,   Honda ,  H.  , 
  Wakabayashi ,  T.  ,   Yoshida ,  J.   and 
  Kobayashi ,  T.   ( 1998 )  Intracellular 
hyperthermia for cancer using magnetite 
cationic liposomes: an  in vivo  study . 
 Japanese Journal of Cancer Research ,  89  
( 4 ),  463  –  9 .  

107     Matsuoka ,  F.  ,   Shinkai ,  M.  ,   Honda ,  H.  , 
  Kubo ,  T.  ,   Sugita ,  T.   and   Kobayashi ,  T.   
( 2004 )  Hyperthermia using magnetite 
cationic liposomes for hamster 
osteosarcoma .  Biomagnetic Research and 
Technology ,  2  ( 1 ),  3 .  

108     Ito ,  A.  ,   Tanaka ,  K.  ,   Kondo ,  K.  ,   Shinkai , 
 M.  ,   Honda ,  H.  ,   Matsumoto ,  K.  ,   Saida ,  T.   
and   Kobayashi ,  T.   ( 2003 )  Tumor 
regression by combined immunotherapy 
and hyperthermia using magnetic 
nanoparticles in an experimental 
subcutaneous murine melanoma .  Cancer 
Science ,  94  ( 3 ),  308  –  13 .  

109     Kawai ,  N.  ,   Ito ,  A.  ,   Nakahara ,  Y.  , 
  Futakuchi ,  M.  ,   Shirai ,  T.  ,   Honda ,  H.  , 
  Kobayashi ,  T.   and   Kohri ,  K.   ( 2005 ) 
 Anticancer effect of hyperthermia on 
prostate cancer mediated by magnetite 
cationic liposomes and immune -
 response induction in transplanted 
syngeneic rats .  The Prostate ,  64  ( 4 ), 
 373  –  81 .  

110     Ito ,  A.  ,   Tanaka ,  K.  ,   Honda ,  H.  , 
  Abe ,  S.  ,   Yamaguchi ,  H.   and  
 Kobayashi ,  T.   ( 2003 )  Complete 
regression of mouse mammary 
carcinoma with a size greater than 
15   mm by frequent repeated 
hyperthermia using magnetite 
nanoparticles .  Journal of Bioscience and 
Bioengineering ,  96  ( 4 ),  364  –  9 .  

111     Sonvico ,  F.  ,   Mornet ,  S.  ,   Vasseur ,  S.  , 
  Dubernet ,  C.  ,   Jaillard ,  D.  ,   Degrouard ,  J.  , 
  Hoebeke ,  J.  ,   Duguet ,  E.  ,   Colombo ,  P.   
and   Couvreur ,  P.   ( 2005 )  Folate -
 conjugated iron oxide nanoparticles for 
solid tumor targeting as potential 
specifi c magnetic hyperthermia 
mediators: synthesis, physicochemical 
characterization, and  in vitro  
experiments .  Bioconjugate Chemistry ,  16  
( 5 ),  1181  –  8 .  

112     Ito ,  A.  ,   Kuga ,  Y.  ,   Honda ,  H.  ,   Kikkawa , 
 H.  ,   Horiuchi ,  A.  ,   Watanabe ,  Y.   and 
  Kobayashi ,  T.   ( 2004 )  Magnetite 
nanoparticle - loaded anti - HER2 
immunoliposomes for combination of 
antibody therapy with hyperthermia . 
 Cancer Letters ,  212  ( 2 ),  167  –  75 .  

113     DeNardo ,  S.J.  ,   DeNardo ,  G.L.  ,   Miers , 
 L.A.  ,   Natarajan ,  A.  ,   Foreman ,  A.R.  , 
  Gruettner ,  C.  ,   Adamson ,  G.N.   and   Ivkov , 
 R.   ( 2005 )  Development of tumor 
targeting bioprobes ( 111 In - chimeric L6 
monoclonal antibody nanoparticles) for 
alternating magnetic fi eld cancer 
therapy .  Clinical Cancer Research ,  11  ( 19 ), 
S 7087  –  92 .  

114     Shinkai ,  M.  ,   Le ,  B.  ,   Honda ,  H.  , 
  Yoshikawa ,  K.  ,   Shimizu ,  K.  ,   Saga ,  S.  , 
  Wakabayashi ,  T.  ,   Yoshida ,  J.   and 
  Kobayashi ,  T.   ( 2001 )  Targeting 
hyperthermia for renal cell carcinoma 
using human MN antigen - specifi c 
magnetoliposomes .  Japanese Journal of 
Cancer Research ,  92  ( 10 ),  1138  –  45 .  

115     Montet ,  X.  ,   Montet - Abou ,  K.  ,   Reynolds , 
 F.  ,   Weissleder ,  R.   and   Josephson ,  L.   
( 2006 )  Nanoparticle imaging of integrins 
on tumor cells .  Neoplasia ,  8  ( 3 ),  214  –  22 .  

116     Park ,  K.  ,   Liang ,  G.  ,   Ji ,  X.  ,   Luo ,  Z.P.  ,   Li , 
 C.  ,   Croft ,  M.C.   and   Markert ,  J.T.   ( 2007 ) 
 Structural and magnetic properties of 
gold and silica doubly coated  γ  - Fe 2 O 3  
nanoparticles .  The Journal of Physical 
Chemistry C ,  111  ( 50 ),  18512  –  19 .  

117     Freeman ,  M.W.  ,   Arrott ,  A.   and   Watson , 
 J.H.L.   ( 1960 )  Magnetism in medicine . 
 Journal of Applied Physics ,  31  ( 5 ), S 404  –  5 .  

118     Alexiou ,  C.  ,   Arnold ,  W.  ,   Klein ,  R.J.  , 
  Parak ,  F.G.  ,   Hulin ,  P.  ,   Bergemann ,  C.  , 
  Erhardt ,  W.  ,   Wagenpfeil ,  S.   and   Lubbe , 
 A.S.   ( 2000 )  Locoregional cancer 
treatment with magnetic drug targeting . 
 Cancer Research ,  60  ( 23 ),  6641  –  8 .  

119     Widder ,  K.J.  ,   Senyel ,  A.E.   and   Scarpelli , 
 G.D.   ( 1978 )  Magnetic microspheres: a 
model system of site specifi c drug 
delivery  in vivo  .  Proceedings of the Society 
for Experimental Biology and Medicine , 
 158  ( 2 ),  141  –  6 .  

120     L ü bbe ,  A.S.  ,   Alexiou ,  C.   and   Bergemann , 
 C.   ( 2001 )  Clinical applications of 
magnetic drug targeting .  Journal of 
Surgical Research ,  95  ( 2 ),  200  –  6 .  



 290  7 Core–Shell Magnetic Nanomaterials in Medical Diagnosis and Therapy 

121     Pulfer ,  S.K.  ,   Ciccotto ,  S.L.   and   Gallo , 
 J.M.   ( 1999 )  Distribution of small 
magnetic particles in brain tumor -
 bearing rats .  Journal of Neuro - Oncology , 
 41  ( 2 ),  99  –  105 .  

122     Goodwin ,  S.  ,   Peterson ,  C.  ,   Hoh ,  C.   and 
  Bittner ,  C.   ( 1999 )  Targeting and 
retention of magnetic targeted carriers 
(MTCs) enhancing intra - arterial 
chemotherapy .  Journal of Magnetism and 
Magnetic Materials ,  194  ( 1 - 3 ),  132  –  9 .  

123     Goodwin ,  S.C.  ,   Bittner ,  C.A.  ,   Peterson , 
 C.L.   and   Wong ,  G.   ( 2001 )  Single - dose 
toxicity study of hepatic intra - arterial 
infusion of doxorubicin coupled to a 
novel magnetically targeted drug carrier . 
 Toxicological Sciences ,  60  ( 1 ),  177  –  83 .  

124     Alexiou ,  C.  ,   Jurgons ,  R.  ,   Schmid ,  R.  , 
  Hilpert ,  A.  ,   Bergemann ,  C.  ,   Parak ,  F.   
and   Iro ,  H.   ( 2005 )  In vitro and  in vivo  
investigations of targeted chemotherapy 
with magnetic nanoparticles .  Journal of 
Magnetism and Magnetic Materials ,  293  
( 1 ),  389  –  93 .  

125     Kubo ,  T.  ,   Sugita ,  T.  ,   Shimose ,  S.  ,   Nitta , 
 Y.  ,   Ikuta ,  Y.   and   Murakami ,  T.   ( 2000 ) 
 Targeted delivery of anticancer drugs 
with intravenously administered 
magnetic liposomes in osteosarcoma -
 bearing hamsters .  International Journal 
of Oncology ,  17  ( 2 ),  309  –  15 .  

126     Yellen ,  B.B.  ,   Forbes ,  Z.G.  ,   Halverson , 
 D.S.  ,   Fridman ,  G.  ,   Barbee ,  K.A.  ,   Chorny , 

 M.  ,   Levy ,  R.   and   Friedman ,  G.   ( 2005 ) 
 Targeted drug delivery to magnetic 
implants for therapeutic applications . 
 Journal of Magnetism and Magnetic 
Materials ,  293  ( 1 ),  647  –  54 .  

127     Lubbe ,  A.S.  ,   Bergemann ,  C.  ,   Huhnt ,  W.  , 
  Fricke ,  T.  ,   Riess ,  H.  ,   Brock ,  J.W.   and 
  Huhn ,  D.   ( 1996 )  Preclinical experiences 
with magnetic drug targeting: tolerance 
and effi cacy .  Cancer Research ,  56  ( 20 ), 
 4694  –  701 .  

128     Koda ,  J.  ,   Venook ,  A.  ,   Walser ,  E.   and 
  Goodwin ,  S.   ( 2002 )  A multicenter, phase 
I/II trial of hepatic intra - arterial delivery 
of doxorubicin hydrochloride adsorbed 
to magnetic targeted carriers in patients 
with hepatocellular carcinoma .  European 
Journal of Cancer ,  38   (Suppl. 7) , S 18 .  

129     McBain ,  S.C.  ,   Yiu ,  H.H.   and   Dobson ,  J.   
( 2008 )  Magnetic nanoparticles for gene 
and drug delivery .  International Journal 
of Nanomedicine ,  3  ( 2 ),  169  –  80 .  

130     Wilson ,  M.W.  ,   Kerlan ,  R.K. ,  Jr  , 
  Fidelman ,  N.A.  ,   Venook ,  A.P.  ,   LaBerge , 
 J.M.  ,   Koda ,  J.   and   Gordon ,  R.L.   ( 2004 ) 
 Hepatocellular carcinoma: regional 
therapy with a magnetic targeted carrier 
bound to doxorubicin in a dual MR 
imaging/conventional angiography 
suite    –    initial experience with four 
patients .  Radiology ,  230  ( 1 ),  287  –  93 .   

    



 nanomaterials ;  core – shell structure ;  magnetic resonance imaging ;  thermal abla-
tion ;  targeting ;  drug delivery 

Keywords



   293

 The Use of Magnetic Particles in Tissue Engineering  
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  8.1 
 Introduction 

 Magnetic microparticles and nanoparticles, primarily iron oxides, have been used 
in biomedical applications such as tissue engineering  [1] , cell separation/immu-
noassay, drug targeting and delivery, gene delivery and transfection, and as  mag-
netic resonance imaging  ( MRI ) contrast agents  [2 – 4] . These particles often consist 
of a magnetic iron oxide core coated with a biocompatible polymer that can be 
functionalized in order to attach binding molecules such as antibodies, peptides, 
and other functional groups  [5, 6] . 

 More recently, magnetic nanoparticles have been used increasingly for tissue 
engineering applications. Tissue engineering has been described as  “ ... an inter-
disciplinary fi eld that applies the principles of engineering and life sciences toward 
the development of biological substitutes that restore, maintain, or improve tissue 
function or a whole organ ”   [7] . In many cases, the objective is to seed a patient ’ s 
own cells onto a porous, biodegradable scaffold, and then to coax the cells to 
produce the required tissue matrix as the scaffold decays. Ultimately, all that 
remains is the new tissue construct ready for implantation into the site of the 
defect. By using the patient ’ s own cells, the problem of immunorejection is over-
come, although in practice this is proving diffi cult to achieve. By utilizing the 
benefi ts of magnetic particles as  “ mechanotransducers ” , it is possible to control 
cellular behavior in a remote fashion, to infl uence the  three - dimensional  ( 3 - D ) 
structure, and aid in the formation of functional tissue constructs  [8] . In this 
chapter, we will review the progress of these approaches in tissue engineering as 
applied to various tissue types. 

  8.1.1 
 Mechanotransduction 

 By attaching magnetic nanoparticles to functional sites, both on the cell membrane 
and on internal cellular components, the particles can act as transducers of applied 
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magnetic fi elds and enable the noninvasive control of various cellular functions. 
Although this method was fi rst described during the 1950s by Francis Crick  [9] , it 
was not studied further until the 1980s by Valberg and others  [10 – 15] . Based on 
these earlier fi ndings, Ning Wang and Donald Ingber developed the technique of 
 “  magnetic twisting cytometry  ”  ( MTC ). By coating magnetic microparticles with 
ligands targeted at different receptors on the cell surface, and then applying and 
measuring the magnetic fi elds required to  “ twist ”  the magnetically blocked par-
ticles, it was possible to study the mechanical linkage between the cell membrane 
receptor and the cytoskeletal network  [16] . Since then, basic scientifi c experiments 
have been performed on a variety of cell types using different particles and coat-
ings to investigate mechanotransduction  [17 – 25] . 

 In addition to twisting magnetically blocked microparticles and nanoparticles, 
it is also possible to  “ pull ”  the particles towards a magnetic fi eld source, provided 
that there is a gradient to the fi eld  [2] . Magnetic nanoparticles will be attracted to 
such a fi eld according to the equation:

   F V B Bmag = −( ) ∇( )χ χ
μ2 1

0

1
    (8.1)  

where  F mag   is the force on the magnetic particle,  χ  2  is the volume magnetic sus-
ceptibility of the magnetic particle,  χ  1  is the volume magnetic susceptibility of the 
surrounding medium,  μ  o  is the magnetic permeability of free space,  V  is the par-
ticle volume,  B  is the magnetic fl ux density in Tesla (T),  ∇  B  is fi eld gradient, which 
can be reduced to  ∂  B / ∂  x ,  ∂  B / ∂  y ,  ∂  B / ∂  z . 

 This attractive force (sometimes in combination with torque), when applied to 
magnetic nanoparticles which are attached in some way to cell membrane recep-
tors or cellular components, presents opportunities to employ magnetic actuation 
in a way that may be used to control specifi c cellular processes (Figure  8.1 ).   

 It is well established that mechanical forces infl uence cellular function, most 
likely through their effects on mechanosensitive ion channels. The differentiation 
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     Figure 8.1     Schematic representation of magnetic 
nanoparticle - based ion channel activation. (a) By general 
membrane stretch/deformation; (b) By targeted ion channel 
attachment and actuation.  Figure adapted from Ref.  [8] .   
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of stem cells can be controlled by mechanical forces  [26, 27] . Extracellular matrix -
 associated gene expression of more mature cells such as osteoblasts can be upregu-
lated using mechanical forces  [28] . It is this concept of remote control of 
mechanotransduction that has led to developments in the application of magnetic 
microparticles and nanoparticles to tissue engineering. 

 Mechanical forces can be applied to cells that are seeded onto a 3 - D scaffold in 
a variety of ways. Such methods include shear forces induced from fl uid fl ow and 
compressive/tensile forces applied directly to the cell - seeded scaffold (and thus 
transmitted indirectly to the cells seeded onto the scaffold). There are various 
limitations using these techniques, but these may be overcome by using magnetic 
microparticles and nanoparticles as mechanotransducers. 

 By using magnetic particles to transmit force directly to the cells, the scaffold 
geometry can be complex, whereas in compressive/tensile regimes the scaffold 
must be of uniform dimensions in order to allow cell loading throughout the scaf-
fold. In addition, shear forces applied using fl uid fl ow through complex scaffold 
structures vary greatly with little control. The technique also allows a controllable 
level of force to be varied in different regions of the tissue - engineered construct, 
simply by changing the magnetic fi eld geometry, the type of particle attached to 
the cells in each region, or the number of particles attached to each cell in each 
region. 

 In order to exploit this, a  magnetic ion channel activation  ( MICA ) bioreactor has 
been designed specifi cally for tissue engineering purposes  [29] . This system uses 
permanent NdFeB magnet arrays to apply cyclical magnetic fi elds to cells (in either 
2 - D or 3 - D confi guration) that have magnetic particles attached to the cell mem-
branes (Figure  8.2 ). In this way, forces in the order of a few piconewtons per 
particle can be applied to each cell. These forces are suffi cient to activate the 
mechanosensitive ion channels and, by targeting specifi c receptors on the cell 
surface, it is possible to control the production of tissue matrix components. Short -
 term experiments have demonstrated an upregulation of  extracellular matrix  
( ECM ) - related gene expression for both cartilage and bone, while longer - term 
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     Figure 8.2     Schematic of the 3 - D magnetic ion channel 
activation system housed inside an incubator.  
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experiments have demonstrated the early deposition of ECM from primary human 
cells  [29] .    

  8.1.2 
 Cell Seeding: Scaffolds and 3 -  D  Structures 

 The applications of magnetic nanoparticles in tissue engineering are not only 
limited to applying forces to cells that are already attached to a substrate. These 
particles can also be used to guide cell adherence location; that is,   cell seeding onto 
a scaffold or into a predetermined shape. Continuous cell sheets have been created 
by using magnetic nanoparticles (Figure  8.3 )  [30] , the technique comprising the 
coating of magnetic particles with a protein and holding the magnetic particle 
 “ layer ”  in place using a magnetic fi eld. Cells are then seeded on top of the magnetic 
particle  “ layer ”  (to which they attach via the proteins with which the particles are 
coated), and then cultured. The cell layer can be easily detached by removing the 
magnetic fi eld (the cells will then adhere to the free - fl oating particle layer rather 
than to the bottom of the tissue culture dish). Tubes can be easily created from 
these cultured cell layers by using a rotating cylindrical magnet to attract the 2 - D 
cell layer, and then rolling it into the desired confi guration  [31] .   

 Cell seeding onto porous 3 - D scaffolds such as collagen and  poly  L  - lactic acid  
( PLLA ) has also been improved using magnetic particles  [32] . Fibroblasts attached 
to magnetic particles have been placed onto the porous scaffolds; a permanent 
magnet is then placed underneath the scaffolds to improve the penetration depth 
of the magnetically tagged cell suspension. Sasaki  et al . have also described a 
dynamic seeding regime where cells with attached magnetic nanoparticles were 
 “ pulled ”  through a porous chitosan scaffold using a magnetic fi eld  [33] . An 
improved cell density in the center of this porous 3 - D chitosan sponge was dem-
onstrated, as well as an upregulation of matrix metalloproteinases and adhesion 
molecules. Notably, the higher the magnetic force applied, the greater invasion of 
cells into the scaffold was seen. 

 While working at the Massachusetts Institute of Technology and Harvard, Ing-
ber ’ s group have used applied magnetic fi elds and thrombin - coated magnetic 
microparticles (4.5    μ m diameter) to create 2 - D hexagonal arrays  [34] . These parti-
cles nucleate the growth of fi brin fi brils, which then grow into an ordered fi brin 

     Figure 8.3     Cell sheets fabricated by Magnetic - Tissue 
Engineering using RGD - coated magnetic cationic liposomes. 
 Reproduced with permission from Ref.  [30] .   
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gel scaffold that can be used to support the growth and propagation of endothelial 
cells (Figure  8.4 ). By staining actin fi laments within the endothelial cells, the group 
was able to observe preferential alignment within the scaffold structure. By using 
constructing larger scaffolds using this method, the technique may prove useful 
for  in vivo  applications in regenerative medicine.   

 The following section relates to the techniques described above using magnetic 
microparticles and nanoparticles for tissue engineering. Whilst an overview of the 
technical details of the techniques involved can be found in Ref.  [8] , only specifi c 
tissue types will be addressed at this point.   

  8.2 
 Magnetic Particle Technology Used in Various Tissue Types 

  8.2.1 
 Bone and Cartilage 

 In 2002, the present authors ’  group described an experiment using the MICA 
system whereby primary human osteoblasts were attached to RGD - coated 4.5    μ m 
chromium dioxide particles and exposed to a 1   h per day, 1   Hz, time - varying mag-
netic fi eld ( ∼ 60   mT)  [35] . After a three - weeks period of  in vitro  culture, the mechani-
cally stimulated samples exhibited an elevated bone - related gene expression and 
an early deposition of mineralized matrix (Figure  8.5 ), thus demonstrating the 
potential of the technique for  ex vivo  bone tissue engineering.   

 Yuge  et al . have also shown that the differentiation of human osteoblasts can be 
infl uenced using magnetic particle force application  [36] . In these experiments, 
magnetic nanoparticles (50   nm) were driven into electroporated NHOst cells (cell 
line) at a concentration of 20   000 particles   ml  − 1 . A permanent magnet applied a 

(a) (b) (c)

     Figure 8.4     (a) Low -  and (b) high - magnifi cation confocal 
microscopic images showing fi brin scaffolds produced using a 
magnetic microbead array; (c) Diagrammatic view of the grid 
overlay. Panel (a) was composed by overlaying seven confocal 
Z - slices, each 1   mm apart.  Reproduced with permission from 
Ref.  [34] .   
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fi eld which ranged from 1 to 50   mT over a 21 - day period. An upregulation of bone -
 related gene expression was observed which was shown to be linked to early activa-
tion of the p38 mechanotransduction pathway. 

 Shimizu  et al . have shown that sheets of human mesenchymal stem cells can 
be created for bone tissue engineering purposes  [37] . A 400   mT magnet was 
applied to the underside of a tissue culture dish containing the magnetic particle 
layer (as described above) for a 24 - h period. An electromagnet was then used to 
harvest and transplant the sheets into a rat cranial defect model. After 14 days  in 
vivo , new bone was seen at the site of the mesenchymal stem cell/magnetic particle 
sheet, whereas no new bone was seen at the control site (no implant). 

 The same group have also described the effective cell seeding of bone marrow 
stromal cell through a porous 3 - D scaffold using magnetic particle - tagged cells 
and a 1   T magnetic fi eld placed underneath the scaffold to  “ draw ”  the cells through 
the scaffold  [38] . The particles were positively charged in order to improve cell 

     Figure 8.5     von Kossa staining showing bone matrix 
mineralization in MG63 osteoblast cultures mechanically 
conditioned using the 2 - D MICA system at 1   Hz with 4.5    μ m 
magnetic particles (bottom) versus control cells (top) which 
were not exposed to mechanical conditioning.  Reproduced 
with permission from Ref.  [35] .   
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attachment to their surface, and the cell seeding effi ciency of the technique 
was improved threefold in comparison to traditional static culture seeding regimes. 
At 14 days, the  “ mag - seeded ”  groups showed signifi cantly more levels of osteo-
genic markers (alkaline phosphatase and osteocalcin) than the static - seeded 
constructs.  

  8.2.2 
 Blood Vessels and Cardiac Structure 

 Damage to the small blood vessels of the body is diffi cult to repair due to the threat 
of thrombosis and neointima formation. Pislaru  et al.  recently described a tech-
nique using superparamagnetic iron oxide magnetic particles engulfed by endo-
thelial cells, which were then seeded onto a magnetic Dacron graft  [39] . A fl exible 
magnetic sheet was annealed to the external surface of a knitted Dacron graft, and 
the labeled cells were placed within the graft for 5   min. Cell viability was assessed 
using trypan blue exclusion, and a dose - dependent survival rate of 75 – 95% was 
demonstrated. Both, confocal and electron microscopy showed a uniform cell 
capture on the magnetic surface of the magnetically treated Dacron graft. The 
group hypothesized that rapid endothelialization may overcome the incidence of 
thrombosis and neointima during vessel healing. The endocytosed superparamag-
netic iron oxide particles assisted cell adherence up to 400   ml   min  − 1  under  in vitro  
conditions.  In vivo  studies demonstrated a good cell adherence at one day after 
implantation into a porcine circulatory system  [39] . 

 Shimizu  et al . have described the construction of blood vessels using magnetic 
particle/cell - guided adherence  [40] . NIH - 3T3 fi broblasts were labeled with magne-
tite cationic liposomes, after which a cylindrical magnet was placed into the lumen 
of a decellularized porcine carotid artery and the cell/particles were placed onto 
the scaffold. The cell/particle - seeded sample retained a far greater number of cells 
in comparison to the cell - only (no magnetic particles) control. Higher numbers of 
particles per cell increased the seeding effi ciency. The porcine graft was also suc-
cessfully seeded with a coculture of smooth muscle cells and dermal fi broblasts 
using this technique. 

 The reconstruction of 3 - D capillaries was attempted by Ino  et al ., using a cocul-
ture rolled sheet approach with magnetic particles  [41] . For this, 10   nm magnetic 
cationic particles were attached to normal human dermal fi broblasts, and the cell/
particle suspension was then seeded onto a plate, below which was placed a 
magnet that attracted the cells to the plate bottom. After 24   h, the cells had formed 
a sheet, onto which human umbilical vein endothelial cells were seeded, using the 
same magnetic particle technique. These methods gave rise to tube - like forma-
tions that resembled early - stage capillaries. 

 Small blood vessels have also been tissue - engineered using a cell patterning 
device  [42] . Here, the technique is similar to the sheet creation technique, using 
cells with adhered magnetic particles as the bottom layer. In this method, stainless 
steel plates were positioned on a magnet under the cell culture surface, and the 
magnetic particle - tagged cells lined up with the surface of the steel. Subsequently, 
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patterned lines of single cells (curves, parallel lines, and crossing patterns) were 
achieved using this technique. 

 Amsalem  et al . have investigated the effect of injecting  mesenchymal stem cell s 
( MSC s) into the circulation, using a rat myocardial infarction model. The MSCs 
were labeled with superparamagnetic iron oxide nanoparticles in order to track them 
during the repair process  [43] . The inclusion of nanoparticles was found not to alter 
the MSC activity (attenuation of left ventricular dilatation and dysfunction after 
myocardial infarction, but not in the scar tissue) in comparison to nontagged MSCs. 

 Shimizu  et al . have created 3 - D tissues of tightly connected cardiomyocytes 
using magnetic particle technology  [44] . For this, positively charged magnetic 
particles were attached to primary rat cardiomyocytes at varying concentrations 
(25, 50, and 100   pg per cell), with no toxicity being observed after 24   h. When using 
a 100   pg per cell concentration, multilayered sheets were constructed by seeding 
the particle/cell suspension into a tissue culture plate and applying a magnetic 
fi eld to draw all cells to the bottom of the dish. Fluorescence staining was positive 
for connexin43, indicating a presence of the gap junctions necessary for effective 
cardiac function. 

 Endothelial progenitor cells, which have a therapeutic potential for revascular-
ization, have also been tagged with magnetic nanoparticles,  [45] . Negatively 
charged magnetic particles were shown to attach nonspecifi cally to the cell mem-
brane of endothelial progenitor cells. The label was shown to be nontoxic, and to 
have no adverse effect on the cells ’  proliferative capacity. When Matrigel was used 
to support the cell attachment into a tubular form, magnetic fi elds applied to the 
Matrigel/cell/particle suspension allowed manipulation of the positions of cells 
within the Matrigel.  

  8.2.3 
 Skin 

 Fibroblasts have been investigated with regards to magnetic nanoparticles due to 
their well - established relevance for cytotoxicity characterization and ease of use. 
Since this cell type is also relevant to the dermis (and other connective tissue), 
information has also been acquired with regards to the infl uence of magnetic 
particles on the skin. 

 Berry  et al.  have shown,  in vitro , that elastin - coated iron oxide particles affect 
human fi broblast behavior and morphology differently in comparison to uncoated 
particles, but that the particle size (520   nm versus 20   nm) had only a minimal 
infl uence  [46] . More specifi cally, after 24   h, elastin - coated 20   nm particles signifi -
cantly increased cell proliferation in comparison to the control. At 12   h, the mor-
phology of cells exposed to 20   nm elastin - coated particles was similar to that of the 
cells - only control, whereas cells exposed to 520   nm elastin - coated particles exhib-
ited a disrupted cell shape with no clear cytoskeletal organization. The same group 
has also shown that, when iron oxide particles are coated with transferrin and 
attached via this receptor to human dermal fi broblasts, endocytosis was inhibited, 
whereas uncoated particles were endocytosed  [47] . It was also shown that altering 
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the surface chemistry of the particles to present either dextran or albumin had an 
effect on cell behavior and morphology  [48, 49] . Berry  et al . demonstrated that the 
exposure of cells to 7 – 15   nm dextran - coated particles signifi cantly delayed cell 
spreading in comparison to the cells - only control. Dextran - coated particles stimu-
lated a far greater cell membrane disruption (associated with endocytosis) than 
plain, non - coated particles, even though the level of uptake was similar. Further 
cytoskeletal staining demonstrated that F - actin and beta - tubulin were structurally 
responsible for these membrane disruptions. Gupta and Curtis have shown that 
the surface modifi cation of  poly(ethylene glycol)  ( PEG ) - coated magnetic nanopar-
ticles affects fi broblast adhesion/viability, morphology, particle uptake and cyto-
skeletal organization differently to uncoated particles  [50] . The PEG - coated particles 
demonstrated a signifi cantly higher cell adhesion and cellular uptake in compari-
son to the uncoated particle controls. The use of insulin, lactoferrin, cerruloplas-
min and pullulan as surface coatings for magnetic particles in order to prevent 
endocytosis have also been investigated  [51 – 53] . 

 Ito  et al.  have shown that human keratinocytes (HaCaT cell line) attach to posi-
tively charged and  Arg - Gly - Asp  ( RGD )  - coated magnetic particles, and can be 
infl uenced to form layers  in vitro  when a magnetic fi eld is placed under the dish 
(the culture surface of which was coated with a negatively charged hydrogel) in 
order to attract the cell/particle suspension  [54] . Cell patterning was created by 
using a magnetic fi eld and a 200    μ m - wide stainless steel plate beneath the culture 
surface, while cell adhesion, spreading and fi bronectin production was observed 
with the RGD - coated particles.  

  8.2.4 
 Lung 

 Maruyama  et al.  have used nanoscale biogenic magnetite to detect mutations in 
the  epidermal growth factor receptor  ( EGFR ) gene in non - small lung cancer cells 
 [55] . The magnetic particles were isolated from magnetotactic bacteria and conju-
gated to streptavidin. Biotin - labeled PCR products then were bound to the mag-
netic material and fl uorescently labeled. An early detection (3.5   h) was reported for 
 EGFR  gene mutations. 

 Lung cancer cells have been transfected with the gene  Lac Z , and tagged using 
 green fl uorescent protein  ( GFP ), by using Fe 3 O 4  nanoparticles  [56] . The particle 
size, including the gene/virus, was less than 100   nm, and no particle - related toxic-
ity was observed. The particles plus viral delivery of the  Lac Z  gene, when exposed 
to magnetic fi elds, demonstrated a much higher transfection effi ciency when 
compared to traditional transfection with liposomes or lipofectamine.  

  8.2.5 
 Eye 

 Formanek  et al.  have described an effi cient method for isolating human oral kera-
tinocytes using magnetic cell separation techniques  [57] . In order to study human 
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keratinocytes, a pure population of cells was required, and Formanek  et al . 
described an immunomagnetic separation technique for this purpose. Initially, a 
two - step enzymatic digestion phase was applied to human eye tissue, after which 
the mononuclear cells in the cell suspension were tagged using a mouse anti - CD45 
antibody. A rat anti - mouse antibody conjugated to colloidal superparamagnetic 
particles was then incubated with the cell suspension. A permanent magnet was 
used to collect the magnetically tagged mononuclear cells from the heterogeneous 
population; in this way, a  > 98% pure population of keratinocytes was collected, as 
determined by subsequent  fl uorescence - activated cell sorting  ( FACS ) analysis. 

  Chorodial neovascularization  is a severe form of age - related macular degeneration 
for which the transplantation of a tissue - engineered retinal pigment epithelium 
may represent a possible treatment. Ito  et al.  used a magnetic particle sheet - layer-
ing technique to construct sheets of human retinal pigment epithelium cells in 
which approximately 50% of the cell population contained 25 – 50    μ g magnetite per 
cell  [58] . After 24   h, a layered sheet (approximately 15 cells thick) was created and 
easily detached from the tissue culture dish when the magnetic fi eld was removed. 
Layer with thicknesses of fi ve cells have also been created in this manner, using 
keratinocytes  [59] .  

  8.2.6 
 Liver 

 A coculture of hepatocytes and endothelial cells has been created using the mag-
netic particle sheet layering method described above  [60] . This cocultured model 
signifi cantly enhanced albumin secretion by hepatocytes compared to that of 
single - cell cultures of hepatocytes, or of cocultures of hepatocytes and endothelial 
cells without magnets. 

 Ito  et al . have described a system where a 3 - D coculture of hepatocytes and MSCs 
was created by using magnetic particle technology  [61] . In this study, magnetite 
cationic liposomes were used to tag NIH - 3T3 cells, which were then subsequently 
collected onto the surface of a hydrophilic hydrogel by using a magnetic fi eld to 
retain the particle - tagged cells. After a 24   h period, the cells had formed a sheet, 
onto which hepatocytes (HepG2) were tagged and seeded onto the MSC sheet, 
again using a magnetic fi eld. The successful construction of these multicellular 
layered sheets led to an enhanced albumin secretion by the HepG2 cells.  

  8.2.7 
 Nervous Tissue 

 Superparamagnetic iron oxide particles have been attached to human neural pre-
cursor cells and transplanted into an adult murine brain  [62] . The initial experi-
ments were performed  in vitro , in order to minimize any superparamagnetic 
particle effects on expanded human neural precursor cells with regards to their 
viability, proliferation, and multipotency. A small number of magnetic particle -
 labeled cells (5    ×    10 3     −    1    ×    10 4 ) were implanted into the murine brain model and 
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tracked for at least one month following implantation by using magnetic reso-
nance. This approach also enabled a clarifi cation of the impact of donor cell death 
on the magnetic resonance signal. Although this technique may lend itself to 
noninvasive imaging of donor cell implantation to the brain, it has potential limita-
tions with regards to neural - based clinical applications.  

  8.2.8 
 Stem Cell Targeting 

 Adult MSCs and human embryonic stem cells have been labeled with superpara-
magnetic iron oxide particles and tracked using MRI after implantation into rats 
 [63, 64] . The same particles have been visualized using MRI in a tissue - engineered 
collagen hydrogel construct of human MSCs for articular cartilage treatment  [65] . 
A magnetic particle technique has also been developed for the separation of stem 
cells from a heterogeneous population  [66] . 

 Dobson  et al.  have shown that primary human MSCs can be stimulated towards 
osteogenesis by using magnetic particles (4.5    μ m chromium dioxide, RGD - coated) 
 [29] . It has also recently been shown that the MICA technique can be used for the 
activation of internalized magnetic particles targeted towards specifi c ion chan-
nels   (in this case, the TREK - 1 potassium channel)  [67] . The genes activated (e.g., 
Sox - 9) using this technique indicate that TREK - 1 is likely implicated in the forma-
tion of cartilage.  

  8.2.9 
 Use of Magnetic Particles to Create Acellular Scaffolds 

 Hu  et al.  have used magnetic nanoparticles to create a tissue engineering scaffold 
 [68] . For this, the iron oxide particles were created  in situ  in a bioresorbable gelatin 
hydrogel; subsequent variation of the gelatin concentration led to changes in the 
yield of magnetic particles, with the yield of iron oxide particles decreasing as the 
gelatin content increased. The highest yield of magnetic particles was 9.41%, with 
the creation of pore sizes ranging from 50 to 200    μ m. When a magnetic fi eld was 
applied, the magnetic interparticle forces formed reduced the drug release rates 
in the ferrous scaffolds; this reduction was caused by the increased stability of the 
iron oxide/gelatin scaffold lowering the degradation rate of the gelatin.   

  8.3 
 Summary and Concluding Remarks 

 It is clear from this brief overview that the use of magnetic nanoparticles in tissue 
engineering is currently undergoing a rapid expansion. By loading cells with 
magnetic nanoparticles, it is possible to monitor and track their movements  in 
vivo  using MRI. Yet, in the future, it should be possible to combine both tracking 
and nanomagnetic actuation in order to control and monitor cell behavior in the 
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body, and this will undoubtedly contribute signifi cantly to the fi eld of regenerative 
medicine. 

 The ability to manipulate cellular processes remotely via nanomagnetic actua-
tion opens up myriad opportunities not only for the mechanical conditioning of 
cells and tissue constructs within bioreactors and  in vivo , but also for stem cell 
targeting and differentiation. Although many investigations must still be con-
ducted in order to realize the potential of these techniques and, in many ways, 
this fi eld is still in its infancy, rapid progress is already leading us in directions 
considered impossible just a decade ago.  
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 magnetic nanoparticles ;  microparticles ;  tissue engineering ;  actuation ;  nanomag-
netic ;  cartilage ;  bone ;  regenerative medicine 

 Magnetic microparticles and nanoparticles have been utilized in a variety of tissues 
to infl uence cell seeding, cell growth and mechanotransduction for regenerative 
medicine strategies. These particles vary in size, surface chemistry, magnetic 
properties and bulk chemistry. This chapter describes the latest research and fi nd-
ings regarding magnetic particles and their applications in tissue engineering. 
Tissues have been grown in sheet form, tubular form, and in three - dimensional 
(3 - D) porous network dimensions. The construction of multilayered tissues such 
as cardiomyocyte/vascular networks is described, as well as magnetic force 
mechanical conditioning bioreactors designed for use with stem cell targeting and 
bone tissue engineering strategies. The use of magnetic particles for epithelial 
tissue manipulation, keratinocyte growth, hepatocyte and endothelial cells is also 
discussed, as are future directions for magnetic particles in tissue engineering and 
regenerative medicine. In 2006, Ito and Honda  [1]  described the potential of their 
research using magnetic particles to create 3 - D sheets for tissue engineering pur-
poses, based primarily on the group ’ s own fi ndings. In 2008, Dobson briefl y 
reviewed nanomagnetic actuation, outlining the mechanisms of nanomagnetic 
actuation and highlighting tissue engineering applications, although the main 
focus of the review was on the techniques and various applications other than 
tissue engineering. In this chapter, we will update the results obtained since Ito 
and Honda ’ s fi rst report, and discuss other tissue engineering applications such 
as mechanotransduction and gene therapy approaches to tissue engineering using 
magnetic particles. 

Abstract
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  9.1 
 Introduction 

  9.1.1 
 The Aim of the Chapter 

 The aim of this chapter is to provide details of the current state of the art and 
trends in the development of magnetic nanoparticles for environmental sensing 
applications, notably for the detection and removal of heavy metals and biological 
contaminants from complex samples. Recent advances in the use of nanoscale 
materials for environmental applications have been possible due to tremendous 
development efforts in the design and synthesis of engineered nanomaterials    –    that 
is, materials consisting of nanosized chemical domains and/or materials having 
extremely high surface areas arising from their nanoscale dimensions  [1] . In par-
ticular, attention will be focused on the synthesis, functionalization, and applica-
tion of engineered magnetic nanoparticles (diameter  < 100   nm in most cases) for 
the purpose of separating and detecting a wide variety of analytes from complex 
environmental and biological matrices. Recently, the use of functionalized mag-
netic nanoparticles in environmentally relevant applications, such as the selective 
capture and preconcentration of specifi c analytes from complex samples for sensi-
tive detection, has been described in an increasingly large number of reports  [2 –
 18] . In addition, methods to synthesize magnetic nanoparticles with the appropriate 
attributes for environmental sensing have been exhaustively reviewed in the recent 
past, and are summarized in Section  9.2   [4, 14, 17] .  

  9.1.2 
 The Role of Nanomaterials in Environmental Detection 

 The world ’ s supply of drinking water is contained predominantly in manmade 
and natural lakes, rivers, and underground aquifers. Unfortunately, these sources 
often become polluted by a wide range of substances that are deleterious to human 
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health, and that may have a substantial impact on the quality of life of those who 
depend on the polluted aquatic systems. Drinking water has two major classes of 
contamination, namely biological and chemical  [19, 20] . Biological contamination, 
such as coliform bacteria (e.g.,  Escherichia coli ) and viruses, if detected before 
exposure to human populations, can be remedied by a number of well - established 
technologies. However, the detection of these analytes in natural environments is 
a daunting challenge, and much ongoing research is being carried out to improve 
the current state of the art. 

 The detection, remediation, and removal of chemical and heavy - metal contami-
nation (e.g., pesticides, radionuclides, and heavy metals such Hg and Pb) are, 
likewise, diffi cult challenges  [19]  ( http://www.epa.gov/ogwdw/hfacts.html ). The 
remediation of common organic contaminants such as pesticides, agricultural 
chemicals, industrial solvents, and fuels can be accomplished using treatments 
such as UV/ozone, activated - carbon, or plasma technologies  [19] . The remediation 
and/or removal of toxic heavy - metal contaminants (e.g., Hg, Pb, Cd) can be par-
tially addressed by using traditional sorbent materials such as ceramic oxides, 
although these materials will bind metal ions nonspecifi cally and can easily be 
saturated with ubiquitous species (e.g., Ca, Mg, Zn)  [19] . Another weakness of 
traditional ceramic oxide sorbent materials is that metal ion sorption to the surface 
is a reversible process. Therefore, a functionalized sorbent material with a high 
chemical specifi city that is capable of permanently sequestering the target analytes 
from the contaminated water system is needed  [19, 20] . An ideal sorbent material 
candidate should have rapid kinetics for sorption of the analyte, while the interac-
tion between the sorbent and analyte should be effectively irreversible in all but 
specifi c applications where analyte release is desirable. In addition, sorbent materi-
als that enable a more sensitive detection for a wide variety of analytical methods 
through separation and preconcentration prior to analysis are needed  [6] . These 
types of materials would allow the analysis of complex samples containing small 
amounts of analyte, without the high background signals typically associated with 
environmental samples. 

 Magnetic nanoparticles have the potential to meet many of the above - mentioned 
needs for the preconcentration, removal, and detection of both environmental and 
biological contaminants. These materials have a unique property    –    namely,  super-
paramagnetism     –    that arises from their nanoscale single magnetic domain struc-
tures  [17] . Superparamagnetic behavior manifests itself in nanoparticles that are 
smaller than the critical diameter, which is both material -  and temperature - depen-
dent. Throughout this chapter, the predominant topic of discussion will be iron 
oxide nanoparticles with diameters ranging from  ∼ 5 to 20   nm, which falls within 
the established critical diameter for this material ( ∼ 15 – 20   nm)  [17] . From a practi-
cal standpoint, a superparamagnetic nanoparticle has little to no remnant magne-
tization after exposure to a magnetic fi eld, and low to no coercivity (the fi eld 
required to bring the magnetization to zero); this means that such nanoparticles 
will not agglomerate magnetically at room temperature  [17] . This is a signifi cant 
factor for sensing applications, where it is desirable for the nanoparticles to be 
well dispersed in the sample matrix and easily manipulable by an applied external 
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magnetic fi eld. By exploiting not only the ability to remove magnetic nanoparticles 
from solution with an external fi eld, but also the ability to tailor the surface func-
tionality of the nanoparticles through synthetic means, it is possible to both sepa-
rate and detect    –    with great sensitivity    –    a wide range of analytes. In this chapter, 
attention will be focused on the attachment of small molecules, polymers, and 
biomolecules (e.g., nucleic acids and proteins) for the purposes not only of separat-
ing the target analyte from complex samples containing interferents, but also of 
detecting them when the separation is complete. Some selected examples will also 
be presented of the application of functionalized magnetic nanoparticles for 
sensing and detection. Thus, the aim is to demonstrate the effi cacy and future 
potential of magnetic nanomaterials for the effective preconcentration and sensing 
of environmentally relevant analytes from complex matrices such as river, ground, 
and ocean water.   

  9.2 
 Synthesis and Functionalization of Magnetic Nanoparticles 

  9.2.1 
 Synthetic Strategies for Magnetic Metal Oxide Nanoparticles 

 For the majority of sensing applications described in this chapter, the selection of 
a magnetic nanomaterial containing specifi c attributes to enable the best sensing 
performance is vital. Variations in nanoparticle core size, shape, and surface func-
tionality may often have dramatic effects on the performance of the material in 
sensing applications. A wide range of synthetic methods is available to produce 
nanoparticles with properties desirable for use in separation and preconcentration 
applications  [4, 5, 14, 16, 17, 21 – 24] . Such properties include: 

   •      An ability to specifi cally functionalize the nanoparticle with small molecules or 
biological molecules so that they have a chemical affi nity toward the analyte of 
interest.  

   •      A high magnetic susceptibility, so that they might be easily captured or 
manipulated after being placed in contact with the sample of interest.  

   •      A high dispersibility in the sample of interest (typically aqueous systems).  

   •      Paramagnetic or superparamagnetic characteristics to prevent any irreversible 
magnetic agglomeration of the nanoparticles in solution, while still enabling 
magnetic recovery and manipulation.    

 Iron oxide nanoparticles (Fe 3 O 4  and  γ  - Fe 2 O 3 ) have shown the most promise as 
potential environmental magnetic sensing materials, as the synthesis, tuning of 
physical properties, and surface functionalization of these materials have been 
so well established. With this in mind, details of the more common methods of 
iron oxide nanomaterials synthesis have been summarized here, with a special 
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 Table 9.1     Some common methods for preparing iron oxide nanoparticles. 

   Synthesis method     Chemical precursors     Benefi ts/Drawbacks     Reference(s)  

  Coprecipitation    Iron salts, base     ↑  Rapid synthesis with high 
yield  

   [14, 25, 26]   

   ↓  Unprotected magnetite 
vulnerable to oxidation/
aggregation  

  Hydrothermal    Iron salt, surfactant, 
high - b.p. reducing agent  

   ↑  Narrow size distribution 
and good shape control  

   [27, 28]   

   ↑  Scalable  

   ↓  Long reaction times  

  High - temperature 
decomposition  

  Iron – organic complex, 
surfactant, 1,2 - diol  

   ↑  Good control of size and 
shape with high yields  

   [29 – 31]   

   ↑  Ability to easily make 
different mixed metal oxide 
nanoparticles  

   ↓  Further steps required to 
make water - soluble  

  Microemulsion    Oil/water/surfactant     ↑  Control over particle size     [32 – 34]   

   ↑   In situ  stabilization possible  

    ↓  Poor yield and large 
amounts of solvent required  

emphasis placed on those methods that allow for the most versatility in tuning the 
characteristics of the prepared nanomaterials, particularly for sensing applications. 
The most frequently described methods are summarized in Table  9.1 .   

  9.2.1.1   Coprecipitation 
 The synthesis of iron oxide nanoparticles using the coprecipitation method fi rst 
described by Massart  [25] , is the simplest and most readily scaled synthetic 
approach. The precipitation of Fe 3 O 4  (magnetite) nanoparticles is achieved by the 
addition of NaOH or NH 4 OH to an aqueous solution of Fe 3+  and Fe 2+ , typically in 
a 2   :   1 ratio of the iron salts, to form Fe 3 O 4  nanoparticles as described in Equation 
 9.1 :
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   2 43 2 8
3 4 2Fe Fe Fe O H OOH+ ++ ⎯ →⎯⎯ +

−
    (9.1)   

 Adjustment of the ratios of Fe 3+  to Fe 2+ , the iron salt source (chlorides, sulfates, 
nitrates), the solution pH, and the presence of an organic stabilizing ligand 
will all have an effect on the fi nal size, shape, dispersion, and stability of the 
Fe 3 O 4  nanoparticles formed  [14] . As unprotected Fe 3 O 4  nanoparticles are vulner-
able to oxidation, a controlled oxidation can be purposely carried out to form  γ  -
 Fe 2 O 3  (maghemite) nanoparticles by dispersion in an acidic medium and heating 
in the presence of iron(III) nitrate. The  γ  - Fe 2 O 3  nanoparticles obtained in this 
manner are more stable over a broader pH range and are more resistant to 
aggregation, although with a lower saturation magnetization than the Fe 3 O 4  
nanoparticles. 

 Preparations of iron oxide nanoparticles using this technique can generate 
superparamagnetic nanoparticles which range from 2 to 17   nm in diameter, 
simply by adjusting the various synthetic conditions  [14] . The typical measured 
saturation magnetization of unfunctionalized Fe 3 O 4  nanoparticles depends 
strongly on the overall size, and also appears to depend on the preparation tem-
perature  [26] , although reported values are typically between 30 and 70   emu   g  − 1 , 
slightly lower than the experimental value of 82   emu   g  − 1  obtained for bulk Fe 3 O 4 . 
The specifi c surface area of nanoparticles of  ∼  7   nm diameter is up to 124   m 2    g  − 1 , 
with higher values being obtained from smaller nanoparticles, albeit with the 
trade - off of lowered saturation magnetization values. Nanoparticles prepared 
using this method can be functionalized with a sensing moiety of interest either 
 in situ  or immediately following synthesis, and are described in more detail in 
Section  9.2.2 .  

  9.2.1.2   Thermal Decomposition 
 The synthesis of magnetic nanoparticles using a thermal decomposition method 
offers the most versatility, as the technique allows for the greatest degree of control 
over the particle size, shape, size distribution, and crystallinity. An enhanced 
control over particle saturation magnetization and susceptibility is also possible, 
and has great importance for many sensing applications. The preparation of 
monodisperse Fe 3 O 4  and  γ  - Fe 2 O 3  by the high - temperature decomposition of an 
organic iron complex has been reported  [29 – 31] , where an iron precursor [e.g., 
Fe(III) acetylacetonate, Fe(II) oleate, Fe(CO) 5 ] is dispersed in a high - boiling solvent 
(e.g., benzyl, octyl, or phenyl ether) in the presence of a stabilizing surfactant (e.g., 
oleic or lauric acid) in an inert atmosphere. Sun  et al.  described the decomposition 
of Fe(III) acetylacetonate in the presence of oleic acid, oleylamine, and 1,2 - hexa-
decandiol in either phenyl or benzyl ether. Under varying conditions of heating 
ramp rate and refl ux times, nanoparticles of various sizes with a very narrow size 
dispersity were produced. This method of preparing nanoparticles can also be 
scaled up, with no effect on the quality of material produced. If larger particle sizes 
are desired, the smaller (4 – 6   nm - diameter) nanoparticles may be used as seeds in 
the synthesis of nanoparticles of up to 20   nm diameter. 
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 Methods using an iron - oleate precursor have provided the ability to tune the 
particle size and shape by adjusting the ratios and chain length of the stabilizing 
surfactant to a synthesized iron - oleate complex  [30, 35] . Particles obtained in this 
manner can range from 5 to 50   nm and may be spherical, cubic, or prismatic, 
depending on the conditions used, and with very narrow size dispersity, as shown 
in Figure  9.1 . Typical reaction conditions yield  ∼ 40   g of material, and can be scaled 
up to produce even larger quantities.   
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     Figure 9.1     Transmission electron microscopy (TEM) images 
of monodisperse cubic (a,c,e) and spherical (b,d) iron oxide 
nanoparticles, and size histogram of cubic nanoparticles 
(f) using the iron - oleate precursor method.  Reprinted with 
permission from Ref.  [35] ;  ©  The American Chemical Society.   
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 The stabilizing surfactants typically used for each of the described methods are 
fatty acids of at least six carbon atoms. Oleic acid is the most widely reported, as 
it is believed that the unsaturated bonds in the chain contribute to the particle ’ s 
stabilization. Although other surfactants have often been reported, all of the 
nanoparticles generated using a high - temperature decomposition method typically 
yield nanoparticles with hydrophobic ligand shells. Regardless of the stabilizing 
ligand used, a water - soluble moiety is frequently desired, and modifi cation of the 
as - prepared nanoparticles by thermal decomposition can be carried out in a 
number of ways (for more detail, see Section  9.2.2 ).  

  9.2.1.3   Other Synthetic Methods 
 As noted in Table  9.1 , several other methods are available that generate superpara-
magnetic iron oxide nanoparticles. Although some of their drawbacks make them 
less desirable techniques, these routes are often preferred for  in situ  modifi cations 
over the multistepped, post - synthetic modifi cation approach. 

 The  microemulsion technique  utilizes a ternary system of water, oil, and surfactant 
that allows for the formation of uniform - sized droplets in which the surfactant -
 stabilized nanoparticles are formed. The most commonly used method for syn-
thesizing nanoparticles in this manner is that of  reverse microemulsion  (water in 
oil, w/o), where the hydrophilic acid head group is solubilized in the water droplet 
with the long - chain fatty acids dispersed in the oil phase. The size of the nanopar-
ticles can be tuned by varying the water/oil/surfactant ratios. Under optimal condi-
tions, the dispersity of these nanoparticles is narrow. Whilst the preparation of 
bare particles using this technique is less practical, either polymer or inorganic 
shells can be incorporated  in situ  using this technique (see Section  9.2.2 ). Again, 
the most signifi cant drawbacks are the low material yield and the large volume of 
solvents required. 

 The  hydrothermal method  also has some benefi ts, particularly when tailoring the 
surface coatings of the nanoparticles. Here, nanoparticles are formed by placing 
all of the reactants (e.g., iron salt, 1,2 - diol, stabilizing surfactant) into an autoclave 
and heating for a defi ned period of time, depending on the desired fi nal nanopar-
ticle size. Although this method is still fairly new, and very few reports of synthetic 
modifi cations have been made, it shows much promise for the formation of car-
bon - encased iron oxide (as described in more detail in Section  9.2.2 ).   

  9.2.2 
 Functionalization of Magnetic Nanoparticles 

 For most sensing applications, the nanoparticle ’ s utility lies in both its magnetic 
character and its surface functionality. Although the preparation of iron oxide 
cores of various sizes, shapes, and magnetic susceptibility is relatively straightfor-
ward (see Section  9.2.1 ), further modifi cations are generally necessary to add the 
required affi nity ligand to the particle surface for sensing applications. Surface 
modifi cation can have a mild to dramatic effect on the core magnetic character; 
consequently, the selection of an appropriate surface coating must take these 
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requirements into account. Some of the more common methods of surface pas-
sivation are described in the following subsections and shown schematically in 
Figure  9.2 .   

  9.2.2.1   Organic Ligand Modifi cation 
 The use of organic ligands represents a straightforward method of imparting a 
specifi c functionality to the iron oxide surface. In this manner, the nanoparticle ’ s 
solubility and functionality can be tuned to the application of interest. Ligands can 
be designed to take advantage of the iron oxide affi nity toward carboxylates  [6, 7, 
36, 37] , phosphonates  [38 – 40] , sulfonates  [36, 41] , silanes  [42 – 44] , hydroxamic 
acids  [45] , and 1,2 - diols  [46, 47] . The chosen ligand would contain one of these 
headgroups, as well as an  ω  - functionality at the periphery of the resulting ligand 
shell for binding to the analyte of interest. For example, in the sensing of biological 
materials this  ω  - functionality would contain an amine, thiol, or carboxylate to 
facilitate the coupling of antibodies or nucleic acids to the nanoparticle surface. 
In addition, some of these same functional groups (e.g., thiol) can be used to 
directly bind and detect environmental contaminants such as heavy metals. 

 Iron oxide nanoparticles (Fe 3 O 4  or  γ  - Fe 2 O 3 ) prepared using the coprecipitation 
method can be functionalized either  in situ  or immediately following synthesis. If 
a water - soluble moiety is desired, the  in situ  modifi cation will require a simple 
addition of the ligand to the reaction fl ask (e.g., sodium citrate), followed by 
heating and subsequent purifi cation of the product. Post - synthetic functionaliza-
tion will require suspension of the iron oxide nanoparticles in an appropriate 
solvent and stirring, heating, or sonication  [39, 43]  in order to achieve attachment 
of the desired ligand. 

     Figure 9.2     Some of the more commonly used methods for 
coating iron oxide nanoparticles for sensing applications.  
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 If the nanoparticles are prepared by the high - temperature decomposition of an 
organic iron precursor complex, the as - synthesized nanoparticles can undergo 
simple ligand - exchange reactions, such that the surface ligand is replaced with the 
functional molecule of choice. This and similar methods are described elsewhere 
for an exhaustive number of specifi c functionalities  [4, 14, 15, 17, 42] . More general 
methods can be selected based on the type of ligand desired. For example, a car-
boxylate for carboxylate exchange represents one of the more common methods, 
and allows for an exchange of the surface ligand using either monophasic or 
biphasic exchange conditions. Ligand - exchange reactions are typically carried out 
under stirring and/or mild heat, or sonication. Depending on the replacement 
ligand selected, the ligand exchange will usually occur when using a combination 
of solvents to promote miscibility of both the starting nanoparticle and the desired 
incoming ligand. If a solubility change is expected, a successful exchange is 
evident following purifi cation based solely on the solubility of the resultant 
nanoparticles. An analysis of the fi nal product, using  Fourier - transform infrared  
( FT - IR ) spectroscopy, will confi rm successful ligand exchange.  

  9.2.2.2   Stabilization with Polymers 
 The polymer encasement of iron oxide nanoparticles is sometimes employed in 
the preparation of nanoparticles for sensing applications, as an appropriate 
polymer can greatly enhance dispersibility and biological compatibility, as well as 
prevent agglomeration of the iron oxide  [48 – 50] . In most cases, polymer encase-
ment leads to the formation of larger particles (often  > 100   nm in diameter) or very 
large aggregates, but the superparamagnetic character of the starting nanoparticles 
is retained. Some of the more commonly used polymers include polystyrene  [51] , 
poly( N  - isopropylacrylamide)  [51] , poly(vinyl alcohol)  [52, 53] , poly(acrylic acid)  [54] , 
dextran  [55] , and starch  [44] , to name but a few. 

 The polymer encasement is carried out either post - synthetically in the case of 
thermal decomposition and some coprecipitation methods  [53, 56] , or  in situ  for 
other coprecipitation  [57]  and microemulsion  [32]  methods. Functional groups can 
be introduced into the polymer backbone itself, or onto the encasing polymer with 
further modifi cation. This allows the desired functionality to be added, so as to 
render the particles useful for organic or environmental extraction. It is also pos-
sible to encase dyes into the polymer coating for added optical detection capabili-
ties  [8] . This typically involves attachment of the dye to the polymer backbone, or 
inclusion of the dye into the polymer matrix. By constructing these magnetic/
optical polymer composite materials, it will be possible to provide sensitive optical 
detection platforms that seek to utilize the magnetic properties of the core nanopar-
ticle for sample separation and preconcentration.  

  9.2.2.3   Inorganic Stabilization with Silica or Carbon 
 Stabilization of the magnetic core using an inorganic shell incorporates a variety 
of benefi ts not realized with organic stabilization. As organic ligands are only 
chemisorbed to the iron oxide surface, desorption of the passivating ligand is pos-
sible under certain conditions. Thus, it is often benefi cial to coat the magnetic 
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sensing material with a chemically inert shell; some of the more commonly 
described inorganic coatings are listed in Table  9.2  and discussed in more detail 
in the following subsections.   

 The coating of magnetic nanoparticles with silica has many advantages, and is 
by far the most common inorganic coating method, in part due to its synthetic 
simplicity. Particles formed in this manner contain a high number of surface 
silanol groups, which allows advantage to be taken of the abundance of functional 
ligands which contain a siloxane headgroup. As the silica shell is chemically inert, 
nanoparticles coated and further functionalized in this manner are easily dis-
persed in solution, and serve as excellent candidates for sensing in low - pH media. 
Many methods have been reported for producing these core – shell materials  [58 –
 75] , with the most common    –    the sol – gel process    –    typically being a modifi cation 
of the St ö ber method  [59] , which relies on a silicon alkoxide [e.g.,  tetraethoxysilane  
( TEOS )] as the silica source. Varying the concentrations of TEOS, ethanol, and 
ammonium hydroxide allows the silica shell thickness to be tuned. Many studies 
have described the effects of varying the concentration of each of these precursors 
on shell thickness, the degree of aggregation, and the subsequent effect on mea-
sured saturation magnetization associated with increased shell thickness. Deng  et 
al.  demonstrated the dramatic effect of shell thickness on the fi nal saturation 
magnetization. Here, the size [monitored using transmission electron microscopy 
(TEM) and vibrating sample magnetometry (VSM)] showed a drop in saturation 
magnetization, from 55   emu   g  − 1  for the uncoated Fe 3 O 4 , alongside the Fe 3 O 4 @SiO 2  
values which decreased from 7.5   to  ∼ 1   emu   g  − 1  as the shell thickness increased with 
the greater volumes of TEOS used  [60] . Thus, it is the prerogative of the research 
group to tune the shell thickness to a level which is appropriate for the application, 
without losing the magnetic characteristic that renders nanoparticles useful in 
their desired sensing platform. 

 Despite the loss in magnetic character, one benefi t of using an optically trans-
parent material such as silica (as opposed to another inorganic material) is the 
ability to incorporate dye molecules  [58, 76, 77] , luminescent inorganic complexes 
 [78, 79] , or  quantum dot s ( QD s)  [80 – 82]  into the silica matrix, thus adding another 
dimension to the material for broader detection applications. For example, Yu 
 et al.  described the encasement of iron oxide nanoparticles in silica, the attachment 
of a terbium ion, and then further encasement with silica. Although the resultant 
nanoparticles retained some magnetic character, they also contained a lumines-
cent lanthanide center  [78] . The dispersion of these nanoparticles, while retaining 
magnetic characteristics when exposed to UV and broad - spectrum light, is shown 
in Figure  9.3 ; in addition, both scanning electron microscopy (SEM) and TEM 
images of the materials clearly show the iron oxide core to be surrounded by a 
uniform silica shell and a luminescent border.   

 Chih - Wei Lai  et al.  have also reported a microemulsion method for the genera-
tion of an iridium complex which was incorporated into the silica shell  [79] . The 
resultant materials were both magnetic and luminescent, with a fi nal core – shell 
composite diameter of  ∼ 80 – 100   nm. 

 The carbon - coating of magnetic nanoparticles may have potential in a number 
of environmental and biological sensing applications, as the carbon shell affords 
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 Table 9.2     Common inorganic coatings for magnetic nanoparticles. 

   Inorganic 
coating material  

   Conditions     Benefi ts/Drawbacks     Reference(s)  

  Silica    Sol – gel/ St ö ber method, 
reverse micelle  

   ↑  Good dispersion in aqueous 
solutions  

   [17, 58 – 61]   

   ↑  Surface silanols for easy 
siloxane modifi cation  

   ↑  Ability to incorporate dyes 
and QDs  

   ↓  Drastic loss of core magnetic 
character  

  Carbon    Hydrothermal, pyrolysis     ↑  Biocompatible     [62 – 64]   

   ↑  High chemical and thermal 
stability  

   ↓  Few synthetic methods/lack 
of understanding of formation 
mechanism  

  Gold    Microemulsion, solution 
based reduction  

   ↑  Chemical inertness     [65 – 68]   

   ↑  Thiol surface ligand 
modifi cation  

   ↑  Minor loss of core magnetic 
susceptibility  

   ↑  Surface plasmon peaks for 
optical detection  

  Silver    Solution - based 
reduction  

   ↑  Surface plasmon peaks for 
optical detection  

   [67, 69, 70]   

   ↓  Diffi culty functionalizing 
the Ag surface  

  CdSe or CdS    Solution - based shell 
growth  

   ↑  Tunable fl uorescent shell     [71 – 73]   

   ↓  Synthetically challenging  

   ↓  Subject to photobleaching  

    ↓  Loss of core magnetic 
susceptibility  
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the magnetic material a greater stability in harsh chemical and physical environ-
ments (e.g., low -  or high - pH waste streams). Although, until recently, the synthesis 
of these materials has been expensive and required specialized equipment, more 
recent reports have described the development of synthetic techniques to produce 
core – shell material, using much less specialized equipment  [62, 83] . As an 
example, Wang  et al.   [63]  described a solution - based method that involved the 
preparation of oleic acid - stabilized iron oxide nanoparticles for incorporation into 
carbon spheres; this method employed hydrothermal techniques with a carbon 
source derived from glucose. By carefully controlling the ratio of nanoparticles to 
glucose, it was possible to create carbon spheres of approximately 100 – 200   nm 
diameter, into which iron nanoparticles were embedded. Likewise, Xuan  et al.   [64]  
described a one - step method using an iron salt, urea, and glucose in an autoclave 
to generate a 100   nm ferromagnetic magnetite core with a  ∼ 30   nm carbon shell, 
as shown in Figure  9.4 . Although the particles exhibited a ferromagnetic behavior, 
with a saturation magnetization value of  ∼ 42   emu   g  − 1  (this was less than the bulk 
material, but a less dramatic loss than seen with silica encasement), their increased 
stability and ease of functionalization compared to the non - core – shell materials 
suggested that they might be potentially useful materials for environmental 
sensing applications.   

  9.2.2.3.1   Precious Metal Encapsulation     Encapsulation of the magnetic nanopar-
ticle core with a metal coating can have a variety of benefi ts, as the loss of magnetic 
behavior seen with silica coating (and, to a lesser extent, with carbon coating) does 

(a) (c) (e) (g)

(b) (d) (f)

(h) (i)

500 nm

50 nm50 nm

     Figure 9.3     Magnetic/luminescent nanoparticles in white light 
(a,c,e) and ultraviolet (b,d,f) illumination, either dispersed 
(a,b) or close to a magnetic fi eld (c,e,d,f). Scanning electron 
microscopy (g) and TEM (h,i) of the Fe 3 O 4 @SiO 2  core – shell 
materials with the visible luminescent band in (i). 
 Reprinted with permission from Ref.  [78] ; 
 ©  The American Chemical Society.   
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not always occur when select metals are used. Additionally, the metal itself can 
aid in the sensing application. For example, when gold or silver is used to coat the 
Fe 3 O 4 , small changes in the dielectric environment close to the particle surface 
can result in wavelength shifts in the surface plasmon peaks, making such par-
ticles excellent sensing materials for biological applications. 

 The coating of iron oxide nanoparticles with gold has the advantage of an 
increased choice of functional ligands by exploiting the strong gold – thiol interac-
tion, the plasmonic peak at 520   nm, and also the reduced drop in overall saturation 
magnetization of the core – shell magnetic nanoparticles. Numerous methods have 
been developed for the preparation of Fe 3 O 4 @Au core – shell materials using 
microemulsion techniques  [84, 85] , citrate reduction  [86, 87] , the deposition of the 
noble metal to the Fe 3 O 4  surface by heat and/or sonication  [69] , and the deposition 
of Au nanoparticle seeds onto the iron oxide nanoparticle surface  [65, 66] . Most 
of these methods allow the gold shell thickness to be tuned simply by adjusting 
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     Figure 9.4     Transmission electron microscopy (TEM) images 
of carbon - coated Fe 3 O 4 . (a,b) Low magnifi cation; (c) High 
magnifi cation; (d) High - resolution TEM image of a typical 
Fe 3 O 4 @C particle.  Reprinted with permission from Ref.  [64] ; 
 ©  IOP Publishing.   
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the ratio of the iron precursor and the gold source. For example, Xu  et al.  described 
the use of HAuCl 4  · 3H 2 O  [67]  to coat oleic acid - stabilized Fe 3 O 4  nanoparticles by 
stirring the gold salt in the presence of the nanoparticles and oleylamine for 20   h 
at room temperature. The gold shell thickness prepared using this method was 
 ∼ 1   nm, with subsequent gold layers being grown up to 3.5   nm. The resultant 
nanoparticles could be further functionalized with an organic ligand, or the Ag 
could be nucleated and grown over the gold. An alternative method describing the 
growth of a gold shell on an iron oxide core utilizes Au(OOCCH 3 ) 3   [68]  as the gold 
source, with the coating being achieved by heating the reactants at a high tem-
perature for 1.5   h. In this case, the resultant gold shell thickness was  ∼ 0.7   nm. 

 Although less ubiquitous than silica or gold coating, a silver shell on the Fe 3 O 4  
core also offers the combination of a magnetic core with a surface plasmon reso-
nance at  ∼ 400   nm. Several methods have involved silver encasement, including 
microemulsion  [88] , sintering  [89] , and various solution - based growths on iron 
oxide surfaces  [69, 70, 90] . Tang  et al.  proposed the use of core – shell materials for 
a biosensing application, where the Fe 3 O 4 @Ag were prepared using the heating 
and sonication method originally described by Mandal  et al.  to generate core – shell 
materials with varying shell thicknesses. The nanoparticles prepared in this 
manner were further functionalized with  carcinoembryonic antigen  ( CEA ), a 
common cancer protein marker, by agitation in the presence of the nanoparticles 
at 4    ° C. The nanoparticles produced showed absorption shifts at different stages 
of their modifi cation, which simplifi ed their characterization; electrochemical 
sensing could then be used to detect the specifi c presence of cancer cells.   

  9.2.2.4   Less Common Methods of Passivation 
 More recently, several groups have described the formation of a QD shell grown 
over a magnetic core seed. Core – shell structures of Co/CdS  [71] , FePt/CdS  [72]  
and/or FePt/CdSe  [91]  have each shown potential for generating bifunctional 
materials for sensing applications. When a Co core was used, there was a complete 
loss in saturation magnetization, yet the FePt core appeared to retain its magnetic 
character following coating with CdS or CdSe  [72, 91] . Since this method is still 
in its infancy, there remain many synthetic challenges to creating functional 
materials of this core – shell composition; however, the promise of a magnetic/fl uo-
rescent hybrid material with tunable magnetic and optical properties represents 
an intriguing topic for many sensing applications.    

  9.3 
 Magnetic Nanoparticles for the Separation and Detection of Analytes 

  9.3.1 
 Chemical Separations with Functionalized Magnetic Nanoparticles 

 The subject here is the use of functionalized magnetic nanoparticles as sorbent 
materials for chemical, biological, and heavy - metal contaminants, that enable 
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sensitive detection among relevant environmental and clinical samples. Whilst the 
predominant use for these types of functionalized nanomaterials relates to biosen-
sors in the clinical setting, much attention has also been paid to the benefi ts of 
using nanomaterial - enhanced biosensor - type systems (i.e., those which use bio-
molecules as affi nity reagents or recognition elements) for the detection of envi-
ronmentally relevant analytes such as bacteria, pesticides, and viruses  [12] . These 
types of material provide the means to separate analytes from a complex sample 
and, in cases where a trace sensing of the contaminants is desired, they may also 
serve as a preconcentration material for sensor enhancement. 

 A fundamental approach for improving any analytical method is to selectively 
separate the analyte(s) from the sample matrix and to concentrate them into a 
smaller volume prior to measurement. The preconcentration of analytes before 
assay allows improvements to be made to the sensitivity, selectivity, and speed of 
the analytical process. One approach to improving any analytical method is to 
separate the analyte(s) from the sample matrix and to concentrate them into a 
smaller volume prior to measurement. Figure  9.5  illustrates the general analytical 
process of sample preconcentration (steps 1 – 3) and detection (step 4) using sorbent 
materials in a generic sense.   

  Preconcentration  represents an ideal application for functionalized magnetic 
nanoparticles. Once dispersed in solution, the nanoparticles can rapidly contact 
high volumes of solution (Stage 1), selectively capture target analytes (Stage 2), and 
then be magnetically recovered and manipulated by the application of a relatively 
strong (often  > 1   T), but easy to generate, magnetic fi eld (Stage 3). The functional-
ized magnetic nanoparticles may also provide a magnetically controllable sorbent 
material for  solid - phase extraction  ( SPE ). Previously, it has been shown that the 

     Figure 9.5     Schematic showing the general 
analytical process used to preconcentrate and 
detect low levels of analytes in environmental 
samples. In steps 1 – 3, the sorbent material 
(i.e., functionalized magnetic nanoparticles) 
are used to fi rst bind a target analyte and 
then, through the application of an external 
magnetic fi eld, separate it from other 
constituents of complex samples. In step 4 

and beyond, the analyte is measured using 
the desired analytical method, prior to 
sending data output that signifi es the 
presence of the intended target in the sample. 
As can be seen from this schematic, magnetic 
nanoparticles can play a variety of roles in 
going from sample to answer using solid -
 phase extraction and/or preconcentration.  
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intrinsic high surface area arising from the nanoscale dimensions of these materi-
als, coupled with the ability to impart specifi c surface functionalization, renders 
magnetic nanoparticles very effective for SPE  [92] . In addition, the magnetic 
nanoparticles have the advantage that very small quantities of material are required 
to accomplish an effective preconcentration (Stages 1 – 3) and detection. Once the 
preconcentration is complete, the analyte can be stripped from the SPE material for 
assay as appropriate (e.g., via acid, organic solvent, thermalization, etc). Alterna-
tively, for some applications the SPE material can be assayed directly  [92] . 

 The amount of analyte extracted by the SPE material is limited by the magnitude 
of the partition or distribution coeffi cient ( K d  ) of the analyte between the sorbent 
material and the sample matrix, since at trace levels saturation does not become 
an issue. The  K d   of a sorbent material is simply the mass - weighted partition coef-
fi cient between the solid sorbent phase and the liquid supernatant phase, as 
described in Equation  9.2 :

   K
C C
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f

f
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−( )0     (9.2)  

where  C O   and  C f   are the initial and fi nal concentrations in the solution of the target 
analyte,  V  is the solution volume (in ml), and  M  is the mass of the sorbent (in g) 
 [7] . By employing high - surface - area (typically  > 100   m 2    g  − 1 ), dispersible, and specifi -
cally functionalized magnetic nanoparticles, it is possible to drive the interaction 
of the nanoparticle sorbents with the analytes in the sample, thus effectively facili-
tating both separation and preconcentration. The higher the  K d   value, the better 
the SPE material will function for trace - level assays. Large surface areas (usually 
 > 100   m 2    g  − 1 ) and high - affi nity surface chemistries provide the large  K d   values 
required for effective SPE. The surface chemistry of the SPE material will deter-
mine which analytes it will be selective for. An adjustment of the surface chemistry 
of the SPE material then allows its application to a different class of analytes or 
functions in different matrices. A summary of the  K d   values for a variety of differ-
ent SPE materials, including functionalized superparamagnetic nanoparticles, in 
fi ltered ground water is shown in Table  9.3   [7] . 

 The  K d   values of metal ions measured on different sorbent materials containing 
thiol ligands and capable of binding heavy metals are summarized in Table  9.3 . 
In terms of  K d   value, the functionalized magnetic nanoparticles (referred to as 
DMSA - Fe 3 O 4 ) are signifi cantly superior to commercial GT - 73 and activated carbon 
(Darco KB - B) for capturing Hg, Cd, Ag, Pb, and Tl  [7] . The affi nity of the func-
tionalized magnetic nanoparticle for As was more modest than for other metals, 
and similar to that of unfunctionalized magnetic nanoparticles (referred to as 
Fe 3 O 4 ); this indicates that the thiol ligand shell has very little impact on As capture, 
which in turn supports the irreversible adsorption of As onto the iron oxide core 
material previously reported by Yavuz  et al.   [93] . Nevertheless, the massive improve-
ment in  K d   values clearly shows the excellent utilization of the ligand shell for 
improved SPE of the target analytes. When compared to the commercial sorbents 
tested, the functionalized magnetic nanoparticles proved to be outstanding sor-
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bents for Pb, Hg, Cd, Cu, and Ag  [7] . In the remainder of this section, we will 
discuss examples illustrating the use of functionalized magnetic nanoparticles in 
environmentally relevant detection applications.    

  9.3.2 
 High Magnetic Field Gradient Separation and Preconcentration 

 The concepts of selective capture of a target analyte by a magnetic nanoparticle 
and subsequent rapid manipulation of the analyte/nanoparticle complex using an 
applied magnetic fi eld, have been well developed over the past two - plus decades 
 [20] . Most notably, for biological applications magnetic nanoparticles and mic-
roparticles (formed primarily from composites of micron - sized polymer beads and 
nanoparticles) have been used for the better part of the past 20 years for high -
 gradient magnetic cell - sorting applications, as fi rst reported by Miltenyi  et al .  [94] . 
Since this seminal report was made, numerous groups have continued develop-
ment of the use of magnetic nanoparticles for cell sorting within a wide range of 
molecular biology applications  [95 – 107] . In addition to the more fundamental 
studies in this fi eld, a commercial line of products that employ biodegradable 
functionalized superparamagnetic nanoparticles for the separation of cells of all 
types is marketed under the trade name MACS ( http://www.miltenyibiotec.com/
en/default.aspx ). The concept of high - gradient magnetic cell separation and 
sorting is shown schematically in Figure  9.6 .   

 As can be seen from Figure  9.6 , the magnetic nanoparticle typically plays the 
role of a tool designed to overcome the mass transport limitations that plague 

 Table 9.3      K  d  (ml   g  − 1 ) of metal ions on selected sorbents. 

   Sorbent   a        Final pH     Cobalt     Copper     Arsenic     Silver     Cadmium     Mercury     Thallium   b        Lead  

  Fe 3 O 4  -
 DMSA  

  6.91    3000    270   000    5400    3   600   000    10   000    92   000    14   000    2   300   000  

  Bare 
Fe 3 O 4   

  6.93    1600    7   400    5800    13   000    2   400    16   000    4   000    78   000  

  SH -
 SAMMS  

  6.80    430    1   700   000    950    67   000   000    66   000    1   100   000    15   000    350   000  

  GT - 73    6.76    890    6   300    1200    16   000    1   500    10   000    2   200    41   000  

   Darco 
KB - B  

   6.90     790     26   000     750     27   000     1   300     31   000     21     190   000  

    a   The liquid - to - solid ratio (L/S) equals 10   000   ml   g  − 1  in 0.45μm fi ltered groundwater.  

   b   Thallium added as Tl +1 .   
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surface - bound sensor systems by attaching to an analyte; this makes the resultant 
analyte – nanoparticle complex responsive to an applied magnetic fi eld. By using 
functionalized magnetic nanoparticles and a relatively high - strength magnetic 
fi eld, it is possible to rapidly pull the bound analytes from solution, independent 
of any of the other background constituents that might potentially interfere with 
their processing (e.g., induction and growth of cells) or detection, using a range 
of techniques. 

 Studies based on the high - gradient preconcentration and separation methods 
discussed above have been conducted to target a wide range of analytes that have 
relevance in both environmental and clinical settings. These include: the separa-
tion and sorting of bacteria  [102, 105, 107] , viruses  [104, 108] , single cells  [96, 97, 
99 – 101, 103, 106] , proteins  [106, 109, 110] , and nucleic acids  [111 – 113] . In most 
of these cases, the target analytes are bound to the nanoparticles solely for removal 
from solution, and in order to separate them from background interferents (e.g., 
proteins, cells, and nucleic acids) common in biological samples. In addition to 
these examples, a number of studies have shown that magnetic nanoparticles also 
have potential as analyte preconcentrators for environmental remediation and 
trace detection sensor systems  [20] . 

 In their ongoing studies, the present authors have shown that functionalized 
superparamagnetic nanoparticles can be effectively dispersed in aqueous environ-
mental samples and sequester a wide variety of analytes, including heavy metals 

     Figure 9.6     Schematic diagram representing 
the concept of high - fi eld magnetic separation 
and sorting of analytes. The sample 
containing the target analyte (left) is exposed 
to the specifi cally functionalized magnetic 
nanoparticle containing an affi nity ligand such 
as a protein, small molecule, or nucleic acid 

(middle). Then, after a period of incubation, 
an external magnetic fi eld is applied to 
separate the nanoparticle/analyte complexes 
from the sample (right). This effectively 
enables the selective removal of a target 
analyte from the sample background, allowing 
for sensitive detection.  
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 [7, 114] . Specifi cally, thiol - modifi ed Fe 3 O 4  nanoparticles that are approximately 
6   nm in diameter have been employed to remove Hg, Ag, Pb, Cd, and Tl from 
natural waters (i.e., river, ground, and ocean water). The scheme is illustrated in 
Figure  9.7 .   

 The magnetic nanoparticles used in this study had the distinct advantage that 
they were highly dispersible in aqueous media, but could be removed with relative 
ease by exposing the sample to a magnetic fi eld. In this case, the fi eld strength 
used ( ∼ 1.2   T) was generated by a NdFeB rare earth magnet  [7] . By using this set - up, 
it was shown that the nanoparticles could remove over 99   wt% of 1   mg   l  − 1  Pb within 
1   min of contact time, and that they have a Hg capacity of over 227   mg   g  − 1  (a 30 - fold 
larger capacity than conventional, resin - based sorbents)  [7] . In order to determine 
the effi cacy of extraction of heavy metals by the magnetic nanoparticles, a variety 
of measurements to determine the distribution coeffi cient ( K d  ) were made, as 
summarized in Table  9.3 . The data in Figure  9.8  illustrate that, at near - neutral pH 
in river water, the thiol - modifi ed magnetic nanoparticles proved to be outstanding 
sorbent materials for soft metals such as Hg, Ag, Pb, Cu, and As ( K d    >  50   000), 
and also a good sorbent for harder metals such as Cd, Co, and Tl  [7] . When the 
metals were extracted, the trace detection of heavy metal analytes was carried out 
using  inductively coupled plasma - mass spectrometry  ( ICP - MS ) after contact with 
the magnetic nanoparticles  [7] .   

 Studies conducted by other groups have shown similar characteristics of func-
tionalized magnetic nanoparticles and microparticles modifi ed with a wide variety 
of affi nity ligands for the extraction of heavy metals from environmental samples 
 [20, 53] . However, due to the need to fully understand the behavior of the materials 
when dispersed in the environment (e.g., a tendency towards aggregation and/or 
decomposition, as well as mobility), this fi eld remains relatively undeveloped with 
regards to the use of superparamagnetic nanoparticles between 5 and 20   nm in 
diameter. Although more references are available relating to the use of mic-
roparticles (mostly constructed from nanoparticle/polymer composites), these 
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     Figure 9.7     (a) Schematic of a DMSA - modifi ed Fe 3 O 4  
nanoparticle; (b) Removal of the nanoparticles from the liquid 
phase using NdFeB magnets; initial solution (left panel), after 
10   s with the magnet (middle panel), and when the magnet 
was moved to a distant position (right panel).  Reprinted with 
permission from Ref.  [7] ;  ©  The American Chemical Society.   
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materials fall well outside the size range that is traditionally considered a nano-
material (i.e., their sizes are  > 100   nm)  [20] . In addition to magnetic nanoparticles, 
a great deal of attention has been paid to nanoporous materials such as silica 
ceramics (pore sizes  ∼ 3 – 6   nm, but particle size on the order of microns) for the 
removal and remediation of contaminants from natural waters due to their high 
surface area and relative ease of functionalization  [7, 19, 115 – 117] . However, 
although these materials serve as outstanding sorbents for contaminants, they 
suffer from intrinsic mass transport limitations of moving large volumes of water 
to the sorbent material. Alternatively, other high - surface - area sorbents that can be 
surface functionalized and are more readily dispersible in aqueous systems, yet 
can be easily recovered once bound to the target analyte, offer signifi cant advan-
tages for many applications. Materials such as magnetic nanoparticles  [7]  and 
polymer/nanoparticle composites  [118 – 121]  offer unique capabilities for magneti-
cally directed separation and sensing processes.  

  9.3.3 
 Electrochemical Detection Enhanced by Magnetic Nanomaterials 
for Preconcentration 

 Sorbent materials of all types play a role in the binding, separation, and removal 
of target analytes from complex samples, and may also enable enhancements in 
the limits of detection for a wide range of sensor systems. Primarily, magnetic 
nanoparticles have been used in a preconcentration capacity in electrochemical 

     Figure 9.8     Effect of pH on  K d   values, measured in HNO 3  -
 spiked unfi ltered river water [liquid/solid ratio (L/S)   =   10 5 ]. 
 Reprinted with permission from Ref.  [7] ;  
©  The American Chemical Society.   
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and optical (i.e., fl uorescent) detection schemes. Their role is to bind the target 
analyte in solution and rapidly bring it to the sensor surface, or to separate it from 
the background interferents upon the application of an external magnetic fi eld. In 
most cases, an applied magnetic fi eld from either an electromagnet or permanent 
magnet is typically employed to capture the nanoparticle/analyte complex from 
solution prior to analysis  [6, 13, 122, 123] . 

 The present authors ’  group has demonstrated the use of both magnetic  [6]  
and nonmagnetic  [114]  high - surface - area sorbent materials to enhance the 
electrochemical detection of toxic heavy metals from natural waters. The sorbent 
materials, which were either functionalized magnetic nanoparticles or mesopo-
rous silica, were modifi ed with a wide range of thiol - containing organic molecules 
that possesses a high affi nity towards heavy metals (e.g., Hg, Pb, Cd), and 
were placed or collected at an electrode surface (Figure  9.9 )  [6, 114] . By using 
these high - surface - area sorbent materials, it has been possible to demonstrate 
the sensitive electrochemical detection of environmentally relevant heavy metals 
(e.g., Pb, Hg, Cd) in complex environmental (e.g., river water) and clinical (e.g., 
urine) samples  [6, 114] . Superparamagnetic Fe 3 O 4  nanoparticles functionalized 
with  dimercaptosuccinic acid  ( DMSA ) (similar to those discussed above) were 
used to fi rst bind the heavy - metal contaminants from complex samples, and 
then subsequently to carry them to the surface of a magnetic electrode (see Figure 
 9.9 )  [6] .   

 By using an applied magnetic fi eld to remove the target analytes from solution 
prior to electrochemical analysis, the analytes are effectively isolated from the huge 
number of potential interferents present in complex sample matrices. In using 
this system, two of the biggest problems that have prevented the widespread 
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     Figure 9.9     Schematics of (a) the magnetic electrode and 
(b) the electromagnetic electrode which preconcentrate metal 
ions using superparamagnetic nanoparticles.  Reprinted with 
permission from Ref.  [6] ;  ©  The Royal Society of 
Chemistry (RSC).   
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adoption of electrochemical sensors for the analysis of metal ions in biological 
samples have been successfully overcome, at least to some extent: (i) binding of 
the target metals to proteins present in the sample matrix, leading to a lowered 
signal response; and (ii) electrode fouling caused by proteins. As shown in Figure 
 9.10 , this approach has permitted the successful measurement of Pb concentra-
tions in rat urine samples (25%, v/v) as low as 10   ppb, with as little as 20   s precon-
centration (after an optimal 90   s preconcentration period, the detection limit was 
2.5   ppb Pb).   

 Further, the data in Figure  9.11  show that the magnetic nanoparticles are also 
capable of enabling the detection of multiple heavy metals (i.e., Cd, Pb, Cu, Ag) 
from a variety of natural waters (river and ocean) with a preconcentration time of 
only  ∼ 2.5   min.   

 In addition to these studies, several other groups have reported the use of mag-
netic nanoparticles in the electrochemical analysis of other environmentally rele-
vant targets other than heavy metals, such as proteins and nucleic acids  [13, 15, 
124] . At this point, the reader is directed to a number of recent reviews on the 
application of high - surface - area magnetic nanomaterials for the detection of bio-
logical analytes  [13, 123] . It is important to note here that, even though the bulk 
of the studies conducted in this area was aimed at clinical applications, the detec-
tion of biological species is of paramount importance for environmental sensing, 
due to the fact that many common environmental contaminants are of biological 
origin. A recent example in which magnetic nanomaterials were used to detect a 
protein biomarker to pesticide exposure utilizes a similar magnetic electrode as 
described above (see also Figure  9.9 )  [125] . In these studies, the magnetic particles 
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 Fe 3 O 4  - magnetic sensors in samples containing 25 vol.% rat 
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     Figure 9.11     Sensor measurements of 
(a) background metal ions in seawater 
(dashed line) and river water (solid line) and 
(b) background metal ions (thin line) and 
metals spiked (thick line) in seawater, after 
150   s of preconcentration time. The inset 
tables show metal concentrations, measured 

with ICP - MS, and distribution coeffi cients of 
multiple metal ions (L/S of 0.01   g   l  − 1  
DMSA – Fe 3 O 4 , initial metal concentration 
500   ppb each, pH of 7.2 for river water and 
7.64 for seawater).  Reprinted with permission 
from Ref.  [6] ;  
©  The Royal Society of Chemistry (RSC).   

were bound with gold nanoparticles to provide an extremely responsive material 
for the electrochemical analysis  [122, 125] . These composite nanomaterials were 
then used to bind and separate protein biomarker targets from solution, followed 
by their detection, without the need for any amplifi cation that is typically important 
in many protein - detection systems  [122, 125] .  
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  9.3.4 
 Analyte Detection Using Magnetic Nanoparticles through 
Nonelectrochemical Methods 

 The use of magnetic nanoparticles in optical detection scenarios has also received 
much recent attention, with the reviews of Corr  et al.  and Katz  et al.  examining at 
great depth the formation of nanomaterial composites for biological detection and 
biomedical applications  [8, 15] . However, it is important to note that the bulk of 
reported detection schemes center on the use of magnetic nanoparticles in elec-
trochemical assays. This is because, even when all of the potential benefi ts associ-
ated with using a fl uorescent nanomaterial that also is magnetic (e.g., ability to 
separate bound analyte from a sample and monitor the process optically) are 
considered, it is possible still for many complications to arise. Primarily, the use 
of materials such as magnetic nanoparticles in an optical detection platform can 
scatter, absorb, or even quench, the optical signal from the fl uorescent reporter, 
which in turn will lead to a decrease in signal output  [8] . To that end, many dif-
ferent types of magnetic/fl uorescent nanomaterial composite have been con-
structed, as shown in Figure  9.12 .   

 Each of these nanomaterial composites has unique features that overcome some 
of the potential limitations, and perhaps make them useful for select environmen-

     Figure 9.12     Examples of some composite 
magnetic/fl uorescent nanoparticles for optical 
sensing applications. 1, Fe 3 O 4 @SiO 2  coated 
with a silica or polymer shell containing 
fl uorescent molecules; 2, Fe 3 O 4 @CdS; 3, 
CdS@Fe 3 O 4  core – shell nanoparticles; 4, 

fl uorescent molecules attached to the Fe 3 O 4  
core using organic ligands; 5, Fe 3 O 4  and 
fl uorescent molecules or quantum dots 
encased in a silica or polymer matrix; 6, 
fl uorescent molecules attached to 
polymer - encased Fe 3 O 4 .  
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tal sensing applications. In addition, Figure  9.12  demonstrates that, by using the 
synthetic methods discussed in Section  9.2 , and which are typical for the produc-
tion of magnetic nanomaterials (e.g., polymer and silica encasement and core –
 shell structure formation), it is possible to construct a wide range of useful 
nanomaterial composites that should enable a variety of applications  [8] . These 
types of material have shown great promise in environmental sensing, mainly 
because they allow a target analyte to be separated/preconcentrated from a complex 
sample prior to analysis, thus preventing unwanted optical noise from background 
interferents. Yet, at the same time, they allow the optical labeling of a target analyte 
upon binding, such that a rapid sample analysis using traditional optical methods 
with exquisite sensitivity can be conducted when the separation is complete. It is 
believed that, as materials production methods continue to mature and more 
magnetic/fl uorescent composite nanomaterials become available, there will be an 
explosion in the use of these types of material in environmental sensing 
applications. 

 The use of magnetic nanoparticles in sensor systems designed to take advantage 
of the intrinsic properties (e.g., magnetoresistance) of individual nanoparticles has 
grown tremendously during recent years, especially in the fi eld of biosensors. 
While this type of sensor has not found great favor among the environmental 
sensing community, it is nonetheless an important sensing application of mag-
netic nanoparticles of all types, as biological targets are of major interest in this 
area. At this point, we will review some of the most common sensing scenarios 
that utilize the intrinsic properties of magnetic nanoparticles, and also provide 
some insight into the future of this type of sensor for the detection of environ-
mentally relevant analytes. Most of the examples here focus on the detection of 
target analytes that are predominantly relevant in a biological laboratory or clinical 
setting, but they also provide context and performance metrics for a wide range 
of promising sensors. In addition, the examples provide a proof - of - concept and 
lay the foundations for the eventual widespread adoption of these types of sensors 
in the environmental sensing community. 

 The intrinsic properties of nanoparticles, which are typically exploited for the 
types of sensors discussed here, include magnetoresistance,  giant magnetoresis-
tance  ( GMR ), and spin - valve GMR  [3, 126 – 128] . While these properties have been 
exploited at length in the production of magnetic storage media (e.g., hard - disk 
drives) since their discovery in 1988 (which led to the Nobel Prize in Physics in 
2007 for its discoverers, Fert and Grunberg), they are only now (within the past 
fi ve to seven years) beginning to gain wide acceptance as viable methods of signal 
transduction in sensor systems  [128] . First, a broad defi nition of these properties 
is provided, within the context of how they can be used for sensitive biodetection 
assays. 

 In their most basic implementations, sensors that seek to utilize the intrinsic 
GMR properties of the magnetic nanoparticles measure a change in sensor resis-
tance in response to the concentration or binding of nanoparticles onto a func-
tionalized magnetic transducer surface, after binding a target analyte  [126] . The 
magnetoresistive effect arises from the change in resistance of the magnetic 
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materials as the overall magnetization of the sample changes from parallel with 
respect to current fl ow to perpendicular or transverse  [3, 126] . (For a detailed 
explanation of the construction and driving principles behind GMR sensors, the 
reader should refer to recent reviews, as the explanation falls beyond the scope of 
this chapter  [126, 128 – 131] .) By using this confi guration, it is possible to sensitively 
detect the fringe magnetic fi eld of nanoscale magnetic particles once they have 
been brought, through specifi c interactions, to the engineered surface. Typically, 
the nanoparticles are on the order of 10 – 20   nm in diameter, and display either 
paramagnetic or superparamagnetic character with little to no remnant magnetiza-
tion in order to prevent magnetic agglomeration in solution prior to binding the 
target analyte  [128] . 

 A typical biodetection reaction is carried out by either labeling the target analyte 
in solution with a magnetic nanoparticle prior to binding the nanoparticle – analyte 
complex to a substrate with a complementary probe molecule bound to the engi-
neered surface, or by capturing the analyte on the surface and labeling with a 
magnetic particle in a second step  [126] . A change in the sensor resistance at a 
fi xed sense current signifi es the presence of the magnetic nanoparticle, and sub-
sequently the analyte. Any analyte that is not specifi cally bound to the sensor 
surface through the complementary probes or the nanoparticle can then be washed 
away to reveal a signal that is derived only from the desired target analyte  [126, 
128] . One type of sensor that utilizes magnetic nanoparticles as intrinsic labels 
exploits the magnetoresistance of the nanoparticle to signal molecular affi nity 
interactions in bioassays  [3] . In order to measure changes in magnetoresistance, 
arrays of specialized magnetic transducers are employed to measure the binding 
events between an affi nity ligand (e.g., antibody or nucleic acid) and an analyte of 
interest (e.g., cell, organism, or protein). One manifestation of this type of assay 
comes in the form of a magnetoimmunoassay, in which primary and secondary 
antibodies are used to fi rst capture an analyte from a sample, and second to label 
the captured analyte with an antibody that has been coupled to a magnetic nanopar-
ticle  [3] . Based on the current state of the art, magnetoresistive sensors have the 
potential to play a large role in the detection of biological analytes that have envi-
ronmental relevance such as protein toxins, bacteria, and viruses  [20, 126] .   

  9.4 
 Summary and Future Perspective 

 Functionalized magnetic nanoparticles synthesized using the methods described 
in the chapter provide a number of unique and interesting opportunities for the 
improvement of environmentally relevant sensing applications. We have high-
lighted the myriad possibilities that exist for the synthesis and functionalization 
of magnetic nanoparticles that display the attributes that are most desirable for 
sensing applications, namely dispersbility, high surface area ( > 100   m 2    g  − 1 ), fl exible 
surface chemistry, and superparamagnetism. These characteristics make the mag-
netic nanoparticles ideal for applications where it is necessary to fi rst bind and 
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separate an analyte from a complex sample matrix prior to analysis, by using a 
variety of methods which range from electrochemical detection to optical and 
magnetoresistive sensing platforms. In addition, the functionalized nanoparticles 
continue to show enormous promise as renewable surface sensors, since it is pos-
sible simply to bring new materials into contact with the sample of interest to 
regenerate both the sorbent material and the sensor surface. Ultimately, this will 
allow their use in samples that would cause other types of sorbent material to be 
fouled irreversibly. Further, functionalized magnetic nanoparticles have promise 
in the separation and sensing of analytes, ranging from heavy metals and biologi-
cal species to chemical and radiological contaminants. This fl exibility is limited 
only by the availability of the appropriate affi nity ligand or surface coating. For 
bench - scale applications where cost is a greater consideration, the functionalized 
magnetic nanoparticles have the potential to be inexpensive and, as only small 
amounts are required for preconcentration and detection, the materials costs will 
remain very low. In situations requiring the large - scale environmental release of 
these materials, additional investigations must be completed before the systems 
can be claimed as cost effective. Nonetheless, the current state of the art shows 
great promise for these nanomaterials in the above - described applications, as 
evidenced by the many reports which have been made recently in the biological 
realm. In addition, a large rise should also be expected in the number of occasions 
where these materials are applied within the environmental sensing arena.  
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 Magnetic Core – Polymer Shell Nanoparticles: Synthesis and 
Biomedical Applications  
  Koon Gee   Neoh  ,   Lihan   Tan  , and   En - Tang   Kang        

10

  10.1 
 Introduction 

 There has been increasing interest in the use of superparamagnetic iron oxide 
nanoparticles for biomedical applications. Progress in this fi eld has been rapid, 
and in recent years a number of reviews have been published  [1 – 6]  on the applica-
tions of  magnetic nanoparticle s ( MNP s) in biomedicine. These reviews have pro-
vided details on the physical principles underlying the biomedical applications of 
MNPs, their synthesis methods, the properties required of MNPs, and the chal-
lenges and solutions envisaged for this emerging technology. The iron oxide 
nanoparticles have low toxicity and are suitable for  in vivo  applications as they are 
biodegradable, with the Fe product being recycled by cells. The dimensions of the 
MNPs also allow a close interaction with cells and, with their magnetic properties, 
manipulation  in vivo  using an external magnetic fi eld is possible. The potential of 
these nanoparticles can be greatly enhanced by tailoring them for specifi c applica-
tions through proper functionalization. This frequently entails the use of polymers 
to provide either a coating with the desired properties, or to serve as a platform 
for the attachment of other functional groups. 

 In this chapter, attention is focused on the synthesis of magnetic core – polymer 
shell nanoparticles, with emphasis on the role played by the polymer in tailoring the 
MNPs to meet the promises and challenges for biomedical applications. Two 
classes of magnetic core – polymer shell nanoparticle will be described, namely the 
single magnetic nanoparticle with a polymeric shell, and multiple magnetic 
nanoparticles encapsulated in a polymeric matrix. The term  “ nanospheres ”  will be 
used in this chapter to denote the latter type of nanoparticle, in order to differentiate 
them from the single nanoparticles with a polymeric coating. There are a number 
of synthetic routes for the seed MNPs, and the characteristics of these MNPs, will 
be determined by the chosen route. While the synthesis of MNPs is an important 
topic, it will not be discussed in detail here. Rather, a short review of the more com-
monly used synthesis techniques will be provided, after which attention will be 
focused on the various methodologies for integrating a polymer shell with the 
MNPs, and their subsequent functionalization. The biomedical applications 
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described herein relate primarily to bioimaging/cell labeling and drug/gene deliv-
ery. Those reports made more recently (within the past three years) will be high-
lighted in greater detail.  

  10.2 
 Synthesis of Magnetic Nanoparticles 

  10.2.1 
 Primary Synthesis Methods 

 For biomedical applications, superparamagnetic particles which do not retain any 
magnetism when removed from a magnetic fi eld are preferred. Among these, 
ferrous or ferric oxides with low toxicity constitute the most commonly employed 
MNPs, as other highly magnetic materials (e.g., cobalt or nickel) may pose toxicity 
issues. Several techniques have been developed to prepare MNPs of uniform size 
and shape. The two primary techniques are coprecipitation and the thermal 
decomposition of organic precursors. 

 In  coprecipitation , Fe 3 O 4  is precipitated from an aqueous solution of ferric and 
ferrous salts upon the addition of a base  [7] . A stabilizing agent may be added at 
the point of, or after, precipitation. For instance, the precipitation of stable mag-
netite colloidal dispersions with an average diameter of 4 – 7   nm was achieved in 
the presence of  poly(vinyl alcohol)  ( PVA )  [8] . Other stabilizing agents include 
dextran  [9, 10] , albumin  [11] , oleic acid  [12] ,  methoxypoly(ethylene glycol)  
( methoxyPEG ), and starch  [13] . The wide choice of stabilizing agents lends fl exibil-
ity to this method in terms of providing a variety of platforms for further func-
tionalization, and the stability in different media also depends on the agent 
employed. However, the control of particle size and monodispersity is diffi cult to 
achieve due to the uncontrolled rate of nuclea tion that occurs in aqueous solu-
tions  [14] . A modifi cation of the copreci pitation method is the  sonochemical 
method , whereby a mixed solution of FeCl 2  and FeCl 3  was irradiated with ultra-
sonic waves, followed by the immediate and rapid addition of NH 4 OH solution to 
precipitate black nanoparticles at room temperature  [15] . The resultant spherical 
magnetite nanoparticles (average diameter  ∼ 15   nm) had a higher crystallinity than 
those prepared by the coprecipitation method. 

 The  high - temperature decomposition  process for the synthesis of monodisperse 
Fe 3 O 4  nanoparticles of  < 20   nm is a more recent development. Sun and Zeng  [16]  
reported a high - temperature reaction (at 265    ° C) of iron (III) acetylacetonate 
(Fe(acac) 3 ) in phenyl ether, alcohol, oleic acid, and oleylamine. This process 
resulted in particles of  ∼ 4   nm diameter. By using these smaller nanoparticles as 
seeds, larger monodisperse magnetite nanoparticles of up to 20   nm in diameter 
could be synthesized by seed - mediated growth. In this process, the smaller par-
ticles were mixed with additional precursor materials and the mixture was heated 
as for the synthesis of the 4   nm nanoparticles  [17] . By controlling the diameter and 
quantity of the nanoparticle seeds used, Fe 3 O 4  nanoparticles of various sizes can 
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be formed. Figure  10.1  shows the typical  transmission electron microscopy  ( TEM ) 
images of representative 6, 10, and 12   nm Fe 3 O 4  nanoparticles deposited from their 
hexane (or octane) dispersions. The thermal decomposition of Fe(acac) 3  has also 
been conducted in 2 - pyrrolidinone in the presence of monocarboxyl - terminated 
PEG (MPEG - COOH); this results in MPEG being covalently bound to the nanopar-
ticle surface via the COOH group  [18] .    

  10.2.2 
 Effect of Synthesis Conditions on Particle Size and Surface Properties 

 The synthesis conditions play important roles in determining not only the particle 
size but also its bulk and surface properties. Fe 3 O 4  nanoparticles prepared using 

(a)

20 nm

(b)

20 nm

20 nm

(c)

     Figure 10.1     Transmission electron 
microscopy bright - fi eld images of (a) 6   nm 
and (b) 12   nm Fe 3 O 4  nanoparticles deposited 
from their hexane dispersion on an 
amorphous carbon - coated copper grid and 
dried at room temperature; (c) A 3 - D 

superlattice of 10   nm Fe 3 O 4  nanoparticles 
deposited from their octane dispersion on an 
amorphous carbon surface and dried at room 
temperature.  Reprinted with permission from 
Ref.  [17] ;  ©  2004, American Chemical Society.   
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the thermal decomposition method of Sun  et al.   [16, 17]  disperse well in organic 
solvents such as hexane and toluene. The addition of MPEG - COOH to the reaction 
mixture during the thermal decomposition of Fe(acac) 3  resulted in nanoparticles 
which were water - soluble due to the presence of surface - bound MPEG  [18] . The 
solubility and surface properties of the nanoparticles are critical factors in deter-
mining the biomedical applicability. For example, a comparison of the effect of 
uncoated, dextran - , and albumin - coated MNPs prepared using the coprecipitation 
method on fi broblasts  in vitro  showed distinct differences in particle uptake and 
cellular response  [11] . The uncoated MNPs were largely internalized by the fi bro-
blasts, resulting in eventual cell death. A similar result was obtained with the 
dextran - coated particles, while the albumin - coated particles resulted in cell prolif-
eration. The modifi cation of the surfaces of MNPs to mediate their interactions 
with cells will be discussed in greater detail later in the chapter.   

  10.3 
 Magnetic Nanoparticles with Polymeric Shell 

 One of the major challenges faced when using MNPs  in vivo  is their rapid elimina-
tion from the bloodstream by the  mononuclear phagocyte system  ( MPS ), which 
comprises the bone marrow progenitors, blood monocytes and tissue macro-
phages. Unfortunately, this rapid clearance of MNPs by the MPS prevents them 
from reaching the target cells. Hence, in order to increase the MNPs ’  circulation 
time in the bloodstream they can be modifi ed with a polymeric coating so as to 
minimize plasma protein adsorption and render them less susceptible to clearance 
by the macrophages  [4] . The polymer can also provide a platform for the attach-
ment of targeting ligands which are crucial for site - specifi c targeting required for 
imaging, drug delivery, and hyperthermia applications. 

 The discussion of magnetic core – polymer shell nanoparticles synthesis will be 
divided into subsections focusing on the different methods of preparation. The 
techniques described here apply to the synthesis of single magnetic nanoparticles 
with polymeric shells. It should be noted that polymer - coated MNPs are commer-
cially available as magnetic resonance contrast agents (e.g., Feridex, Endorem, 
Resovist); these products are primarily coated with dextran or dextran derivatives, 
and their specifi c preparation methods will not be described here. 

  10.3.1 
 Coating with Polymer During  MNP  Synthesis 

  10.3.1.1   Dextran - Coated  MNP  s  via the Coprecipitation Method 
 As noted in Section  10.2 , MNPs with polymer coatings may be prepared  in situ  
during the nucleation and growth of the Fe 3 O 4 . This simultaneous process is often 
referred to as the  “ one - pot ”  method. One of the earliest studies using such a tech-
nique was that conducted by Molday and MacKenzie  [9]  who, reacted ferrous 
chloride with ferric chloride under alkaline condition in the presence of dextran 
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polymers [molecular weight (M w )  ∼ 40   000   Da] to yield a suspension of dextran -
 coated ferromagnetic (Fe 3 O 4 ) colloidal particles. Dextran, which is deemed to be 
noncytotoxic, is one of the most common coatings used for MNPs. By using TEM, 
the iron core was seen to range in size from 10 – 20   nm, while the dextran - coated 
particles were roughly spherical in shape, with a diameter of 40   nm. The dextran -
 coated particles contained 50% by weight Fe, were stable in physiological buffers, 
and did not aggregate over a pH range of 3 – 10. The use of dextran polymers with 
M w  ranging from 10   000 to 70   000   Da in the reaction resulted in particles which 
exhibited similar properties. On the other hand, the blood half - life and biodistribu-
tion of the MNPs were shown to be infl uenced by the various synthesis conditions 
 [19] . Iron oxide nanoparticles prepared by precipitation, with subsequent dextran 
adsorption onto the particle surface, generally demonstrated shorter half - lives than 
those prepared by particle formation in the presence of dextran. Furthermore, 
synthesis conditions such as pH and temperature affected the structure of the 
surface - bound dextran. The longest circulation times were achieved by MNPs 
covered by a relatively dense brush of dextran molecules that protected the iron 
oxide core against contact with blood proteins and phagocytosis - associated 
receptors. 

 Experiments conducted with human fi broblasts indicated that the dextran -
 coated particles were taken into the cells probably through fl uid phase endocytosis, 
and the cell behavior was adversely affected by this internalization; this resulted 
in possible apoptosis, aberrations in cell morphology, and resultant decreases in 
cell motility  [20] . A recent report included investigations into the possible acute 
toxicity and irritation of dextran - coated MNPs injected subcutaneously into the 
tissues of mice  [21] . The LD 50  dosage (single treatment) for death to occur within 
2 weeks was found to be  ∼ 4410   mg   kg  − 1 , whereas the injection of 0.3   ml of 10% 
dextran - coated MNPs fl uid [containing 30   mg particles in 50% (w/v) aqueous 
dextran solution] induced reversible effects that were well tolerated by mice. Fur-
thermore, a crosslinked dextran coating on the MNPs was reported to be nonbio-
degradable  [4] . 

 Among the various types of dextran - coated MNP, differences in the functional 
group of the shell polymer can have a signifi cant effect on the effi cacy of cell label-
ing. This was illustrated by a recent study which compared the feasibility and 
effi ciency of labeling human  mesenchymal stem cell s ( MSC s) and human cervix 
carcinoma (HeLa) cancer cells with two commercially available MNPs, Feridex and 
Resovist  [22] . Both nanoparticle preparations have superparamagnetic cores of 
10 – 12   nm embedded in a biocompatible polymer, yielding particles of a hydrody-
namic diameter of 70 – 150   nm. However, Resovist comprises magnetite nanopar-
ticles stabilized by carboxydextran, while Feridex is coated with nonfunctionalized 
dextran. For MSC labeling, Resovist was found to be a suitable agent, without the 
need for a transfection agent, and was more effi cient than Feridex. In the case of 
the HeLa cells, Resovist was still effective, but the uptake of Feridex was very low. 
This difference in uptake behavior was attributed to the presence of carboxyl 
groups in Resovist. Under physiological conditions (pH 7.4), the carboxydextran 
is expected to be mainly in the deprotonated form, that is, negatively charged. The 
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uptake of anionic nanoparticles possibly consists of two processes which occur 
concomitantly: (i) the binding of anionic nanoparticles onto reactive cationic sites 
on the cell membrane; and (ii) an internalization of the reactive sites via the endo-
cytosis pathway  [23] . 

 Dextran - coated MNPs with surface functionalities can provide sites for 
further tailoring of these nanoparticles. For example, 50   nm aminated dextran -
 coated MNPs from Micromod were conjugated with 30   bp DNA, and a comple-
ment of 12, 18, or 24   bp linked to a model drug, a fl uorophore, was added  [24] . 
The nucleic acid duplex served as a heat - labile linker and the heat produced by the 
MNPs in a radiofrequency  electromagnetic fi eld  ( EMF ) was used to trigger the 
release of the fl uorophore  in vitro . The functionalized MNPs were also mixed with 
Matrigel and injected subcutaneously near the posterior mammary fat pad of mice, 
forming model tumors. The MNPs allowed noninvasive visualization by  magnetic 
resonance imaging  ( MRI ), and the application of an EMF to the implant resulted 
in the release of the model drug and penetration into the tissue. The average 
distance of fl uorescence signal from the tissue/implant boundary in animals 
treated with an EMF was approximately sixfold that of unexposed controls (250 
versus 42    μ m).  

  10.3.1.2   Starch - Coated  MNP  s  via the Coprecipitation Method 
 The synthesis of Fe 3 O 4  via the coprecipitation method in the presence of 
starch resulted in biocompatible MNPs  [25] . Starch is one of the most abundant 
naturally occurring polysaccharides. Swollen starch granules form a  three - dimen-
sional  ( 3 - D ) polymeric matrix which prevents agglomeration of the iron oxide 
particles when they begin to nucleate from the precipitation of Fe 2+  and Fe 3+ . This 
method resulted in a homogeneous distribution of colloidal particles ( ∼ 7.2   nm) in 
the polymeric starch matrix. The particles in the starch matrix were stable for one 
year in aqueous media at room temperature. The particle size, determined using 
a  dynamic light scattering  ( DLS ) method, was  ∼ 87   nm. When H 2 O 2  was used as 
an oxidizing agent to cleave the polymeric starch chains, the particle size was 
reduced to  ∼ 42   nm, which suggested that the MNPs existed as agglomerated clus-
ters rather than as individual particles. When starch - coated MNPs were injected 
into the brain parenchyma of rats for  in vivo  monitoring, the results indicated that 
they might be transported into the extracellular space, and also internalized in 
nerve cells. 

 Starch - coated MNPs (hydrodynamic diameter 110   nm, 94   emu   g  − 1  Fe and T 2  
relaxivity of 43   s  − 1    m M   − 1 ) have also been investigated for MRI - monitored magnetic 
targeting of brain tumors in rats  [26] . These MNPs were reported earlier to be 
nontoxic and well tolerated in both preclinical and clinical trials after systemic 
administration  [27, 28] . The nanoparticles were injected intravenously into rats 
(12   mg Fe   kg  − 1 ) under a magnetic fi eld density of 0   T (control) or 0.4   T (experimen-
tal) for 30   min. The MR images were acquired prior to administration of nanopar-
ticles, and immediately after magnetic targeting at 1   h intervals over a period of 
4   h. An analysis of the images revealed that magnetic targeting had induced a 
fi vefold increase in the total glioma exposure to MNPs over nontargeted tumors 
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(p   =   0.005), and a 3.6 - fold enhancement in the target selectivity index of nanopar-
ticle accumulation in glioma over the normal brain (p   =   0.025). In the magnetically 
targeted animals, the glioma retention of MNPs persisted for  ∼ 100   min following 
removal of the external magnetic fi eld.  

  10.3.1.3    PEG  - Coated  MNP  s  via the Coprecipitation Method 
 A one - pot synthesis of MNPs coated with copolymers of PEG has also been 
reported  [29, 30] . The iron oxide nanoparticle dispersions were prepared by copre-
cipitation of Fe 2+  and Fe 3+  from an aqueous solution by a base in the presence of 
the graft copolymer. One of the copolymers of PEG used was  poly(glycerol 
monoacrylate) -  g  - poly(PEG methyl ether acrylate)  ( PGA -  g  - PEG )  [29] . PGA -  g  - PEG 
was prepared by the acid hydrolysis of poly(solktal acrylate) -  g  - poly(PEG methyl 
ether acrylate), which was synthesized via the copolymerization of solktal acrylate 
and PEG methyl ether acrylate by  atom transfer radical polymerization  ( ATRP ). 
The size of the superparamagnetic magnetite nanoparticles could be controlled 
from 4 to 18   nm by varying the graft density of the copolymers. 

 In another method, the poly(oligo(ethylene glycol) methacrylate -  co  - methacrylic 
acid) (P(OEGMA -  co  - MAA)) copolymer was used  [30] . This copolymer was prepared 
via a two - step procedure: a well - defi ned precursor poly(oligo(ethylene glycol) meth-
acrylate -  co  -  tert  - butyl methacrylate), P(OEGMA -  co  -  t BMA) (M n    =   17   300   g   mol  − 1 ; M w /
M n    =   1.22), was fi rst synthesized by ATRP in the presence of the copper (I) 
chloride/2,2 ′  - bipyridyl catalyst system, and subsequently selectively hydrolyzed in 
acid conditions. The resultant P(OEGMA -  co  - MAA) was directly utilized as a poly-
meric stabilizer in the MNP synthesis via the coprecipitation of iron salts method. 
The diameter of the MNPs could be tuned in the range 10 – 25   nm by varying the 
initial copolymer concentration. The PEGylated MNPs exhibited a long - term col-
loidal stability in physiological buffer. Intravenous injection into rats showed no 
detectable signal in the liver within the fi rst 2   h, while maximum liver accumula-
tion was found after 6   h, providing indirect proof of a prolonged circulation of the 
MNPs in the bloodstream. 

 A third copolymeric system used for the one - pot synthesis of polymer - coated 
MNPs comprised a  “ surface anchoring moiety ”   3 - (trimethoxysilyl)propyl methac-
rylate  ( TMSMA ) and a protein - resistant  PEG methacrylate  ( PEGMA ) moiety  [31] . 
The poly - (TMSMA -  r  - PEGMA) is a random copolymer synthesized from TMSMA 
and PEGMA by a radical polymerization reaction  [32] . The ferrous and ferric 
chlorides were mixed with poly(TMSMA -  r  - PEGMA) before addition of the base to 
precipitate the nanoparticles. An external magnetic fi eld was applied to the solu-
tion using a rare earth magnet to separate the MNPs from the remaining unre-
acted polymer in solution. After washing with distilled water, the MNPs were 
heated at 80    ° C for 1   h to achieve crosslinking between the entangled polymer 
chains on the particle surface. The core sizes of the coated MNPs were in the range 
of 4 – 8   nm, with a hydrodynamic diameter of 16   nm. The poly(TMSMA -  r  - PEGMA) -
 coated MNPs dispersed well in  phosphate - buffered saline  ( PBS ) over a range of 
pH conditions (pH 1 – 10). In addition, DLS data revealed that their sizes were not 
altered even after 24   h of incubation in 10% serum containing cell culture medium, 
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which was indicative of a lack of protein adsorption on their surfaces. The incuba-
tion of these MNPs with macrophage cells resulted in an uptake which was sig-
nifi cantly lower than that of the commercial contrast agent, Feridex. When the 
poly(TMSMA -  r  - PEGMA) - coated MNPs were administered to tumor xenograft 
mice by intravenous injection, the tumor was detected in T 2  - weighted MR images 
within 1   h as a result of the accumulation of these MNPs within the tumor site. 
The authors also compared the  in vitro  and  in vivo  properties of the poly(TMSMA -
  r  - PEGMA) - coated MNPs synthesized via the one - pot method with those synthe-
sized via a two - step process. In the latter, the poly(TMSMA -  r  - PEGMA) was added 
to the MNPs after their precipitation from a basic solution and washing with water. 
Although the core diameter of these MNPs was slightly larger than that of particles 
from the one - pot method, their hydrodynamic diameter ( ∼ 12   nm) was smaller, 
which suggested the presence of a thinner polymer coating, which was confi rmed 
using a  thermogravimetric analysis  ( TGA ) that showed 15 wt% less polymer. 
However, the coated MNPs from the two - step process exhibited a higher magne-
tization (80   emu   g  − 1 ) than that from the one - pot method (65   emu   g 1 ). The lower 
magnetization of the latter was attributed to interference of the polymer in the 
crystallization step of iron oxide nanoparticles, and also to an increased proportion 
of the nonmagnetic polymer component. Both types of nanoparticle exhibited 
similar anti - fouling and  in vivo  MRI imaging behavior.  

  10.3.1.4    MPEG - COOH  - Coated  MNP  s  via the High - Temperature 
Decomposition Method 
 The examples of polymer - coated MNPs obtained via the one - pot method given 
above were prepared using the coprecipitation method. The high - temperature 
decomposition process of preparing MNPs provides a better control of particle size 
and monodispersity, and a one - pot method of preparing biocompatible MNPs 
from this process was achieved through the decomposition of Fe(acac) 3  in 2 - pyr-
rolidinone in the presence of MPEG - COOH  [18] . The MPEG - COOH was prepared 
by oxidizing PEG monomethyl ether with  2,2,6,6 - tetramethylpiperidine - 1 - oxyl  
( TEMPO ) as catalyst at 57    ° C and 10 atm of oxygen for 24   h. The particle size was 
affected by the molar ratio of MPEG - COOH and Fe(acac) 3 , the M w  of MPEG -
 COOH, and also the concentration of Fe(acac) 3 .  Gel - permeation chromatography  
( GPC ) experiments on the polymer extracted from the coated MNPs showed that 
the MPEG had retained its structure when covalently bound to the MNPs via 
coordination between the polymer ’ s COOH groups and Fe on the surface of the 
MNPs. The surface - bound MPEG - COOH rendered the MNPs soluble in aqueous 
medium, almost independent of pH. A higher molar ratio of MPEG - COOH/
Fe(acac) 3  and a higher M w  of MPEG - COOH led to an increase in water solubility. 
A higher MPEG - COOH/Fe(acac) 3  ratio also decreased the particle size and lowered 
the  saturation magnetization  (  M s   ). Spin - echo MR images of a rat injected with the 
MPEG - COOH - coated MNPs showed that the signal intensity of the liver continued 
to decrease after 10   h (Figure  10.2 ). This suggested that the MNPs have a long 
circulation time in the bloodstream, which makes them potentially useful as MRI 
contrast agents.    
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     Figure 10.2     Spin - echo abdomen magnetic 
resonance images of a living rat. The dotted 
lines indicate the margins of the liver 
(left image) and kidneys (right image). The 
images in the fi rst row were acquired before 
injection of the magnetic nanoparticles; 

images in the second to fourth rows were 
captured at the indicated times after injection. 
 Reprinted with permission from Ref.  [18] ; 
 ©  2005, Wiley-VCH Verlag GmbH & Co. 
KGaA.   
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  10.3.1.5   Triethylene Glycol - Coated  MNP  s  via the High - Temperature 
Decomposition Method 
 Another example of the one - pot synthesis of water - soluble MNPs using the high -
 temperature decomposition of Fe(acac) 3  is to use  triethylene glycol  ( TEG ) as the 
reaction medium. Here, TEG played a triple role as a high - boiling point solvent, 
reducing agent, and stabilizer to effi ciently control the particle growth and prevent 
interparticle aggregation  [33, 34] . The size of the MNPs from TEM images was 
 ∼ 8   nm, while the hydrodynamic diameter of the particles in water was 16.5   nm. 
The cellular uptake of TEG - coated magnetite nanoparticles was investigated with 
rat C6 glioma cell line and control normal neural cells. Prussian blue - staining 
experiments indicated that, after a 4   h incubation with 100    μ g Fe   ml  − 1  of the TEG -
 coated magnetite nanoparticles, 99.6% of the C6 cells were stained whereas no 
blue spots were observed in the cytoplasm of control normal neural cells treated 
under the same conditions. The high uptake of TEG - coated magnetite nanopar-
ticles in the C6 glioma cell line was attributed to a strong interaction between the 
MNPs and C6 glioma cells that might arise from the unusual metabolic activity 
of cancer cells, and also from an ultra - small size effect of the MNPs. A subsequent 
cell viability assay using  MTT   (3 - (4,5 - dimethylthiazol - 2 - yl) - 2,5 - diphenyltetrazolium 
bromide)  indicated that incubation with these MNPs (up to 200    μ g Fe   ml  − 1  for 24   h) 
did not affect the viability of either C6 or normal neural cells.  

  10.3.1.6   4 - Methylcatechol - Coated  MNP  s  via High Temperature 
Decomposition Method 
 Finally, an example is given of a combination of the one - pot method to introduce 
an anchoring group on the MNP surface, and thereafter conjugation with 
the functional molecule. In this case, the coating was not a polymer but rather 
a peptide. Fe 3 O 4  MNPs of 4.5   nm were synthesized by the thermal decom-
position of iron pentacarbonyl (at 220    ° C) in benzyl ether in the presence of 
4 - methylcatechol as surfactant, followed by air oxidation  [35] . A coating of 4 -
 methylcatechol was formed on the MNP surface as a result of the strong chelation 
bond between iron and the catechol unit. The aromatic ring of 4 - methylcatechol 
on the MNPs was utilized to couple with the amine group of a cyclic RGD 
peptide, via the Mannich reaction in the presence of formaldehyde in  dimethyl-
formamide  ( DMF ). The number of RGD peptides per particle was estimated as 
100 – 200, while the overall size of the particles (measured by DLS in water) 
was  ∼ 8.4   nm. The RGD - coated MNPs were stable for several months in aqueous 
dispersion, without precipitating. Following incubation of the RGD - coated MNPs 
with U87MG human glioblastoma (high  α  v  β  3  integrin level) and MCF - 7 human 
breast cancer (low  α  v  β  3  integrin level) cell lines at 37    ° C for 30   min, the Fe 
uptake for U87MG cells was approximately fi vefold higher than that of MCF - 7 
cells. This demonstrated the integrin specifi city of the RGD - coated MNPs. The 
inhibition of RGD - coated MNPs uptake by U87MG cells in the presence of a 
blocking dose (2    μ  M ) of the cyclic RGD peptide further confi rmed the specifi city 
of MNPs. The  r  2  relaxivity of these MNPs was measured as 165   m M   − 1    s  − 1 , which 
was larger than that of the commercial Feridex nanoparticles (104   m M   − 1    s  − 1 ) with 
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a similar core size. This larger  r  2  value was attributed to the stronger fi eld pertur-
bation around the MNPs due to the thin RGD coating. The targeting ability of the 
RGD - coated MNPs  in vivo  was demonstrated by T 2  - weighted fast spin - echo MR 
imaging of mice bearing U87MG tumors. Some deposition of the RGD - coated 
MNPs was observed in both the liver and spleen, but rarely in kidneys and muscle. 
The MNPs in the tumor were observed to be mostly localized on the integrin 
expressing tumor vasculature and tumor cells, and there was insignifi cant uptake 
by macrophages.   

  10.3.2 
 Modifi cation of Preformed  MNP  s  

 Although the one - pot method offers the advantage of convenience in preparing 
polymer - coated MNPs, a wider range of these materials can be produced by 
modifying the preformed nanoparticles. The polymer coating can be formed by 
a number of methods which are grouped under three categories for convenience, 
namely physical adsorption,  “ grafting to ” , and  “ grafting from ” . The physical 
adsorption category will cover those methods in which the interaction between 
the polymer coating and MNP surface involves weaker forces such as van 
der Waals forces and hydrogen bonding. In the  “ grafting to ”  method, stronger 
bonds are formed (e.g., covalent bonding or ionic interactions), although there 
may be situations whereby the boundary between  “ grafting to ”  and physical 
adsorption may not be entirely clear. In the  “ grafting from ”  method, the polymer 
coating results from a build - up of monomer units from the surface rather than 
from the attachment of polymer chains directly to the surface, as in the  “ grafting 
to ”  method. 

  10.3.2.1   Physical Adsorption of Polymer onto Preformed  MNP  s  
 As an alternative to precipitating MNPs in a PVA aqueous solution  [8]  to effect a 
coating (see Section  10.3.1 ), PVA can also be used to coat MNPs directly after their 
synthesis  [36] . The MNPs were prepared by the coprecipitation of ferric and 
ferrous chlorides from aqueous solution by concentrated ammonia. The black 
precipitate, after washing with ultrapure water until neutral pH, was refl uxed in 
a mixture of 0.8    M  nitric acid and 0.21    M  aqueous Fe(NO 3 ) 3  · 9H 2 O for 1   h. The 
brown suspension obtained after dialysis against 0.01    M  nitric acid for 2 days was 
mixed at various ratios with different polymer solutions, PVA, or a mixture of PVA 
and one of the following: vinyl alcohol/vinyl amine copolymer (aminoPVA copo-
lymer) or PVA with randomly distributed carboxylic acid/thiol groups. The adsorp-
tion of PVA onto the oxide surfaces was reported to be nonspecifi c, and to result 
from hydrogen bonding between polar functional groups of the polymer and 
hydroxylated and protonated surface of the oxide  [37] . These relatively weak inter-
actions were confi rmed by preliminary analytical ultracentrifugation experiments 
which showed polymer desorption under high shear forces. The results demon-
strated that, at a low pH, the polymer layer was tightly compressed around the 
iron oxide core of the MNPs, whereas a strong swelling of the particles was 
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observed at a higher pH. Hydrogen bonding between the PVA polymer chains 
resulted in a hydrogel structure which provided steric stabilization to prevent 
the agglomeration and aggregation of the MNPs. When human melanoma tumor 
cells were incubated with the functionalized MNPs, it was found that the cells 
could strongly interact only with MNPs functionalized with the aminoPVA copo-
lymer. The structure of the polymer shell of the iron oxide core determined the 
effi cacy of their interaction with cells, and the physical comportment of the MNPs 
changed at specifi c PVA - to - iron oxide ratios. Thus, the cellular uptake of function-
alized MNPs by human cancer cells depends both on the presence of amino 
groups on the coating shell of the nanoparticles and its ratio to the amount of iron 
oxide. 

 As a further development to exploit the MNPs functionalized with the ami-
noPVA copolymer for biomedical applications, therapeutic drugs were linked to 
the copolymer prior to coating the MNPs  [38] . MNPs were prepared by the copre-
cipitation method and refl uxed in a mixture of nitric acid and Fe(NO 3 ) 3  · 9H 2 O, as 
described above  [36] . The MNPs were then mixed in ultrapure water with PVA, 
aminoPVA copolymer, and drug - linker - aminoPVA at various ratios. The MNPs 
were stabilized at pH 6 – 7. The drug - linker - aminoPVA synthesis protocol involved 
fi rst the design and synthesis of bifunctional linkers of varied length and chemical 
composition. The anti - cancer drugs, 5 - fl uorouridine or  doxorubicin  ( DOX ), were 
then attached to biologically labile ester or peptide linkers, respectively. These 
drug - functionalized linkers were in turn coupled to the aminoPVA copolymer by 
amide linkages. The drug - functionalized - MNPs were evaluated as anticancer 
agents by using human melanoma cells in culture. The rate of cell uptake of 
5 - fl uorouridine - functionalized MNPs was found to depend on the length of the 
linker, but not its hydrophobicity. With an optimized ester linker, the 5 - fl uorouri-
dine - functionalized MNPs proved to be an effi cient antitumor agent, resulting in 
a decreased melanoma cell viability and DNA synthesis (IC 50   <  0.5  μ  M ) after 48   h 
exposure. However, while the Gly - Phe - Leu - Gly tetrapeptides linking DOX to 
MNPs were cleaved by lysosomal enzymes, the uptake of DOX - functionalized 
MNPs by human melanoma cells in culture was poor and hence a low effi cacy 
was observed. 

 A recent study investigated the infl uence of the polymer coating composition 
and nanoparticle surface charge on the colloidal stability of MNPs coated with 
PVA, aminoPVA copolymer or  poly(ethylene imine)  ( PEI ) in different cell media 
 [39] . The MNPs were prepared by the alkaline coprecipitation of ferric and ferrous 
chlorides in aqueous solution. The PVA used had an average M n  of 14   000   g   mol  − 1  
and a hydrolysis degree of 83%, while the aminoPVA copolymer had an average 
M w  of 80   000 – 140   000   Da. The MNPs were coated with either PVA or a mixture of 
PVA and aminoPVA copolymer (vinyl alcohol/vinyl alcohol copolymer mass 
ratio   =   45) at various ratios. For the PEI (25   kDa) coating, the MNPs were mixed 
at a PEI   :   Fe mass ratio of 2. The colloidal stability of the polymer - coated MNPs 
was investigated in commonly used cell media such as RPMI and DMEM, in both 
the presence and absence of 10%  fetal calf serum  ( FCS ) and with the iron concen-
tration set at 100    μ g   ml  − 1 . The polymer - coated MNPs were stable in water and PBS 
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for several months and over a pH range of 3 – 11, without showing any agglomera-
tion, whereas the uncoated MNPs agglomerated immediately in PBS and bio-
logical fl uids. The PVA - coated MNPs showed a high colloidal stability in 
FCS - supplemented media, and no increase in size was observed within 5 days. 
However, the agglomeration of particles in DMEM and RPMI without FCS supple-
mentation was rapid, with the particle size increasing from  < 40   nm to  > 80   nm after 
120   min. When compared to the PVA - coated MNPs, the aminoPVA copolymer -
 coated MNPs were relatively more stable in DMEM and less stable in RPMI, both 
with and without FCS supplementation. The agglomeration of these particles was 
observed in DMEM after 1   h, and the diameter had increased to 110   nm after 2   h, 
whereas the particles in DMEM supplemented with FCS retained their initial size 
for up to 9 days. The PEI - coated MNPs agglomerated immediately in the presence 
of FCS, but remained more stable in the media without FCS. 

 When an evaluation of cytotoxicity was conducted using HeLa cells, the PVA -
 coated MNPs were found to be noncytotoxic, while the aminoPVA copolymer -
 coated MNPs were found to be far less toxic compared to an equal amount of the 
copolymer in solution. This reduction in cytotoxicity was attributed to the confor-
mational change of the polymer when adsorbed onto the surface of the MNPs. 
PEI - coated MNPs complexed with DNA also exhibited a lower cytotoxicity towards 
HeLa cells compared to the PEI - coated MNPs. The density of uncomplexed amino 
groups of the PEI appeared to play an important role with regards to cytotoxicity. 
It was postulated that, during the spontaneous PEI – DNA complex formation the 
PEI would interact with DNA electrostatically, thereby diminishing the high cat-
ionic charge and toxicity of PEI. Whilst the results of this study did not establish 
any clear correlation between the uptake of the MNPs and their cytotoxicity, it did 
show that the medium had a major infl uence on the uptake of the MNPs by HeLa 
cells.  

  10.3.2.2   Grafting of Polymer on Preformed  MNP  s  
 Although, as noted in Section  10.3.1 , PEG and its derivatives have been used for 
preparing coated MNPs via the one - pot method, they are also very often used for 
grafting onto preformed MNPs, as they are biocompatible, hydrophilic and 
uncharged  [40] , and the surface - grafted polymer chains provide very high surface 
mobility leading to a high steric exclusion. Thus, the protein - resistant nature of 
PEG provides a  “ stealth ”  effect to the MNPs for avoiding clearance by the MPS. 
Unfortunately, the  “ stealth ”  effect is frequently concurrent with a loss of biomo-
lecular targeting capabilities  [41] . Hence, as will be shown below, molecules with 
targeting capability must be incorporated into the coatings for effi cient cell target-
ing. The grafting of polymers such as PEG onto the surfaces of MNPs can be 
achieved by using either the  “ grafting to ”  or  “ grafting from ”  method. In the former 
case, preformed polymer chains are grafted to the surfaces of the MNPs via elec-
trostatic interaction or coordination between groups on the polymer chain and the 
iron oxide. In the latter case, an initiator is fi rst immobilized on the MNP surface, 
after which the polymerization of selected monomer(s) proceeds from the nanopar-
ticle surface. 
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  10.3.2.2.1    “ Grafting to ”  Method    

     PEG  Coating with Silane as a Linker     One of the simplest ways to introduce PEG 
onto MNPs was illustrated by the reaction of 10   nm MNPs (prepared by precipita-
tion from partially reduced ferric chloride aqueous solution) with methoxy - PEG -
 silane in toluene  [40] . This involved reaction of the silane group of methoxy - PEG - silane 
with the hydroxyl group on the MNP surface. After 48   h of culture in a medium 
supplemented with 0.2   mg   ml  − 1  PEG - modifi ed nanoparticles, the morphology and 
viability of both macrophages and breast cancer cells containing the modifi ed 
nanoparticles were close to those of control cells, which suggested that the 
nanoparticles were indeed biocompatible. However, the presence of PEG on the 
nanoparticles affected their internalization by macrophages and cancer cells in 
different ways. PEGylation was shown to enhance nanoparticle uptake into breast 
cancer cells (BT20) compared to unmodifi ed nanoparticles, whereas the reverse 
effect was true with macrophages. In a subsequent report  [42] , the authors referred 
to a modifi cation of MNPs with a bifunctional silane - PEG - trifl uoroethylester 
linker, followed by treatment with ethylenediamine and conjugation with  folic acid  
( FA ) to the amino - termini of the PEG chains. A schematic of the immobilization 
procedure is shown in Figure  10.3 . The MNP - PEG - FA conjugates were shown to 
be taken up by target cells at signifi cantly higher levels than were nontargeting 
nanoparticles coated with PEG or dextran. The specifi city of MNP - PEG - FA to 
target tumor cells was demonstrated by the increased nanoparticle uptake and 
signifi cant contrast enhancement of HeLa cells (which are known to signifi cantly 
overexpress the folate receptor) over MG - 63 cells (which express very low levels of 
the folate receptor). In subsequent studies, the same research group applied this 
method again, but used a bifunctional silane - PEG - trifl uoroethylester linker to 
immobilize the anticancer drug,  methotrexate  ( MTX ), onto MNPs  [43] . Rat glioma 
cells (9L) cultured in the presence of 0.1   mg   ml  − 1  MNP - PEG - MTX exhibited a 
marked reduction in viability. The cellular uptake of MNP - PEG - MTX was signifi -

     Figure 10.3     The chemical reaction scheme for the synthesis of 
NP - PEG - FA conjugates.  Reprinted with permission from Ref. 
 [42] ;  ©  2006, John Wiley & Sons, Inc.   
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cantly higher than that of dextran - coated MNPs, and concentration - dependent. 
The cells incubated with MNP - PEG - MTX at a concentration of 0.1   mg   ml  − 1  dem-
onstrated an eight -  to ninefold higher uptake than cells incubated with such 
nanoparticles at a concentration of 0.01   mg   ml  − 1 . T 2  - weighted MR images of the 
cells incubated with MNP - PEG - MTX and dextran - coated MNP showed that the 
former had a much shorter T 2  relaxation time (higher relaxivity) than the dextran -
 coated MNPs, due to an enhanced magnetism that resulted from a greater uptake 
of the MNP - PEG - MTX by the 9L glioma cells.   

 An alternative protocol for preparing MNP - PEG - FA involved fi rst the reaction 
of FA with   tert  - butyloxycarbonyl  (  t  - boc ) and   N  - hydroxysuccinimide  ( NHS ), fol-
lowed by the reaction of ( t  - boc)folate - NHS with amino - PEG - carboxyl  [44] . The 
resultant ( t  - boc)folate - PEG - carboxyl was then reacted with MNPs which had been 
conferred with NH 2  groups by reaction with (3 - aminopropyl) - trimethoxysilane. 
Finally, the  t  - boc protective group was removed. The PEG - FA - coated MNPs were 
internalized by BT - 20 cancer cells and exhibited a higher effi ciency of intracellular 
uptake than either PEG -  or FA - coated MNPs.  

     PEG  Coating with Dopamine as a Linker     The  “ grafting to ”  techniques described 
above for imparting MNPs with a PEG coating relied on the use of a silane linker 
to anchor the polymer coating to the MNP surface. Recently, another anchor, 
 dopamine  ( DPA ), has been proposed due to its high affi nity for the iron oxide 
nanoparticle surface and the possibility of functionalization with other molecules 
through amide bonds  [45] . The PEGylation of hydrophobic MNPs produced from 
the high - temperature decomposition of Fe(acac) 3  via a DPA anchor has been 
reported  [46] . For this, DPA was fi rst linked to a COOH group in PEG diacid 
(HOOC - PEG - COOH) via   N,N ’ - dicyclohexylcarbodiimide  ( DCC )/NHS chemistry 
to produce HOOC - PEG - DPA. This was then used to replace the oleate/oleylamine 
coating on the particles in CHCl 3 /DMF solution, thereby converting the particle 
surface from hydrophobic to hydrophilic. After the ligand exchange, the MNPs 
could be dispersed in water to form a clear solution, and the particles had negative 
zeta potentials. DLS experiments showed that, before modifi cation, the MNPs in 
hexane had an overall size of approximately 11   nm, whereas after modifi cation the 
sizes of the PEG - coated MNPs increased to about 40, 50, 70, and 90   nm for coat-
ings with PEG diacid molecules of M w  600, 3000, 6000, and 20   000 (PEG600 - , 
PEG3000 - , PEG6000 - , and PEG20000 - coated MNPs), respectively. The uptake of 
the PEG - coated MNPs by mouse macrophage cells (RAW 264.7) was compared 
with that of dextran - coated MNPs. At a concentration of 0.01   mg Fe   ml  − 1  in the 
incubation medium, the dextran - coated nanoparticles gave the highest uptake, 
followed by PEG600 - coated MNPs ( > 5  ×  10  − 9    mg Fe per cell). The uptake of 
the latter was about 30 – 50% that of the dextran - coated MNPs. The uptakes of the 
PEG3000 - , PEG6000 - , and PEG20000 - coated MNPs were comparable with 
the background, indicating a negligible uptake of these nanoparticles by macro-
phages. However, when the concentration was increased to 0.1   mg Fe   ml  − 1 , the 
uptakes of both dextran -  and PEG - coated MNPs increased about 20 - fold, indicating 
that the uptake was concentration - dependent. The comparatively higher uptake of 
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the PEG600 - coated MNPs was attributed to a lower extent of coverage on the MNP 
surface. 

 A similar method utilizing DPA coupled to PEG600 to functionalize ferrite 
nanoparticles, for use as MRI contrast agents, has been reported  [47] . These 
nanoparticles were synthesized using a reverse micelle technique to form iron core 
and oxide or ferrite shell to prevent further oxidation of the nanoparticles. The 
relaxivities  r  1  and  r  2  were determined as 7.19 and 9.96   s  − 1    m M   − 1 , respectively; these 
values could be compared with relaxivities of approximately 4 – 5   s  − 1    m M   − 1  corre-
sponding to the commonly used commercial gadolinium chelate contrast agents 
in human MR examinations. However, the same group also reported that the 
reaction between Fe 3+  and DPA facilitated a rapid degradation of the nanoparticles 
 [48] . These authors postulated that the treatment of iron oxide nanoparticles with 
DPA resulted in an initial structure which was coordinated to the surface of the 
iron oxide nanoparticle due to an increased orbital overlap of the fi ve - membered 
ring and a reduced steric environment of the iron complex. However, through 
the transfer of electrons to the iron cations on the surface and rearrangement of 
the oxidized DPA, a semiquinone was formed. As a result of free protons in the 
system, protonation of surface oxygen occurred, which released the Fe 2+  into the 
solution as a hydroxide. This released fragment of the nanoparticle would eventu-
ally be oxidized in air to form iron (III) oxyhydroxide. The experimental results 
showed that DPA - treated iron oxide nanoparticles fi rst formed a clear blue/purple 
aqueous ferrofl uid, but after remaining in solution for one day, the particles 
became a dark - green precipitate. Upon further oxidation, the green precipitate 
turned red/brown, which was typical of iron (III) oxyhydroxide. A comparison of 
the TEM images of the DPA - treated iron oxide nanoparticles immediately after 
drying and after one day in aqueous solution showed the latter to have increased 
in size dramatically. Further evidence of the surface reaction between Fe 3+  and 
DPA was obtained from  Fourier - transform infrared  ( FTIR ) and UV - visible spec-
troscopy. When the authors conducted energetic modeling studies to substantiate 
their proposed decomposition mechanism, they concluded that the use of DPA as 
a robust anchor for iron oxide or iron oxide shell particles might not fulfi ll the 
need for stable ferrofl uids in biomedical applications.  

     PEG - PA  sp  Coating     Iron hydroxide,  β  - FeOOH, nanoparticles coated with  PEG -
 poly(aspartic acid)  ( PEG - PAsp ) block copolymer have been shown to possess excel-
lent dispersibility and stability not only in aqueous solution but also in physiological 
saline  [49] . The PEG - PAsp block copolymer was synthesized by the polymerization 
of the  N  - carboxy anhydride of  β  - benzyl -  L  - aspartate, which was initiated from the 
terminal amino group of  α  - methoxy - ω - amino - PEG, in a mixed solvent of DMF 
and  dichloromethane  ( DCM ). The PEG - PAsp - coated iron oxide nanoparticles were 
obtained by the hydrolysis of FeCl 3  · 6H 2 O in water and subsequent treatment with 
the PEG - PAsp block copolymers. The PEG - PAsp molecules were multivalently 
bound to the surface of the iron oxide nanoparticles via coordination between the 
carboxylic acid groups in the PAsp segment of the block copolymer and Fe ions 
on the surface of the iron hydroxide nanoparticles. The prepared nanoparticles 
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had a needle shape, and were approximately 60   nm long and 10   nm wide. The 
 r  1  and  r  2  relaxivities of the  β  - FeOOH nanoparticles were found to be 4.00 and 
4.80   s  − 1    m M   − 1 , and signifi cantly smaller than those for the dextran - coated iron oxide 
nanoparticles. The authors attributed this to the low magnetic properties of the 
 β  - FeOOH nanoparticles. The hydrodynamic diameter ( ∼ 50 – 60   nm) of the PEG -
 PAsp - coated nanoparticles was essentially unchanged after storage in 0.15    M  
sodium chloride solution for one month.  In vivo  MRI experiments conducted in 
tumor - bearing mice showed that PEG - PAsp - coated nanoparticles, when intro-
duced via an intravenous tail injection, achieved a higher accumulation in the solid 
tumor than did Feridex.  

  Methoxy PEG - A  sp  n  Coating     MethoxyPEG - oligo(aspartic acid) hybrid block copo-
lymers, methoxyPEG - Asp  n   - NH 2  ( n    =   2 – 5), have been similarly used to coat Fe 3 O 4  
nanoparticles  [50] . The iron oxide nanoparticles were prepared via the coprecipita-
tion of ferric and ferrous salts. The hybrid block copolymers were synthesized 
using liquid - phase peptide synthesis strategies, and added to an aqueous suspen-
sion of the Fe 3 O 4  nanoparticles as stabilizers. The oligo(aspartic acid) portion of 
the block copolymer coordinated to the iron oxide surface via multiple COO  −   
groups, while the PEG block extended into the water matrix. The colloidal disper-
sion of the modifi ed nanoparticles showed high stability when the repeated unit 
of aspartic acid oligomer was ≥3. The methoxyPEG - Asp 3  - NH 2  - coated iron oxide 
particles were found to be less toxic to OCTY mouse cells as compared to uncoated, 
poly(acylic acid) -  and methoxyPEG - poly(acrylic acid) - coated iron oxide nanoparti-
cles. After 72   h of culture in medium containing methoxyPEG - Asp 3  - NH 2  - coated 
nanoparticles, the morphology and viability of the OCTY cells were similar to those 
of control cells, which suggested that nanoparticles were biocompatible.  

     PEG  Coating via Free Radical Copolymerization     As an alternative to the 
 “ PEGylation ”  of MNP surfaces via the  “ grafting to ”  processes mentioned above, 
two methods have been proposed whereby the surface of Fe 2 O 3  nanoparticles were 
coated by the free radical copolymerization of methacrylate - functionalized PEG 
macromonomers and surface - immobilized methacrylate groups  [51] . The nanopar-
ticles were fi rst functionalized with methacrylate groups provided by methacry-
loxypropyltrimethoxysilane. In the fi rst method, copolymerization between 
PEGMA macromonomer (M n  360   g   mol  − 1 ) and the surface - grafted methacrylate 
groups was initiated by potassium persulfate and performed on the Fe 2 O 3  nanopar-
ticles directly dispersed in water after silylation and washing without any drying 
step (so as to limit particle aggregation before the reaction). The second method 
was an inverse emulsion polymerization process where the macromonomer was 
confi ned around the Fe 2 O 3  nanoparticles and the copolymerization performed 
within droplets dispersed in heptane, which is a nonsolvent of both the macro-
monomer and the polymer and a poor dispersant for the silylated Fe 2 O 3  nanopar-
ticles. Poly(ethylene oxide) - block - poly(ethylene/butylene), when used as the 
surfactant, formed inverse micelles in heptane to stabilize the microdroplets con-
taining the macromonomer, the dibenzoyl peroxide initiator, and the silylated 
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Fe 2 O 3  nanoparticles. The fi rst method (direct copolymerization) led to low amounts 
of grafted polymer due to diffusion limitations. However, in the second method 
(inverse emulsion polymerization) the local concentration of the macromonomer 
surrounding the aggregates of silylated Fe 2 O 3  nanoparticles was increased and, as 
a result, the amount of surface - immobilized polymer was greatly increased. In this 
way, hybrid particles ( ∼ 100   nm) containing up to 8 g of polymer per gram Fe 2 O 3  
were achieved.  

    Poly( L  - Lysine) Coating     MNPs have recently been deemed to be an attractive agent 
for the labeling of stem cells. Iron oxide nanoparticles have been modifi ed with 
poly( L  - lysine) for this purpose, and demonstrated a higher effi ciency of intracel-
lular uptake by  mesenchymal stem cell s ( MSC s) in comparison with a commercial 
contrast agent, Endorem (dextran - coated MNPs)  [52] . In these studies, magnetite 
prepared by the coprecipitation method was treated with sodium citrate and oxi-
dized to maghemite by sodium hypochlorite to enhance the redox stability. The 
addition of poly( L  - lysine) solution to the iron oxide resulted in an ionic interaction 
between the positive charges of the amine groups at the end of the poly( L  - lysine) 
side chains and the citrate complexed on the iron oxide surface. The hydrodynamic 
diameter of the nanoparticles ranged from  ∼ 80 to 240   nm, depending on the poly( L  -
 lysine)/ γ  - Fe 2 O 3  ratio, and showed a signifi cant increase after 5 months of storage 
due to particle aggregation. The zeta potential of the particles (between  − 40 and 
 − 46   mV) increased with increasing poly( L  - lysine)/ γ  - Fe 2 O 3  ratio, indicating that the 
negatively charged surface was compensated for by the positively charged poly( L  -
 lysine). The latter was strongly associated with the iron oxide nanoparticles, and 
not released into cell culture medium. The results of both rat and human MSC 
labeling with the poly( L  - lysine) - modifi ed maghemite nanoparticles showed that the 
degree of iron oxide internalization by the cells increased at higher poly( L  - lysine) 
concentrations, and that the cells took up signifi cantly more poly( L  - lysine) - modi-
fi ed nanoparticles than Endorem. The effi ciency of cell labeling also increased with 
the M w  of the poly( L  - lysine) up to 388   100   Da, which can be considered an optimum 
poly( L  - lysine) M w  for  γ  - Fe 2 O 3  nanoparticle modifi cation. The  in vitro  MR imaging 
of labeled cells, and the  in vivo  MR imaging of rat brain with implanted labeled 
cells, indicated that both the higher  r  2  relaxivity of poly( L  - lysine) - modifi ed nanopar-
ticles and their better internalization in the cells as compared to Endorem would 
enable an easier MRI detection and tracking of stem cells in tissues after trans-
plantation. Cellular uptake of the poly( L  - lysine) - modifi ed iron oxide was deemed 
to be facilitated by its interaction with the negatively charged cell surface. However, 
since anionic nanoparticles can also be effectively taken up by cells (see Section 
 10.3.1 ), the nature of the surface charges on the MNPs may be only one factor 
among many which affect nanoparticle internalization by cells.  

    Coating with Temperature - Responsive Polymers     Temperature - responsive poly-
mers have been designed to encapsulate the MNPs and drug molecules at below 
body temperature such that, upon exposure to a temperature equivalent to or 
slightly higher than normal body temperature (37    ° C), the polymer would undergo 
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a phase transition to release the drug molecules  [53, 54] . One such thermosensitive 
polymer is  poly( N  - isopropylacrylamide)  ( poly(NIPAAm) ), which undergoes a coil –
 globule phase transition in water at its  lower critical solution temperature  ( LCST ) 
of  ∼ 32    ° C, changing from a hydrophilic state below the LCST to a hydrophobic 
state above it  [55] . The LCST of the polyNIPAAm can be tuned to above normal 
body temperature by incorporating comonomer units, such as  N,N  - dimethylacryl-
amide  [56] . A major disadvantage of poly(NIPAAm) and its copolymer with  N,N  -
 dimethylacrylamide, however, is its lack of biodegradability. In order to improve 
the biodegradability, a water - soluble  dextran -  g  - poly( N  - isopropylacrylamide -  co  -  N,N  -
 dimethylacrylamide)  [ dextran -  g  - poly(NIPAAm -  co  - DMAAm) ] polymer was synthe-
sized via a four - step process: 

   •      Synthesis of the poly(NIPAAm -  co  - DMAAm) with a methyl ester end group.  

   •      Transformation of the  − COOCH 3  end group into  − NHNH 2 .  

   •      Reaction of dextran with 4 - nitrophenyl chloroformate.  

   •      Synthesis of the dextran -  g  - poly(NIPAAm -  co  - DMAAm) by coupling the 
4 - nitrophenyl chloroformate - activated dextran to the NH 2  groups of 
poly(NIPAAm -  co  - DMAAm)  [53, 56] .    

 This polymer exhibited a LCST of  ∼ 38    ° C. The Fe 3 O 4  nanoparticles were prepared 
using a high - temperature decomposition method and were modifi ed with bifunc-
tional methyl - 3 - mercaptopropionate (HSCH 2 CH 2 COOCH 3 ), which was chemically 
bonded to the surface of the magnetite nanoparticles via Fe – S covalent bonds. The 
 − OCH 3  group was then converted to the  − NHNH 2  functional group by a hydra-
zinolysis reaction to facilitate the subsequent conjugation of the anticancer drug, 
DOX  [53] . The hydrazone linkages formed between DOX and the  − NHNH 2  end 
groups are acid - labile, and hence the conjugated drug may be released in the low -
 acid environment (pH 5 – 5.5) present in the endosome of cancer cells. The encap-
sulation of the DOX - conjugated MNPs by the dextran -  g  - poly(NIPAAm -  co  - DMAAm) 
polymer was carried out by sonicating the DOX - conjugated MNPs, dextran -  g  -
 poly(NIPAAm -  co  - DMAAm) polymer and 1,6 - diaminohexane (in the weight ratio 
of 2   :   3   :   1) in  dimethylsulfoxide  ( DMSO ) for 2   h at 40 – 50    ° C. Since the dextran -  g  -
 poly(NIPAAm -  co  - DMAAm) polymer contains active 4 - nitrophenyl chloroformate 
groups, it can be crosslinked by 1,6 - diaminohexane, thus encapsulating the mag-
netic nanoparticles. The weight percentage of drug present in the carrier was  ∼ 9%. 
Based on the results of TGA, it was deduced that the drug carrier comprised 
60   wt% of Fe 3 O 4  nanoparticles and 40   wt% of organic substances, inclusive of the 
drug and the polymer. After encapsulation by the polymer, the size of the nanopar-
ticles increased from  ∼ 5 to  ∼ 8   nm. At 20    ° C, the drug release was lower as compared 
to that at 37   or 40    ° C, where the release was rapid for the initial 5   h and followed 
by a sustained release at longer duration, with higher releases in a mildly acidic 
buffer solution (pH 5.3). The drug release was envisaged to occur by the collapse 
of the encapsulated thermoresponsive polymer and cleavage of the acid - labile 
hydrazone linkage. 
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 Another class of temperature - responsive polymers is that of  poly(ethylene 
oxide) - poly(propylene oxide) - poly(ethylene oxide)  ( PEO - PPO - PEO ; Pluronic) block 
copolymer, which consists of hydrophilic PEO segments and hydrophobic PPO 
segments  [54] . A temperature change at the  critical micellization temperature  
( CMT ) would trigger a change in the polymer conformation, and this property was 
subsequently utilized to control the loading and delivery of drugs. Chen  et al.  
modifi ed Pluronic P123 copolymers with PEI to obtain Pluronic -  g  - PEI (2   kDa)  [54] , 
where the terminal hydroxyl groups of P123 were covalently grafted to the amino 
groups of the PEI polymer. The MNPs were synthesized by the coprecipitation 
method, and hydroxyl groups of their surfaces exchanged with citrate ligands so 
as to provide excess carboxylate groups and render the surface anionic. The 
PEI - modifi ed P123 polymers were conjugated to the anionic surface of magnetite 
nanoparticles through strong ionic interactions. The excess amino groups of 
PEI provided the functional groups for further interactions with guest molecules 
such as drugs. As these groups were confi ned at the layer between the magnetite 
surface and the P123, the therapeutic molecules would be entrapped and protected 
by the outer layer of the Pluronic copolymer. The schematic representation of 
the fabrication strategy of the drug - loaded MNPs is shown in Figure  10.4 . The 
loading and release of drugs utilized the temperature - responsive micellization 
feature of the Pluronic block. At low temperature, the copolymer chains are fully 
extended upon interaction with water, and thus the polymer shell is open for 
the entry of drug molecules. An increase in temperature above the CMT induces 
copolymer dehydration and contraction of the polymer shell, forming compact 
barriers that would inhibit the diffusion of the loaded molecules out of the polymer 
matrix. At 20    ° C, the Pluronic - coated nanoparticle has a magnetite core of  ∼ 20   nm 
and a hydrodynamic diameter of  ∼ 40   nm. The hydrodynamic diameter decreased 
to 25   nm when the temperature increased from 20 to 35    ° C. The nanoparticles 
showed good aqueous stability and monodispersity even after 3 months of storage. 
The  M s   was  ∼ 51   emu   g  − 1  at room temperature, and not signifi cantly different 
from that of uncoated magnetite. Drug - release experiments were conducted with 
ibuprofen and eosin Y as hydrophobic and hydrophilic model molecules, respec-
tively. For both ibuprofen and eosin Y, at 0 or 20    ° C, almost all adsorbed molecules 
were dissociated within 6   h. In contrast, at 37    ° C, only  ∼ 20% of the drug molecules 
were released in 6   h, and  > 95% were released in 3 days. When Pluronic - coated 
nanoparticles loaded with monosialotetrahexosylganglioside (GM - 1) were 
tested for the treatment of spinal cord damage in a mouse model, the particles 
exhibited good biocompatibility and good recovery of spinal cord injury, despite 
the amount of GM - 1 administered ( ∼ 6   mg   kg  − 1 ) being much lower than the 
traditional dose. As PEI is known to exhibit varying degrees of toxicity, depending 
on the M w  and degree of branching  [57] , this issue of toxicity must be further 
investigated.     

  10.3.2.2.2    “ Grafting from ”  Method     Although use of the  “ grafting to ”  technique 
for MNPs has resulted in the successful synthesis of magnetic core – polymer shell 
nanoparticles for biomedical applications (as discussed above), the technique 
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suffers from certain shortcomings. For example, the grafting density achieved is 
often low, which in turn results in a polymer layer of limited thickness as the 
polymer molecules must diffuse through the existing polymer fi lm to reach the 
reactive sites on the MNP surface. In recent years, surface - initiated graft polym-
erization using living polymerization techniques such as ATRP -  and  reversible 
addition - fragmentation chain transfer  ( RAFT ) - mediated polymerization have 
gained in popularity. When using such  “ grafting from ”  approaches, a dense 
polymer layer with controlled structures can be achieved as these techniques allow 
for good control over M w  and monodispersity. Many of the earlier investigations 
on MNP surface - initiated ATRP focused on the formation of polystyrene or 
 poly(methyl methacrylate)  ( PMMA ) hydrophobic shells on the MNPs  [58 – 62] . 

(a)

(b)

     Figure 10.4     (a) Schematic illustration of the 
fabrication strategy for MagPluronic 
nanoparticles; (b) Schematic representation of 
temperature - responsive MagPluronic 
nanoparticles working as a targeted drug -
 delivery system with controlled payload and 
release. The polymer shell composed of the 
PEO - PPO - PEO block copolymer acts as 
temperature - responsive gate. A temperature 

change around the critical micellization 
temperature would trigger the opening 
(extended polymer conformation) and closing 
(coiled polymer conformation) of the 
polymeric shell, which favors or prevents the 
transit of guest substances, respectively. 
 Reprinted with permission from Ref.  [54] ;  
©  2007, American Chemical Society.   
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Unfortunately, however, these types of functionalized MNP have limited potential 
for biomedical applications. 

     PEGMA  Coating     As noted above, PEG and its derivatives are among the most 
attractive polymers for bioapplications, and consequently, PEG has been intro-
duced onto the surface of MNPs via the  “ grafting to ”  method to enhance their 
biocompatibility. ATRP has recently been successfully employed to form a PEGMA 
shell around MNPs, using a  “ grafting from ”  approach  [63, 64] . 

 In the fi rst approach, a silane initiator, [4 - (chloromethyl)phenyl] trichloro-
silane, was fi rst immobilized onto the surface of Fe 3 O 4  nanoparticles synthesized 
by the high - temperature decomposition of Fe(acac) 3 , after which PEGMA was 
grafted onto the surface of MNPs via a copper - mediated ATRP in water  [63] . The 
grafted poly(PEGMA) chains are stable and enable the modifi ed magnetic nano-
particles to disperse well in aqueous solutions. The morphology and viability of 
macrophages cultured in a medium containing 0.2   mg   ml  − 1  of poly(PEGMA) -
 immobilized magnetic nanoparticles were similar to those of cells in the control 
experiment, without any nanoparticles. The uptake of nanoparticles by macro-
phages was greatly reduced, from 158   pg per cell to  < 2   pg per cell after grafting 
with the poly(PEGMA) layer. 

 The second approach is a solvent - free ATRP method where the macroinitiators 
on the surface of the Fe 3 O 4  nanoparticles were introduced through effective ligand 
exchange of long alkane chain surfactants (oleic acid) by 3 - chloropropionic acid 
 [64] . This process rendered the MNPs soluble in the PEGMA monomer. After the 
solvent - free ATRP, monodispersed poly(PEGMA) - grafted Fe 3 O 4  nanoparticles 
with a hydrodynamic particle size of approximately 36   nm were obtained. These 
nanoparticles were shown to be superparamagnetic with a  M s   of 28   emu   g  − 1 , and 
to possess good solubility and stability in water. In the solvent - free method, the 
polymerization rate and resultant M w  are easier to control than by ATRP in 
aqueous solution. An MTT assay of 3T3 fi broblasts cultured in medium containing 
0.2   mg   ml  − 1  of these nanoparticles confi rmed the lack of signifi cant cytotoxicity. 
Uptake experiments with macrophages yielded similar results as those with the 
MNPs grafted with poly(PEGMA) in water. The MRI of poly(PEGMA) - grafted 
MNPs in water confi rmed the contrast - enhancement effect in T 2  - weighted 
sequences. Compared to conventional dextran - coated MNPs, the poly(PEGMA) -
 grafted nanoparticles exhibited a relatively lower  r  1 , a higher  r  2 , and higher  r  2 / r  1  
values, indicating that the poly(PEGMA) - grafted nanoparticles may represent a 
good candidate for a T 2  contrast agent. Furthermore, the preserved chlorine end 
groups and pendant hydroxyl groups of the poly(PEGMA) can serve as reactive 
sites for additional functionalization.  

    Other Polymer Coatings     Another method of preparing water - soluble MNPs from 
MNPs prepared by high - temperature decomposition has also been reported  [65] . 
The oleic groups initially present on the nanoparticle surfaces were replaced via 
ligand - exchange reactions with various capping agents bearing more reactive moi-
eties. These authors have tested three different compounds for tailoring the par-
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ticle surface with a variety of water - soluble polymers and polyelectrolyte brushes 
(both cationic and anionic). The process is illustrated schematically in Figure  10.5 . 
With ricinoleic acid as the ligand, particles that were soluble in nonpolar and 
weakly polar solvents were obtained. These particles could either undergo surface -
 initiated  ring - opening polymerization  ( ROP ), through which polylactic acid 
brushes were grown on the particles, or be further functionalized with  2 - bromo -
 2 - methyl propionyl bromide  ( BMPB ) to provide the ATRP macroinitiators. The 
ATRP of  trimethylsilylacrylate  ( TMSA ) or  trimethylsilyl methacrylate  ( TMSMA ) 
resulted in poly(acrylic acid) or poly(methacrylic acid) brushes, respectively, on the 
particle surfaces. In addition, the ATRP initiators were also used to polymerize 
 hydroxyethylmethacrylate  ( HEMA ) in 1,2 - dichlorobenzene, and the poly(HEMA) 
brushes could be further reacted with succinic anhydride to produce a poly 
acid on the particle surface. These particles were all water - soluble. With galactaric 
acid as the ligand, and with it being further acylated with BMPB, particles coated 
with poly(dimethylaminoethyl methacrylate) could be produced by ATRP in 

     Figure 10.5     Scheme for the magnetic 
nanoparticles functionalization procedure 
described in the text. Steps 1A and 1B: 
ligand - exchange reactions. Step 2: acylation of 
hydroxyl groups to prepare ATRP surface 
initiators. Step 3A: surface - initiated ring -
 opening polymerization of  L  - lactide. Step 3B: 

surface - initiated ATRP. Step 4: deprotection or 
additional reaction after polymerization. Step 
5: grafting of end - functionalized PEG chains 
onto the nanoparticle surface using amidation 
chemistry.  Reprinted with permission from 
Ref.  [65] ;  ©  2007, American Chemical Society.   
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DMSO at room temperature, to result in positively charged and pH - responsive 
particles. Finally, when a mixture of citric acid and 2 - bromo - 2 - methyl propionic 
acid ligands was used, water - soluble (and water - methanol - soluble) particles could 
be obtained, on which both polystyrene sulfonate and poly(NIPAAm) brushes 
could be grown through ATRP. Amino - functionalized PEG chains could also be 
attached to the citric acid - coated nanoparticles using carbodiimide - promoted ami-
dation chemistry.   

 The surface - initiated ATRP of NIPAAm on MNPs prepared via the high - tem-
perature decomposition of Fe(acac) 3  route can also be achieved by utilizing 
2 - (4 - chlorosulfonylphenyl) ethyltrichlorosilane as the initiator and conducting the 
ATRP in DMSO at 40    ° C for 10   h  [66] . The preserved active chlorine groups on the 
MNPs after ATRP of NIPAAm were then used to link up with the heparin mol-
ecules in formamide. The heparinized MNPs retained a high level of magnetiza-
tion (33   emu   g  − 1 ), and exhibited no signifi cant cytotoxicity towards mouse 
macrophages (RAW 264.7). As a result of the inhibitory effect of the bound heparin 
on protein adsorption and cell membrane association processes, the heparinized 
MNPs were able to delay phagocytosis by the mouse macrophages. The uptake of 
the heparinized MNPs by macrophages after 8   h was approximately 30% of that 
for the as - synthesized particles. The activity of the immobilized heparin was also 
preserved, as illustrated by the effectiveness of the heparinized magnetite nanopar-
ticles in preventing blood clotting  in vitro . Such MNPs, with an increased plasma 
circulation time and antithrombotic properties, may be useful in applications 
where the targeted local delivery of heparin is desired, for example in the preven-
tion or reduction of restenosis. 

 In another surface - initiated ATRP method, a polymeric shell consisting of 
NIPAAm crosslinked with  PEG 400 dimethacrylate  ( PEG400DMA ) was conferred 
on MNPs  [67] . Either oleic or citric acid was added to the MNPs immediately after 
coprecipitation from the mixed ferric and ferrous salts by ammonium hydroxide 
to obtain hydrophobic (oleic acid - coated) or hydrophilic (citric acid - coated) nanopar-
ticles. Subsequent ligand exchange of the oleic acid coating with  2 - bromo - 2 - methyl 
propionic acid  ( BMPA ), and the citric acid coating with either 2 -  bromopropionyl 
bromide  ( BPB ) or  bromopropyl trimethoxysilane  ( BPTS ), provided initiating sites 
for the ATRP of NIPAAm in ethanol at 60    ° C. The hydrodynamic diameter of oleic 
acid - coated particles dispersed in hexane was determined to be approximately 
25   nm by DLS measurements, while that of citric acid - coated MNPs dispersed in 
deionized water was approximately 70   nm. The particle sizes of the poly(NIPAAm) -
 PEG400DMA - functionalized particles in water were all in the range of 150 – 300   nm, 
depending on the ATRP reaction time and the temperature at which the DLS was 
conducted. A larger particle size was obtained when the reaction time was 24   h 
compared to 12   h, due to an increase in the polymer shell thickness. At lower 
temperatures (20 – 30    ° C), the poly(NIPAAm) shell was more hydrated, and this 
contributed to the increased hydrodynamic size of the composite. As the tempera-
ture was increased above the LCST of poly(NIPAAm), the polymer shell took on 
a collapsed state, and this resulted in the reduced hydrodynamic diameter of the 
functionalized particles. 
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 The surface - initiated ROP of   L  - lactide  ( LLA ) on the surface of Fe 3 O 4  MNPs has 
been used to prepare magnetic core –  polylactide  ( PLLA ) shell nanoparticles  [68] . 
Fe 3 O 4  MNPs synthesized by the coprecipitation method were treated with 0.1    M  
glycolic acid under ultrasonic treatment for 30   min, and then maintained for 12   h 
at room temperature so as to impart the MNPs with hydroxyl groups. The glycolic 
acid - modifi ed MNPs were dispersed in dry toluene and the suspension was heated 
to 130    ° C to remove any remnant water by azeotropic dehydration. The residual 
water was removed in order to prevent the formation of free PLLA. When the 
suspension had cooled to room temperature, LLA was slowly added and the polym-
erization carried out with 0.2   wt% Sn(Oct) 2  as catalyst, at 130    ° C under nitrogen 
for 20   h. TEM images revealed a shell of  ∼ 3   nm thickness around the MNP, while 
a TGA indicated the amount of grafted PLLA polymer to be approximately 13.3% 
in weight. The  M s   for the glycolic acid - modifi ed MNPs and PLLA - modifi ed MNPs 
were 53.3 and 52.1   emu   g  − 1 , respectively. As the polymer shell was expected to 
weaken the magnetism of the MNPs, this similarity in values obtained was attrib-
uted to an improved crystallinity of the magnetic core resulting from exposure to 
high temperatures during the coating process. The PLLA - modifi ed MNPs with 
high magnetization may potentially be useful in the fi eld of biomedicine, since 
PLLA has already been used in many such applications.      

  10.4 
 Encapsulation of Magnetic Nanoparticles in a Polymeric Matrix 

 In Section  10.3 , attention was focused on the modifi cation of single MNPs with a 
polymeric shell to achieve biocompatibility and possible biomedical applications, 
especially as MRI contrast agents. Such MNPs can be used for passive tracking or 
imaging of biological systems via naturally directed physiological processes, and 
active targeting of specifi c receptors on cell surfaces via the use of targeting 
ligands. The most commonly used targeting ligand is FA or its toxic equivalent, 
MTX. However, whilst other cancer - targeting ligands, such as antibodies, may be 
as large as 20   nm, conjugation to single MNPs would be diffi cult and might also 
result in a loss of activity due to steric hindrance  [4] . Similarly, it would be diffi cult 
to conjugate both drugs and targeting ligands to single MNPs. Hence, an alterna-
tive approach would be to encapsulate multiple MNPs in a polymeric nanosphere. 
In this section, emphasis will be placed on these larger polymer nanospheres (of 
a few hundred nm diameter), and their applications. 

 These larger polymer nanospheres do have some  disadvantages , at least poten-
tially. In general, the  in vivo  half - life of nanoparticles depends inversely on the 
particle size  [69] ; particles with diameters  < 40   nm would have the longest residence 
times (of the order of hours), and can accumulate in the lymph nodes and be 
excreted via the urine and feces. Particles in the range of 40 – 200   nm can be removed 
by the liver and spleen in a shorter time, while particles larger than 200   nm would 
have the shortest half - life as a result of opsonization and clearance by the MPS. 
Furthermore, receptor - mediated targeting using larger nanoparticles may be less 
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effi cient, as shown by a study of the herceptin (Her) - mediated cellular internaliza-
tion of Her - gold nanoparticles through ErbB2 receptor overexpressing human 
breast cancer SK - Br - 3 cells  [70] . This study showed that 25 – 50   nm particles were 
taken up most effi ciently within the tested range of 2 to 100   nm. The lower uptake 
of smaller particles is attributed to their inability to form multivalent binding, as 
well as to a low binding avidity which causes them to dissociate from the receptors 
before they can be engulfed by the membrane. On the other hand, the larger par-
ticles, despite their enhanced multivalent binding and much higher antibody (Her) 
density on the particle surface, are unable to effectively pair up the antibody with 
the receptor within the area of binding (due to a limited availability of receptors on 
the cellular surface). This might limit the process of membrane wrapping that is 
necessary for nanoparticle internalization. It appears, therefore, that the infl uences 
of immobilized ligand density and particle size of the nanospheres on cellular 
uptake effi ciency are topics which require further investigation. 

 However, the nanospheres might also have some distinct  advantages , as the 
polymer matrix can serve multiple functions, including encapsulating MNPs to 
utilize their magnetic properties, providing sites for further functionalization with 
targeting ligands, and serving as a carrier of drugs to be delivered to specifi c sites 
 in vivo . It is envisioned that nanospheres will have different applications in cancer 
diagnosis and therapy, depending on how the polymer matrix is tailored. Thus, 
the following sections relate to the application of magnetic nanospheres, namely 
imaging, active targeting, and drug/gene delivery. 

  10.4.1 
 Nanospheres for Imaging 

  10.4.1.1    PLGA  and  PLLA  Coating 
 Among the biocompatible polymers used for encapsulating MNPs,  poly( D , L  - lac-
tide -  co  - glycolic acid)  ( PLGA ) or PLLA can be considered the most popular choices. 
However, due to the hydrophilic surface properties of magnetite, it is diffi cult to 
attain a high magnetite content in hydrophobic biodegradable polymers such as 
PLGA and PLLA. A method for preparing PLGA nanospheres with a high mag-
netite content (40 – 60%) and high magnetization (26 – 40   emu   g  − 1 ) via a modifi ed 
single oil - in - water emulsion - solvent evaporation method has been reported  [71] . 
This method used oleic acid - coated MNPs (which have been washed in acetone to 
remove excess oleic acid) with a solid magnetite concentration of 84   wt%. The seed 
MNPs were dispersed into a DCM solution containing PLGA and vortexed to form 
a stable oily suspension. The oily suspension was then emulsifi ed within an 
aqueous solution containing PVA. After rapid evaporation of the organic solvent, 
solid magnetic nanospheres of mean diameter of 360 – 370   nm with polydispersity 
indices of 0.12 – 0.20 were obtained. When the magnetite loading was increased 
from 16 to 60%, the  M s   of the nanospheres was increased from 11 to 40   emu   g  − 1 , 
but there was no signifi cant change in the particle size. 

 In another study, a solvent evaporation method was used to encapsulate oleic 
acid - coated magnetite crystals of  ∼ 12   nm within nanospheres of PLLA  [72] . Simi-
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larly, no correlation between the magnetite loading and nanospheres size, poly-
dispersity, or morphology was found. The encapsulation effi ciency was 
approximately 90%, regardless of the magnetite/polymer weight ratio (which 
ranged from 0.0625 to 0.5). The magnetite crystals were well encapsulated within 
the polymer matrix, with less than 0.1% of the iron at the nanosphere surface. The 
factor which infl uenced the nanosphere size most was the stirring speed and, to 
a lesser degree, the polymer concentration. A higher stirring speed led to smaller 
nanospheres and also a narrower size distribution, with the sizes of the nano-
spheres ranging from 300 to 1300   nm at stirring speeds of 24   000 and 6500   rpm, 
respectively. An increase in polymer concentration while maintaining other 
parameters constant, was also found to increase the nanosphere size and polydis-
persity. The  M s   increased with increasing magnetite amount used in formulation, 
with 14   emu   g  − 1  being the highest value obtained. An  in vitro  MRI study showed 
that these nanospheres had a T 2  relaxivity of 228   s  − 1    m M   − 1 , which made them useful 
as a negative contrast agent for MRI. 

 PLGA - methoxyPEG nanospheres loaded with the commercial MRI iron 
oxide contrast agent, Resovist, were prepared using a modifi ed water - oil - water 
double - emulsion technique  [73] . These nanospheres had a hydrodynamic diameter 
of 233   nm and contained 1.37% Fe. The  M s   of the Resovist - loaded PLGA -
 methoxyPEG nanospheres was 83.5   emu   g  − 1 , compared to 72.9   emu   g  − 1  for Reso-
vist. It was postulated that the increased  M s of the former was due to an 
agglomeration of the Resovist in the polymeric matrix during the formulation 
process. Cytotoxicity assays with Caco - 2 cells showed that the PLGA - methoxyPEG 
formulation achieved 36.9 and 35.6% less cytotoxicity in comparison with Resovist 
after 48   h incubation at the same 20 and 50    μ g   ml  − 1  Fe concentrations, respectively. 
Comparisons of  in vitro  MRI of the Resovist and Resovist - loaded PLGA -
 methoxyPEG nanospheres suspended in water, and  ex vivo  MRI of Sprague -
 Dawley rat liver at 5   min after the  in vivo  injection of these nanoparticles, showed 
that the Resovist - loaded PLGA - methoxyPEG nanospheres provided better contrast 
effects.  

  10.4.1.2    PEG - PEI , Crosslinked Poly(Maleic Anhydride -  alt  - 1 - Tetradecene) 
and Lipid Micelles Coating 
 A comparative investigation on the effect of various encapsulating matrices in 
enhancing highly crystalline and monodisperse MnFe 2 O 4  nanoparticles as nega-
tive contrast agents for MRI has been conducted  [74] . Superparamagnetic MnFe 2 O 4  
nanocrystals of different sizes were synthesized via the organometallic approach 
reported by Kang  et al. , based on the thermal decomposition of Fe(CO) 5  and 
Mn 2 (CO) 10 , and resulted in the formation of FeMn alloy nanoparticles, followed 
by oxidation with trimethylamine -  N  - oxide  [75] . The as - synthesized nanoparticles 
were hydrophobic and not dispersible in aqueous media. Three approaches were 
used to transfer the nanoparticles into water. First, a ligand exchange of oleic acid 
against a water - soluble copolymer, obtained by coupling PEG to a small branched 
PEI, was carried out. This copolymer ligand consisted of a branched PEI moiety 
with a M w  of 400   g   mol  − 1  and two PEG chains attached to it with M w  of 5000   g   mol  − 1 . 
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Three different sizes (3, 9, and 18   nm) of nanoparticle were used to investigate the 
size - dependent effects on contrast enhancement. The hydrodynamic diameter of 
the 9   nm nanoparticle increased after ligand exchange, from 15 to 30   nm and 
40   nm in water and chloroform, respectively. The difference in hydrodynamic 
diameter between nanoparticles with core sizes of 9 and 18   nm was approximately 
10   nm, demonstrating that the thickness of the polymer shell for particles with 
different core sizes was similar. Second, the nanoparticles were encapsulated 
within an amphiphilic polymer shell which consisted of poly(maleic anhydride -
  alt  - 1 - tetradecene), and crosslinked by bis(6 - aminohexyl)amine. The particles 
remained individually dispersed after encapsulation in the amphiphilic copolymer 
shell. Third, the nanoparticles were embedded into lipid micelles. The nanopar-
ticles were found to be randomly distributed within the micelles, with DLS mea-
surements indicating the micelles to be approximately 250   nm in diameter with a 
broad size distribution. MRI measurements indicated that the transverse relaxivi-
ties ( r  2  and  r  2  * ) increased with increasing particle size for the nanoparticles, both 
after ligand exchange with PEG - PEI and after encapsulation with polymer. For the 
micellar system, the transverse relaxivity, and in particular  r  2  * , was observed to be 
signifi cantly higher as compared to the polymer - coated particles using nanopar-
ticles of the same size. This behavior was attributed to the relatively high particle 
density within the micelles resulting in an increased interparticle interaction, a 
very low infl uence of diffusion effects of lipid molecules inside the micelles, and 
to water molecules in their surroundings.  

  10.4.1.3   Iodinated Polymer Coating 
 An attempt has been made to utilize MNPs for X - ray imaging applications by 
encapsulating them in an iodinated polymer  [76] . This process involved the emul-
sion polymerization of  2 - methacryloyloxyethyl(2,3,5 - triiodobenzoate)  ( MAOETIB ) 
in the presence of  γ  - Fe 2 O 3  magnetic nanoparticles. The Fe 2 O 3  magnetic nanopar-
ticles were prepared by nucleation and controlled growth mechanism of magnetic 
iron oxide thin fi lms onto gelatin nuclei, and were approximately 15   nm in size. 
The polymerization of MAOETIB was conducted using potassium persulfate in a 
toluene/water emulsion. The hydrodynamic diameters of the  γ  - Fe 2 O 3  MNPs and 
 γ  - Fe 2 O 3 /polyMAOETIB nanospheres were measured at 63 and 56   nm, respectively. 
The smaller hydrodynamic diameter of the latter material was attributed to the 
hydrophobic polyMAOETIB shell, which signifi cantly decreased the water mole-
cule adsorption on the surface of the nanospheres. Based on high - resolution TEM 
investigations, the polyMAOETIB coating was reported as 9   nm, although it was 
unclear whether single or multiple MNPs were encapsulated. The MAOETIB 
concentration had a signifi cant effect on the weight of the polyMAOETIB coating; 
typically, an increase in MAOETIB concentration from 1 to 2%, and to 3% (w/v 
H 2 O) increased the weight of the polyMAOETIB from 6.9 to 38.4, and 68.9%, 
respectively. The polyMAOETIB coating on the surface of the MNPs signifi cantly 
improved the X - ray visibility of the  γ  - Fe 2 O 3  nanoparticles. However, no informa-
tion is currently available regarding the toxicity of such nanoparticles, or their 
suitability for  in vivo  applications.  
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  10.1.4.4   Poly(Styrene -   co   - Acrylic Acid) Coating 
 Fluorescent magnetic nanospheres have been prepared by encapsulating a 
fl uorescent dye and magnetite nanoparticles (10 – 12   nm) in a hydrophobic 
poly(styrene -  co  - acrylic acid) shell  [77] . This encapsulation was achieved using 
a three - step miniemulsion process. For this, the magnetite nanoparticles 
synthesized via the coprecipitation method were fi rst coated with oleic acid 
and dispersed in octane, and a solution of sodium lauryl sulfate in water 
then added to form a miniemulsion. A second miniemulsion was formed 
by mixing styrene, hexadecane, the fl uorescent dye,  N  - (2,6 - diisopropylphenyl) -
 perylene - 3,4 - dicarbonacidimide and an initiator, 2,2’ - azobis(2 - methylbutyroni-
trile), with sodium lauryl sulfate in water. The miniemulsions of magnetite 
and styrene were mixed at a ratio of magnetite powder to monomer of 1   :   1. 
The polymerization was conducted at 72    ° C under mechanical stirring. After 
6   h, acrylic acid (0 – 15 wt% compared to styrene) was added and the polymerization 
continued overnight. The copolymerization of styrene with the hydrophilic 
acrylic acid introduced carboxyl groups onto the nanoparticle surface. The 
amount of magnetite encapsulated by this process was  ∼ 30 – 40% (w/w) and 
the  M s   was 35 – 40   emu   g  − 1  magnetite compared to 80   emu   g  − 1  magnetite for uncoated 
magnetite nanoparticles. An increase in carboxylic surface groups led to a 
signifi cant increase in the uptake behavior by the four types of cell investi-
gated    –    HeLa, MSCs, Jurkat cells and KG1a cells    –    as shown by confocal laser 
scanning microscopy. However, a quantitative determination of the iron content 
of the cells was unsuccessful. In order to increase the uptake of the nanospheres, 
lysine was covalently coupled to the carboxyl groups of the nanospheres using 
 1 - ethyl - 3 - (3 - dimethylaminopropyl)carbodiimide hydrochloride  ( EDC ) and sulfo -
 NHS. With the lysine - functionalized nanospheres, the amount of iron uptake was 
11   pg per cell, a value signifi cantly higher than was obtained with nanospheres 
where poly -  L  - lysine was physically adsorbed onto the surface. Subsequent TEM 
studies showed these nanoparticles to be localized in the cell endosomal 
compartments.   

  10.4.2 
 Nanospheres with Targeting and Recognition Capability 

 In the previous section, the use of MNPs encapsulated in polymer matrices 
for passive imaging of biological systems has been described. While passive 
targeting has a number of potential applications, progress and future develop-
ments in the use of MNPs in the imaging of cancers can only be realized 
through active targeting against specifi c biomolecules, to enable early and 
accurate diagnoses to be performed at a time when the disease would be still 
treatable. There is, however, one major hurdle for active targeting: namely, that 
of accumulating adequate levels of MNPs at the tumor site so as to allow enhanced 
contrast and sensitivity for detection. Hence, in the following sections attention 
is focused on polymer - MNP nanospheres with immobilized cancer - targeting 
ligands. 
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  10.4.2.1   Polypyrrole Coating with  FA  as the Targeting Ligand 
 Recently, a series of experiments has been conducted using  polypyrrole  ( PPY ) as 
the polymer matrix for encapsulating MNPs  [78 – 80] . PPY is a highly conducting 
polymer which has been studied for the immobilization of enzymes, antibodies, 
and nucleic acids. It is also suitable as a substrate for cell attachment and prolifera-
tion, and possesses excellent biocompatibility  in vivo   [81 – 83] . Studies with PPY 
have also shown that it is able to support the  in vitro  growth and differentiation of 
multiple cell types and the  in vivo  regeneration of damaged peripheral nerves in 
rats  [84, 85] . The preparation of PPY - MNP nanospheres was carried out using a 
miniemulsion polymerization method, with either PVA or  hyaluronic acid  ( HA ) 
as surfactant. PPY - MNP nanospheres have a distinct spherical shape with a diam-
eter of 80 – 100   nm. In addition, they are superparamagnetic with high magnetiza-
tion values ( > 20   emu   g  − 1 ) and possess good electrical conductivities (1 – 2   S   cm  − 1 ). By 
varying the starting Fe 3 O 4  : pyrrole monomer mass ratio, nanospheres with varying 
Fe 3 O 4  contents (up to  ∼ 40   wt%) can be synthesized, although increasing the iron 
oxide content tends to promote aggregation. These nanospheres are also cytocom-
patible and, due to the electrically conducting PPY, will demonstrate enhanced 
specifi c power absorption rates on a per unit weight Fe basis (26.7 W   g  − 1  Fe with 
an Fe 3 O 4  content of 28.0   wt%) when compared to the seed Fe 3 O 4  particles. The 
cancer - targeting ligands immobilized on the PPY - MNPs nanospheres were FA 
and herceptin, a monoclonal antibody against the HER - 2 receptor overexpressed 
by 25 – 30% of breast cancers  [86] . Both, NHS and EDC were used to facilitate 
covalent bond formation between the hydroxyl groups of the PVA molecules on 
the surface of the PPY - MNPs nanospheres and the amino groups in FA. After the 
immobilization of FA, an increase in hydrodynamic diameter of the nanospheres, 
from 326 to 400   nm, was observed, though this may be due to the presence of FA 
and its solvent coordination sphere. A slight increase in aggregation of the 
nanoparticles in water may also have resulted from the presence of the relatively 
hydrophobic FA on the nanoparticle surface. The iron uptakes by MCF - 7 breast 
cancer cells when incubated with the as - synthesized and FA - functionalized PPY -
 MNPs nanospheres for 2   h were determined as 22 and 107   pg per cell, respectively. 
The corresponding amount of iron taken up by 3T3 fi broblasts cells when incu-
bated with FA - functionalized PPY - MNPs nanospheres was  ∼ 20   pg per cell  [79] . The 
lower uptake of FA - coupled particles by 3T3 cells compared to MCF - 7 cells occurred 
because the former do not express folate receptors  [87] . Uptake of the as - synthe-
sized PPY - MNPs nanospheres by MCF - 7 cells is attributed to nonspecifi c binding, 
since similar cell experiments  [88 – 90]  have indicated previously that nonspecifi c 
binding almost always occurs for nontargeting particles. For the FA - functionalized 
PPY - MNPs nanospheres, the predominant cell uptake mechanism is likely to be 
via a receptor - mediated endocytosis, which allows a rapid accumulation of the 
nanoparticles compared to the slower, nonspecifi c binding/penetration process 
 [91] . As a result of this rapid receptor - mediated endocytosis, the amount of the 
FA - functionalized PPY - MNPs nanospheres taken up by MCF - 7 cells did not alter 
signifi cantly between 2 and 24   h (107 versus 101   pg per cell), unlike the case of 
3T3 cells where a threefold increase was observed between 2 and 24   h.  
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  10.4.2.2    PPY  Coating with Herceptin as the Targeting Ligand 
 Herceptin can be immobilized on the PPY - MNPs nanospheres prepared with HA 
as surfactant by utilizing either its carboxyl  [80]  or amine groups  [78] . It was envi-
sioned that a combination of HA (with its cell - adhesive property) and herceptin 
would result in a high effi cacy of internalization of the nanospheres by the cancer 
cells via a HER - 2 - mediated endocytosis. Uptake experiments of PPY - MNPs nano-
spheres, with and without herceptin immobilization, were conducted with three 
types of human breast cancer cell, namely SK - Br - 3, HCC1954, and MDA - MB - 231. 
The fi rst two cell types overexpress the HER - 2 receptors, while the third type is a 
low - HER - 2 - expressing breast cancer cell. The amounts of iron associated with 
SK - Br - 3 cells after 2, 4, and 24   h of incubation are shown in Figure  10.6 ; notably, 
the amount from herceptin - functionalized nanospheres was several - fold greater 
than from nonfunctionalized nanospheres. This observation was in agreement 
with results obtained with HCC1954 cells, which showed a sevenfold increase in 
the internalization of herceptin - functionalized nanospheres over nonfunctional-
ized nanospheres after 24   h. In contrast, the amount of herceptin - functionalized 
nanospheres associated with MDA - MB - 231 cells after 24   h was sevenfold lower 
than was observed with SK - Br - 3 cells. Overall, these results suggested that the high 
uptakes of herceptin - functionalized nanospheres by SK - Br - 3 and HCC1954 cells 

     Figure 10.6     Amount of iron associated with SK - Br - 3 cells after 
2, 4, and 24   h incubation with NS, NS - HER, and NS - HER with 
free herceptin. Three sets of duplicates were performed for 
each datum point. The iron association of NS - HER was 
signifi cantly higher ( P   <  0.01) than that of NS and NS - HER 
with free herceptin at all time points.  Reprinted with 
permission from Ref.  [80] ;  ©  2008, Elsevier.   
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were, to a large extent, due to endocytosis via a receptor - mediated mechanism, 
where the immobilized herceptin on the nanospheres targets the HER - 2 receptors 
on the cells. In order to investigate the competitive effects of free herceptin on the 
endocytosis of herceptin - functionalized nanospheres, the seeded cells were fi rst 
treated with a medium containing herceptin for 30   min, followed by replacement 
with a medium containing herceptin - functionalized nanospheres and herceptin. 
The results shown in Figure  10.6  indicate that, under such circumstances, the 
uptake of herceptin - functionalized and nonfunctionalized nanospheres became 
comparable. This in turn indicated that free herceptin in the medium would 
bind to HER - 2 receptors on the SK - Br - 3 cells, and effectively prevent herceptin -
 functionalized nanospheres from interacting with the receptors. TEM images of 
SK - Br - 3 cells cultured with herceptin - functionalized nanospheres, with or with-
out pretreatment and cotreatment with 200   mg   ml  − 1  free herceptin, are shown in 
Figure  10.7 . For the former case, the image clearly shows the presence of endocy-
tosed herceptin - functionalized nanospheres (Figure  10.7 a), whereas for cells pre-
treated and cotreated with herceptin (Figure  10.7 b) only minimal nanospheres 
were endocytosed. When cells were incubated with nonfunctionalized nano-
spheres, few or even no intracellular nanospheres were observed. Cytotoxicity 
assays indicated an uptake - associated cytotoxic effect on the cancer cells, attribut-
able to a combined effect of bound herceptin and a higher uptake of herceptin -
 functionalized PPY - MNPs nanospheres, with the consequence of a much higher 
intracellular concentration of PPY as well as Fe 3 O 4  coated with sodium dodecyl 
sulfate (which is used to aid the dispersion of MNPs in an aqueous medium for 
the polymerization of pyrrole). While the herceptin - functionalized nanospheres 
possess magnetic properties suffi cient to show promise as an agent for hyperther-
mia, the magnetization of the nanospheres was seen to be signifi cantly lower in 
a fl uid medium than in the solid state. The diamagnetic nature of the cell environ-
ment also resulted in a diminished apparent magnetization.    

(a)

3 µm 3 µm

(b)

     Figure 10.7     Transmission electron microscopy images of cells 
cultured with (a) NS - HER and (b) NS - HER pretreated and 
cotreated with 200    μ g   ml  − 1  free herceptin for 4   h.  Reprinted 
with permission from Ref.  [80] ;  ©  2008, Elsevier.   
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  10.4.2.3    PLGA  Coating with Arginine Peptide as the Targeting Ligand 
 Nanospheres of MNPs encapsulated with peptide - conjugated PLGA have been 
tested as intracellular carriers into human MSCs  [92] . Arginine peptide was 
selected because of its ability to facilitate intracellular translocation across the cel-
lular membrane into the cytoplasm and nucleus.  Fluorescein isothiocyanate  
( FITC ) - conjugated arginine was used in this study to visualize the intracellular 
translocation of magnetic nanospheres. For this, the carboxylic acid end groups of 
PLGA were fi rst activated using NHS and 1,3 - dicyclohexylcarbodiimide, and then 
converted to primary amine groups using an excess of hexamethylene diamine. 
The primary amine - terminated PLGA was converted to maleimide - terminated 
PLGA by reaction with  N  - succinimidyl 4 - (4 - maleimidophenyl) butyrate. The 
maleimide groups were then used to conjugate with the thiol - terminated arginine. 
Maghemite nanoparticles prepared by the coprecipitation method were encapsu-
lated with the arginine - conjugated PLGA via an emulsifi cation – diffusion method. 
The nanospheres were mainly between 111 and 116   nm in diameter. Cellular 
internalization of the nanospheres into human MSCs was confi rmed using confo-
cal laser scanning microscopy and Prussian blue staining. No signifi cant cytotoxic-
ity was observed after a 2 - day incubation of MSCs with the nanospheres.  

  10.4.2.4   Phospholipid Coating with Antibodies as the Targeting Ligand 
 Multi - MNP aggregates with surface - bound anti - CA125 monoclonal antibodies 
have been prepared to demonstrate the targeted  in vitro  molecular MRI of ovarian 
carcinoma cells  [93] . The iron oxide nanoparticles were prepared via the solvother-
mal process  [94]  and shown to be almost monodisperse (diameters ranging from 
10 – 14   nm) and with a hydrophobic heptanoic acid surface termination. The encap-
sulated nanoparticle aggregates were prepared via a three - step process: 

   •      The introduction of acetic acid to partially displace heptanoic acid from the MNP 
surface; this resulted in the aggregation of MNPs due to a decreased steric 
hindrance of the MNP surface.  

   •      Drying of the resultant aggregates on a fi lm of dried PEGylated phospholipids.  

   •      Resuspension of the aggregates and phospholipids in aqueous solution, which 
resulted in the encapsulation of the aggregates to yield micellar multi - MNPs.    

 The amount of acetic acid used controlled the degree of aggregation, with aggre-
gates of hydrodynamic diameter up to 50   nm and of low polydispersity being 
achieved. The multi - MNPs possessed an enhanced T 2  relaxivity (368.0   s  − 1    m M   − 1  Fe) 
as compared to micellar, single - particle MNP (302.0   s  − 1    m M   − 1  Fe). The higher 
relaxivity of multi - MNPs as compared to MNPs was considered due to the increased 
proton spin dephasing from the cooperating MNP cores in the aggregates. The 
increased magnetic moment and radius of multi - MNPs enhanced the T 2  relaxation 
rate ( r  2 ), without affecting the T 1  relaxation rate ( r  1 ), thus increasing the  r  2  /r  1  ratio 
and improving the  signal - to - noise ratio  ( SNR ) of multi - MNPs as a T 2  contrast 
agent. The multi - MNPs were crosslinked to the monoclonal antibodies by forming 
a thioether bond between the maleimide - functionalized phospholipids on the 
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multi - MNPs and sulfhydryl groups on the monoclonal antibodies. The cell pellet 
of OVCAR - 3 (CA125 - positive) incubated with multi - MNPs conjugated to anti -
 CA125 monoclonal antibodies showed an enhanced negative T 2  contrast compared 
to the cell pellet of OVCAR - 3 cells incubated with nonspecifi c multi - MNPs (T 2  
change  ∼ 66%). Corresponding experiments conducted with the ovarian carcinoma 
cell line SK - OV - 3 (CA125 - negative) showed a negligible contrast difference between 
CA125 - specifi c multi - MNPs and nonspecifi c multi - MNPs (T 2  change  < 3%).  

  10.4.2.5   Poly( MMA  -   co   -  EGDMA ) Coating with  BSA  Surface - Imprintation 
 To illustrate the concept of molecular imprinting of magnetic nanospheres for 
potential biomedical applications,  bovine serum albumin  ( BSA ) surface - imprinted 
magnetic nanospheres of 500 – 600   nm were prepared via a two - stage core – shell 
miniemulsion polymerization system using  methyl methacrylate  ( MMA ) and  eth-
ylene glycol dimethacrylate  ( EGDMA ) as functional and crosslinking monomers, 
respectively  [95] . Fe 3 O 4  MNPs of  ∼ 18   nm were fi rst prepared using the coprecipita-
tion method, and then encapsulated into poly(MMA -  co  - EGDMA) nanospheres via 
a miniemulsion polymerization of MMA and EGDMA, initiated by ammonium 
persulfate. Subsequently, a series of surface functionalization reactions (aminoly-
sis followed by reaction with glutaraldehyde and BSA) were performed to immo-
bilize BSA molecules onto the nanosphere surface. A second - stage core – shell 
miniemulsion polymerization was carried out to create a poly(MMA -  co  - EGDMA) 
shell over the BSA - functionalized nanospheres. The template BSA molecules were 
then removed through base hydrolysis. As a result, complementary binding sites 
were created for BSA on the particle surface. The magnetite content was deter-
mined as 4.44%, and the  M s   was 7.6   emu   g  − 1 . The imprinted nanospheres exhibited 
a favorable recognition property toward the template BSA molecules in aqueous 
medium (BSA adsorption was 6.5 - fold higher than that by nonimprinted nano-
spheres), and also a high affi nity for BSA in a mixture of lysozyme and BSA.   

  10.4.3 
 Nanospheres as Drug/Gene Delivery System 

 Polymeric nanospheres encapsulating MNPs and drugs may represent a promis-
ing solution to the major drawback of conventional chemotherapy    –    that is, the 
nonspecifi c biodistribution of the drug which can cause the death of normal cells. 
With this type of nanosphere, targeted delivery direct to cancer cells may be 
achieved using an external magnetic fi eld. The magnetic drug carriers could be 
retained near the target site so as to achieve high concentrations of the chemo-
therapeutic agent for a given period of time, while maintaining the drug concen-
tration in other nontarget organs and tissues at below minimal levels, thereby 
reducing undesirable toxic side effects. As the magnetic gradient decreases with 
the distance to the target, the strength of the external magnetic fi eld and magne-
tization of the nanospheres would be considered important factors in the treat-
ment effi cacy. Other parameters that determine the effi cacy of these nanospheres 
include the nanosphere size, the type of drug, and the polymeric matrix. 
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  10.4.3.1    PLGA  Loaded with Taxol 
 PLGA nanospheres loaded with biocompatible MNPs and the anticancer drug 
taxol (this is used to treat various solid tumors, such as breast and ovarian) is one 
of many examples of such systems  [96] . The MNPs were prepared by the copre-
cipitation method, and sodium oleate (C 17 H 33 COONa) was added as the fi rst sur-
factant to prevent their agglomeration; the result was a stable colloidal suspension. 
PEG was then added as a second surfactant to the MNP - oleate system, such that 
the resultant composition was 37.3   wt% magnetite, 50.6   wt% sodium oleate, and 
12.1   wt% PEG. A modifi ed nanoprecipitation method was used to entrap the 
MNPs and taxol into the PLGA nanospheres. An organic phase comprising PLGA 
(with  D , L  - lactide to glycolide ratio of 85   :   15; average M w  50   000 – 75   000   Da) and taxol 
in acetone was added dropwise to an aqueous solution of Pluronic F66 (as a sta-
bilizing agent) and the PEG - coated MNPs. The mixture was then stirred vigorously 
for several hours to allow complete evaporation of the organic solvent at room 
temperature. The nanospheres formed were near - spherical with a mean diameter 
of 250   nm, and magnetite and taxol contents of 21.5   wt% and 0.5   wt%, 
respectively.  

  10.4.3.2    PLLA  and  PCL  Loaded with Tamoxifen 
 A similar polymer, PLLA (a biodegradable polyester), has also been used for encap-
sulating MNPs and tamoxifen, a drug used widely to treat estrogen receptor - pos-
itive breast cancer  [97] . The composite nanospheres with an average size of 200   nm 
were synthesized via a solvent evaporation/extraction technique in an oil/water 
emulsion. The superparamagnetic property ( M s    ∼ 7   emu   g  − 1 ) of the nanospheres 
was provided by  ∼ 6   nm Fe 3 O 4  nanoparticles (synthesized via a high - temperature 
decomposition method) encapsulated in the PLLA matrix. In the preparation 
process, PLLA, tamoxifen and oleic acid - coated MNPs were dissolved in DCM and 
vortexed to create the organic phase; this was then poured into a stirred aqueous 
solution containing 1% PVA as emulsifi er. The mixture was sonicated and the 
formed oil/water emulsion stirred at room temperature overnight to evaporate the 
organic solvent. The nanospheres were then collected by centrifugation. The 
encapsulation effi ciency for tamoxifen and Fe 3 O 4  MNPs was approximately 60% 
and 80%, respectively, when less than 7.5   mg tamoxifen and 20   mg Fe 3 O 4  MNPs 
were formulated in 100   mg PLLA in DCM. Approximately 57% of the entrapped 
drug was released into PBS containing sodium lauryl sulfate as surfactant during 
the fi rst 24   h, and 88% was released in 6 days. Release of the drug from these 
nanospheres was very much delayed compared to that from  poly(ε - caprolactone)  
( PCL ) nanospheres (prepared from an acetone/water system), where 68% of the 
entrapped tamoxifen was released during the fi rst hour with almost total release 
within 24   h  [98] . The PLLA nanospheres with encapsulated drug and MNPs were 
readily taken in by MCF - 7 cells, with 182   pg of nanospheres (estimated from 
intracellular iron levels) being internalized into each cell over a 4   h incubation 
period, with 500   mg nanospheres per ml culture medium. At this nanosphere 
concentration, the MCF - 7 cancer cells exhibited morphological changes within 4   h, 
such that approximately 80% were no longer viable after 4 days. In contrast, when 



 382  10 Magnetic Core–Polymer Shell Nanoparticles: Synthesis and Biomedical Applications

an amount of free tamoxifen approximately equal to that encapsulated in 
500   mg   ml  − 1  of nanospheres was used in the incubation medium, instead of the 
drug - loaded nanospheres, cell viability was much higher ( ∼ 67%). The lower cyto-
toxicity observed when the free drug was used was attributed to the low solubility 
of free tamoxifen in the medium, and also to its high binding affi nity to plasma 
proteins in the growth medium  [99] . On the other hand, uptake of the drug - loaded 
nanospheres by the MCF - 7 cells may lead to tamoxifen being released directly 
inside the cells, thus increasing the intracellular tamoxifen concentration and 
hence its anticancer activity.  

  10.4.3.3   Chitosan Loaded with Cefradine 
 Magnetic Fe 3 O 4  nanoparticles, a model drug and fl uorescent CdTe  quantum dot s 
( QD s) have been encapsulated into chitosan nanoparticles  [100] . Chitosan, a linear 
polysaccharide comprising glucosamine and  N  - acetyl glucosamine linked in a 
 β (1 – 4) manner, has been identifi ed to have potentially very useful biomedical 
applications  [101] . The preparation of magnetic and fl uorescent chitosan nanopar-
ticles containing a hydrophilic drug, cefradine, was conducted in a water - in - oil 
microemulsion system containing cyclohexane, Triton X - 100, and  n  - hexanol. The 
Fe 3 O 4  nanoparticles, CdTe QDs and cefradine were dispersed in 0.1% chitosan (in 
1   vol.% acetic acid) solution, and the mixed solution was added to the microemul-
sion system. Glutaraldehyde was used as a crosslinking agent, and the degree of 
crosslinking tailored the size, morphology, surface properties and drug release 
behaviors of the nanoparticles. With a crosslinking time of 12   h, the hydrodynamic 
diameter was  ∼ 107   nm and the zeta potential 5   mV. With shorter crosslinking 
times, the nanoparticles were aggregated with a higher zeta potential. The  M s   was 
 ∼ 11   emu   g  − 1 , and a drug encapsulation effi ciency of  > 99% and loading of  ∼ 82   wt% 
achieved. For nanoparticles prepared with a crosslinking time of 3   h, approxi-
mately 42% of the drug was released during the fi rst hour in a pH 7.4 release 
medium, while the total amount released was 90% in 40   h. When a crosslinking 
time of 12   h was used, the drug showed a more uniform release rate, with 79% 
being released in a pH 7.4 release medium within 84   h.  

  10.4.3.4    PECA  or  PCL  Loaded with Cisplatin or Gemcitabine 
  Poly(ethyl - 2 - cyanoacrylate)  ( PECA ), which has the characteristics of a fast degrada-
tion rate, low toxicity, and high compatibility with biological systems, has been 
used to prepare drug -  and magnetite - loaded nanospheres  [102]  by an interfacial 
polymerization method. The magnetite used was from a commercial source, and 
two types of anticancer drug were investigated: (i) cisplatin, which is used to treat 
cancer of the ovary, testis, bladder, head and neck; cisplatin is insoluble in water 
but soluble in most organic solvents; and (ii) gemcitabine, which is most often 
used to treat non - small - cell lung cancer, pancreatic and bladder cancer; gem-
citabine is soluble in water, slightly soluble in methanol, and practically insoluble 
in ethanol and polar organic solvents. 

 A mixture of ethyl - 2 - cyanoacrylate monomer, magnetite and drug in propylene 
carbonate constituted the oil phase, while the water phase contained 15% stabilizer 



 10.4 Encapsulation of Magnetic Nanoparticles in a Polymeric Matrix  383

at pH 2.5. The polymerizations were performed by mixing the water and oil phases 
at a 2   :   1 weight ratio under stirring (1000 rpm) for 3   h at room temperature. The 
free magnetite and surfactant were removed by several rounds of centrifugation, 
after which an external magnetic fi eld was introduced for complete separation of 
the magnetic PECA nanospheres. Based on results of particle morphology and 
size, and the amount of drug encapsulated, the optimal monomer/magnetite ratio 
was determined as 4   :   3. At this ratio, the magnetite loading capacity was 14.26% 
(w/w) and the mean particle size approximately 250   nm. The  M s   of the PECA 
nanospheres was 6.5   emu   g  − 1 . The drug loadings of cisplatin and gemcitabine were 
38.09% (w/w) and 9.37% (w/w), respectively, this difference being attributed to 
differences in drug solubility. The drug - release behavior was monitored in PBS at 
37.5  ±  0.5    ° C. Gemcitabine was seen to be released more rapidly, with a plateau 
being reached before 3 days. In contrast, the release behavior of cisplatin (hydro-
phobic) was slower (a plateau was reached after 7 days) than that of gemcitabine 
(hydrophilic), as the affi nity of cisplatin to the oil phase was higher than that of 
gemcitabine. 

 The same group also tested the use of PCL to prepare drug -  and magnetite -
 loaded nanospheres  [102] . PCL (M w  42   500   Da), magnetite (prepared via coprecipi-
tation and treated with oleic acid at 80    ° C), and cisplatin or gemcitabine were 
dissolved in DCM and added into the aqueous phase containing PVA as stabilizer. 
After emulsifi cation of the oil - water mixture, solvent evaporation and sample 
cleaning and separation, nanospheres of approximately 160   nm (as measured 
by laser scattering) were obtained. The maximum amount of magnetite encapsu-
lated was determined by TGA as 25   wt%, and the  M s   of the nanospheres 
was 17.6   emu   g  − 1 . The drug loading of cisplatin and gemcitabine were 24.6 and 
7.6   wt%, respectively. Similar to the results obtained with the PECA nanospheres, 
gemcitabine was released more rapidly and a plateau reached within 5 days, 
whereas for cisplatin the plateau was reached after 27 days. The mechanism of 
drug release from the magnetic PCL nanospheres was inferred to be mainly a 
diffusion process from the oil core through the polymeric network constituting 
the nanosphere. Magnetic PCL nanospheres containing gemcitabine, and pre-
pared by a slightly different method from above, were tested using nude mice 
bearing subcutaneous human pancreatic adenocarcinoma cells  in vivo   [103] . The 
encapsulation effi ciency of the nanospheres was rather low, with maximum mag-
netite and gemcitabine encapsulation effi ciencies of  ∼ 7.8% and  ∼ 18.6%, respec-
tively, of the theoretical loading. The effi cacy of the injected gemcitabine - containing 
magnetic nanospheres in shrinking the tumor was investigated using an external 
0.25   T magnet positioned cutaneously over the tumor mass for 2   h. In the absence 
of a magnetic fi eld, the concentration of gemcitabine was too low for any thera-
peutic effect to occur. However, in the presence of a magnetic fi eld a signifi cant 
growth suppression was observed by day 15, and after 19 days the tumor was 
36.4% smaller than in the control case. The magnetic fi eld - mediated targeted drug 
delivery effects were comparable to those observed with systemic drug administra-
tion at 10 -  to 15 - fold higher levels. No other signifi cant toxic side effects were 
reported.  
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  10.4.3.5   Poly(Alkylcyanoacrylate) Loaded with Tegafur or 5 - Fluorouracil 
 Other members of the poly(alkylcyanoacrylate) family besides PECA have 
also been investigated for forming nanospheres containing magnetite and 
anticancer drugs  [104] . In this investigation, the drug encapsulation and 
release characteristics of four types of poly(alkylcyanoacrylate) nanosphere with 
a magnetite core and loaded with tegafur (a broad - spectrum anticancer drug) 
were compared. The four polymers used were  poly(ethyl - 2 - cyanoacrylate)  
( PE - 2 - CA ),  poly(butylcyanoacrylate)  ( PBCA ),  poly(hexylcyanoacrylate)  ( PHCA ) 
and  poly(octylcyanoacrylate)  ( POCA ). Two drug - loading methods were tested: 
(i) absorption or entrapment of the drug in the polymer matrix by addition 
of the drug during preparation of the magnetite/poly(alkylcyanoacrylate) 
core – shell nanospheres ( ∼ 130 – 150   nm) via emulsion polymerization of the respec-
tive alkylcyanoacrylate monomer; or (ii) surface adsorption onto the preformed 
magnetite/poly(alkylcyanoacrylate) nanospheres after incubation in the drug 
solution. 

 For the fi rst method, the effects of pH of the polymerization medium and drug 
concentration on the tegafur absorption density ( Γ m) and encapsulation effi cacy 
(%) for the four types of composite nanosphere tested are listed in Table  10.1 . The 
drug loading was maximum at pH 4 (10  − 4     M  HCl), since polymerization rate 
becomes slower and the absorption falls with increasing H + . The amount of drug 
loaded was higher with a polymer matrix of shorter alkyl chain length, and this 
can be explained by the faster polymerization kinetics of shorter - chain monomers. 
The presence of the magnetite core was found not to affect the amount of drug 
encapsulated. The release of the encapsulated tegafur from nanospheres followed 
a biphasic process: fi rst, an early rapid release of approximately 60% within 60   min, 
while the remaining 40% was released slowly during the next 120   min. The initial 
rapid release was attributed to the loss of surface - associated and poorly entrapped 
tegafur, while the slower drug release may have been due to a disintegration of 
the poly(alkylcyanoacrylate) matrix, to drug diffusion through this polymeric 
matrix, or both.   

 For the second method, the drug loading was increased with alkyl chain length 
and, in each case, the release was almost complete after 60   min. A comparison 
between all of the polymeric matrices showed drug release to be slightly slower 
when the alkyl chain was longer, this being due to the slightly stronger interaction 
of the lipophilic drug with the more hydrophobic poly(alkylcyanoacrylate) 
surfaces. 

 The same group also prepared similar types of magnetite core/
poly(alkylcyanoacrylate) shell colloidal nanospheres loaded with 5 - fl uorouracil (a 
hydrophilic, broad - spectrum anticancer drug)  [105] . When the same two drug -
 loading methods as described above were tested, the overall effects of pH and alkyl 
chain length of the polymeric matrix on 5 - fl uorouracil loading were similar to 
those with tegafur. However, the drug release was slightly slower from polymeric 
matrices of shorter alkyl chain length; this was most likely due to the slightly 
stronger interaction of hydrophilic 5 - fl uorouracil with the less - hydrophobic 
poly(alkylcyanoacrylate) surfaces.  
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  10.4.3.6    PHDCA - PEI  Loaded with  Doxorubicin  
 PEI was used as a coating for  poly(hexadecylcyanoacrylate)  ( PHDCA ) nanospheres 
encapsulating MNPs and the anticancer drug, DOX, in order to improve the cel-
lular uptake of these nanospheres via electrostatic interaction with negatively 
charged cancer cell membranes, and thus lead to their internalization by charge -
 mediated endocytosis  [106] . Polycationic PEI was deposited via ionic self - assembly 
onto the anionic PHDCA nanospheres; this led to the zeta potential of the nano-
spheres being increased from  − 12.2   mV to 38.0   mV as the weight ratio of PEI/
nanospheres in the reaction mixture was increased. MRI of human breast adeno-
carcinoma MDA - MB - 231 cells incubated with the PEI - coated and as - prepared 
PHDCA nanospheres with encapsulated MNPs showed that the former exhibited 
a dark/black color (relative T 2  weight, 19.2%), while latter showed only a gray color 
(relative T 2  weight, 41.0%). The MDA - MB - 231 cell viability was  > 80% when incu-
bated with the PEI - coated and as - prepared PHDCA nanospheres with encapsu-
lated MNPs (but without DOX) in the concentration range of 4.9 to 156    μ g   ml  − 1 . 
On the other hand, the PEI - coated nanospheres with encapsulated MNPs and 
DOX showed a higher tumoricidal effi cacy compared to the corresponding nano-
spheres without a PEI coating. Thus, both MRI fi ndings and cytotoxicity results 
confi rmed that the cationic nanospheres exhibited an increased affi nity to cancer 
cells due to an enhancement of electrostatic interactions with the anionic cell 
membrane.  

  10.4.3.7    PLGA  Loaded with  QD s,  DOX , and Functionalized with  FA  
 Recently, a multifunctional polymer - based nanomedical platform for simultane-
ous cancer - targeted imaging and magnetically guided drug delivery was reported 
 [107] . The platform comprised four components: (i) PLGA to form the polymer 
matrix for loading and subsequent controlled release of hydrophobic therapeutic 
agents into cells; (ii) superparamagnetic magnetite and QDs incorporated into the 
PLGA matrix to provide magnetically guided delivery and act as a MRI contrast 
agent, and for optical imaging respectively; (iii) DOX was also encapsulated to 
serve as a therapeutic agent for cancers; and (iv) cancer - targeting folate was con-
jugated onto the PLGA nanoparticles by PEG groups to target KB cancer cells that 
overexpressed folate receptors on their cell surface. A schematic of the preparation 
process is shown in Figure  10.8 . A mixture of the hydrophobic magnetite or CdSe/
ZnS nanocrystals, DOX and PLGA in DCM was poured into an aqueous solution 
containing F127 (a nonionic, amphiphilic surfactant used as the emulsifi er for the 
synthesis of polymer nanospheres  [108] ) with sonication. After evaporation of the 
organic solvent at room temperature, the PLGA nanospheres incorporating inor-
ganic nanoparticles and DOX were collected. The positively charged, poly( L  - lysine) 
domain of poly( L  - lysine) - PEG - folate (PLL - PEG - FOL) was adsorbed on the nanopar-
ticle surfaces through the electrostatic interaction with the negatively charged 
surface of the PLGA nanoparticles derived from the terminal carboxylate groups 
of the PLGA chain  [108] . The PEG chains conferred biocompatibility and water -
 dispersity to the polymer nanospheres. TEM images showed the size of polymer 
nanospheres to range from 100 to 200   nm (Figure  10.9 ). Both, TGA and UV - visible 
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spectroscopy indicated that 30.0   wt% and 0.8   wt% of the Fe 3 O 4  nanoparticles and 
DOX, respectively, were incorporated into the PLGA nanospheres. The size of the 
polymer nanospheres remained almost unchanged following the PLL - PEG - FOL 
coating, demonstrating the absence of any marked aggregation. It appeared that 
aggregation was inhibited due to electrostatic repulsions between the positively 
charged nanospheres and the steric stabilization between the PEG chains sur-
rounding the nanospheres. The specifi c relaxivity,  r  2 , was calculated as 190   s  − 1    m M   − 1  
for the PLGA nanospheres encapsulating the MNPs and DOXO. The T 2  - weighted 
MR images of KB cancer cells incubated with the folate - functionalized nano-
spheres, were darker than those of NIH - 3T3 fi broblasts treated in the same 
fashion, indicating that the folate groups on the polymer nanospheres possessed 
a specifi c targeting ability for cancer cells that overexpressed the folate receptors, 
but not for normal cells. The application of an external magnetic fi eld during the 
incubation period produced an even darker image, indicating that the combination 
of folate - targeting groups and external magnetic fi eld led to a synergistic enhance-
ment of the cancer - targeting effi ciency. Confocal laser scanning microscopy 

     Figure 10.8     Synthetic procedure for the multifunctional 
polymer nanoparticles.  Reprinted with permission from Ref. 
 [107] ;  ©  2008, Wiley-VCH Verlag GmbH & Co. KGaA.   
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confi rmed the effectiveness of the folate - functionalized PLGA nanospheres (con-
taining QDs) in targeting the KB cells. Cytotoxicity studies showed that the PLGA 
nanospheres with MNPs but without DOX exhibited almost no toxicity in KB cells, 
whereas the folate - functionalized PLGA nanospheres encapsulating MNPs and 
DOX were more cytotoxic than free DOX (0.4    μ  M ). In addition, the simultaneous 
use of folate active targeting and magnetic fi eld on PLGA nanospheres encapsulat-
ing MNPs and DOX led to a synergistic increase in the cell growth inhibitory effect 
on the KB cells.    

  10.4.3.8    PEI  and Transferrin - Mediated Gene Delivery 
 The use of polymer - coated MNPs for gene delivery has also been reported  [109] . 
Cationic lipid - coated MNPs associated with transferrin were evaluated as gene 
transfer vectors in the presence of a static magnetic fi eld. MNPs were prepared by 
the coprecipitation method and surface - coated with cationic lipids, composed of 
 dimethyldioctadecylammonium bromide/soy phosphatidylcholine  ( DDAB/soy 
PC ) at 60   :   40   (mol/mol). Based on DLS measurements, the size of the cationic 
lipid - coated MNPs was found to be approximately 78.3   nm, while TEM images 

(a) (b)

(c)

100 nm

50 nm 50 nm

100 nm

(d)

     Figure 10.9     Transmission electron microscopy images of 
PLGA(MNP/DOXO) nanoparticles embedded with (a) 7   nm, 
and (b), (c) 15   nm Fe 3 O 4  nanoparticles, and (d) PLGA(QD/
DOXO) nanoparticles embedded with 3   nm CdSe/ZnS 
nanocrystals.  Reprinted with permission from Ref.  [107] ;  
©  2008, Wiley-VCH Verlag GmbH & Co. KGaA.   
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showed that the MNPs consisted of clusters of magnetite cores of  < 10   nm diameter 
with a lipid coating. These cationic MNPs were then combined with PEI - con-
densed  plasmid DNA  ( pDNA ), followed by transferrin. PEI and transferrin - coated 
MNPs exhibited an up to 300 - fold higher transfection activity in KB cell line com-
pared to the commonly used cationic liposomes or polymer complexes. The trans-
fection effi ciency is dependent on factors such as DDAB/pDNA (+/ − ) charge ratio, 
PEI/pDNA ratio, associated transferrin amount, and the magnetic fi eld strength. 
An optimum transfection for the PEI - transferrin - MNPs was obtained at a DDAB/
pDNA (+/ − ) charge ratio of 4 and a PEI nitrogen to pDNA phosphate (N/P) ratio 
of 1. The cytotoxicity assay of the optimized MNPs showed a KB cell viability of 
approximately 92%. PEI acts both as a pDNA condensation agent and a proton 
sponge in order to facilitate endosomal lysis. The incorporation of transferrin was 
shown to further enhance gene delivery, most likely due to a transferrin receptor -
 mediated cellular uptake of the vectors. In the absence of a magnetic fi eld, the 
transfection effi ciency was drastically reduced. Hence, the magnetic fi eld was 
deemed to facilitate particle sedimentation onto the cell surface, while nonspecifi c 
electrostatic or receptor - based mechanisms may be responsible for the cellular 
uptake of magnetic vectors.  

  10.4.3.9   Polyamidoamine ( PAMAM ) Dendrimer - Mediated Gene Delivery 
 As another example, PAMAM dendrimer was grown on the surface of 8   nm MNPs 
and used as a vector for the transfection of  anti - sense  survivin  oligodeoxynucleotide  
( asODN )  [110] . A schematic of the synthesis of PAMAM dendrimer - modifi ed 
MNPs, followed by complexation of the modifi ed MNPs with asODN and the 
internalization process of the thus - formed complex, is presented in Figure  10.10 . 
The dendrimer - modifi ed MNPs formed composites of 20 – 40   nm. The fi fth - 
generation dendrimer - modifi ed MNPs with asODNs showed the highest growth 
inhibition ( ∼ 45%) of cancer cells (MCF - 7, MDA - MB - 435, and HepG2) at a concen-
tration of 10.0[C] (where [C] is equivalent to 0.025   mg   ml  − 1  dendrimer - modifi ed 
MNPs with 2    μ  M  asODN). The asODNs combine with dendrimer - modifi ed MNPs 
via an electrostatic interaction, and the resultant asODN - MNPs have a positive 
charge on their surface which facilitates attachment to the tumor cells; this is fol-
lowed by endocytosis. The asODNs then escape from the composites, enter the 
ribosome, bind the start sites of  survivn  mRNA, block translation of  survivin  mRNA 
into  survivin  protein, eliminate the function of  survivn  protein against apoptosis, 
and induce cell apoptosis. These results show that PAMAM dendrimer - modifi ed 
MNPs may represent a good gene delivery system and have potential applications 
in cancer therapy and molecular imaging diagnosis.      

  10.5 
 Future Perspectives 

 During the past decade, important advances in MNP synthesis and surface modi-
fi cations have been achieved, such that a number of MNP products are now 
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     Figure 10.10     Growth of PAMAM dendrimer 
on the surface of MNPs for nonviral gene 
transfection based on complexation with an 
asODN. Nine steps are shown in the process: 
3 - aminopropyltriethoxysilane (APTS) was 
added to form amine - terminated MNPs 
(G 0  dMNP), excessive methacrylate was 
added to obtain ester - terminated MNPs, 
ethylenediamine was added to form 
amine - terminated G 1.0  dMNP, methacrylate 
and ethylenediamine were added alternately to 
obtain dMNP with generations from 1.0 to 

5.0, complexation between dMNP and 
asODN, adsorption of dMNP – asODN 
complexes onto the cancer cell surfaces, 
dMNP – asODN complexes were endocytosed 
by cancer cells, endosome - containing 
dMNP – asODN complexes were located 
around the nucleus, and dMNP and asODN 
escaped from the endosome into the 
cytoplasm.  Reprinted with permission from 
Ref.  [110] ;  ©  2007, American Association for 
Cancer Research.   
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available on a commercial basis. Nevertheless, a number of challenges remain to 
be addressed before the potential of technologies using MNPs can be fully realized 
for biomedical applications, such as targeted MR imaging, drug/gene delivery, and 
hyperthermia for cancer diagnosis and treatment. The increase in uniformity and 
relaxivity of MNPs will improve MRI sensitivity, and MnFe 2 O 4  nanoparticles with 
 r  2  relaxivities signifi cantly higher than those of conventional crosslinked iron oxide 
MR contrast agents have been reported  [111] . Improvements in contrast agents 
can be expected to lead to signifi cant enhancements in MRI due to the lower 
inherent sensitivity of the technique as compared to optical imaging and positron 
emission tomography  [112] . As newer types of MNP with more favorable physico -
 chemical properties continue to be developed, their nonspecifi c toxicological 
aspects must also be minimized. The toxicity of nanoparticles may be the result 
of many factors, including their size, chemical composition, biodegradability and 
surface chemistry; indeed, the surface modifi cations of nanoparticles may play a 
clear role in minimizing their toxicological effects  [41] . 

 The active targeting of MNPs against specifi c biomolecules on tumors will result 
in a higher accumulation of MNPs at the disease sites, and thus allow an enhanced 
detection contrast and sensitivity. The ability to target small and early - stage tumors 
will be highly advantageous, as an early and accurate diagnosis can greatly increase 
the probability of successful treatment. Furthermore, those MNPs accumulated in 
tumor cells may also serve as a heating agent in magnetic fl uid hyperthermia to 
allow the localized treatment of tumors. Consequently, the development of target 
recognition moieties and strategies to couple these moieties to the MNPs, without 
degrading their functions, represent critical factors for achieving these desired 
treatment strategies. The functionalized MNPs must also meet further require-
ments, in that they are not taken up to any signifi cant degree by normal tissue 
cells and macrophages. Multimodality treatments which combine targeted chemo-
therapy and magnetically mediated hyperthermia may also bring about synergistic 
effects; for example, when MNPs are positioned in or close to cancer cells, they 
may act both as a chemotherapeutic drug carrier and as a heating agent in the 
presence of a magnetic fi eld. Any drug transported by the MNPs to the cancer cell 
must retain its biological activity and be released at the target site. For this, the 
use of heat - labile linkers to conjugate the drug to the MNP will offer another 
degree of control for the release of drugs through heating of the MNPs using 
external magnetic fi elds. 

 The large volume of research on MNPs which has been carried out during the 
past few years has produced many encouraging results relating to the application 
of MNPs as a targeting, imaging, and heating agents in the treatment of cancer. 
However, it is important also to realize the limitations of these investigations, and 
in particular the problems associated with scaling up from  in vitro  studies, via 
animal models, to human applications. There is, nonetheless, a strong impetus 
for interdisciplinary research into MNPs which will surely bring about improve-
ments in both experimental and materials design in order to meet these chal-
lenges. Clearly, new opportunities for the use of these nanoparticles for biomedical 
applications are to be expected in the near future.  
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Abstract

Keywords

 Magnetic core – polymer shell nanoparticles, with the core mainly in the form of 
magnetite (Fe 3 O 4 ) or maghemite ( γ  - Fe 2 O 3 ), offer great opportunities for applica-
tions in biomedicine. Such a confi guration provides a synergistic combination of 
the intrinsic properties of the magnetic core with special biochemical functions, 
achieved through proper tailoring of the polymer shell. Active research and devel-
opment efforts on the applications of such nanoparticles are ongoing in biomedi-
cal areas, such as contrast agents for magnetic resonance imaging to achieve 
increasingly high spatial resolution, down to the cellular and even molecular level; 
delivery vehicles of drugs to targeted organs or tumors; and as a heating mediator 
for cancer thermotherapy (hyperthermia). The controllability of these nanoparti-
cles with respect to their physico - chemical properties, biodistribution and site 
specifi city within the physiological environment, are major challenges which need 
to be addressed. In this chapter we review the synthetic routes of magnetic core –
 polymer shell nanoparticles, with emphasis on the tailoring of the polymer shell 
to confer the nanoparticles with desired properties for biomedical applications. 

 magnetic nanoparticles ;   MRI  contrast agent ;  cancer targeting ;  drug delivery ; 
 polymer coating ;  surface functionalization ;  encapsulation 
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 Magnetosomes: Bacterial Biosynthesis of Magnetic 
Nanoparticles and Potential Biomedical Applications  
  Sarah S.   Staniland         

11

  11.1 
 Introduction 

 Magnetosomes are magnetic nanocrystals of magnetite within a lipid coating that 
are produced biologically (biomineralization) within magnetic bacteria. Such bac-
teria biomineralize magnetosomes in a chain motif of 20 – 30 units, with the mag-
netic particles produced being responsible for the bacteria aligning and swimming 
along magnetic fi eld lines. The biomineralization of these magnetite nanoparticles 
is strictly regulated and controlled by the organism, and this results in highly 
crystalline, single - domain particles of a highly defi ned shape and size. The mate-
rial, shape, and size of magnetosomes vary for different magnetic bacteria, but are 
strictly adhered to within each strain. The magnetite is deposited within a lipid 
vesicle that forms the reaction vessel for the biomineralization to occur. This lipid 
bilayer then provides a biological, fatty - acid and protein coating for the magnetic 
particles. Magnetic bacteria and magnetosomes have been the subject of intensive 
research among a range of scientifi c disciplines, from microbiology to paleomag-
netism, and some excellent reviews have been produced  [1 – 3] , with more specifi c 
literature detailing aspects such as biomolecular magnetosome formation process 
 [2 – 7] , bacterial phylogeny  [8] , magnetosome characterization  [9] , crystal habits  [10, 
11] , magnetism  [12] , paleomagnetism  [13] , and geological and environmental sig-
nifi cance  [14] . 

 Interestingly, magnetosomes have been considered for applications in nano-
technology    –    and particularly for biomedical applications    –    only relatively recently. 
In fact, this area of research is very much in its infancy; to date the only develop-
ment of magnetosomes for biomedical applications has been exclusively for  in 
vitro  systems developed at the laboratory of Matsunaga  [3, 15] . Research in the fi eld 
of biomedical nanotechnology has, however, accelerated rapidly over the past few 
years such that today, nanomagnetic particles serve as important biomedical mate-
rials in the development of magnetically targeted therapies. Such therapies utilize 
the particles ’  magnetic properties to guide treatment to a specifi c area, which 
means not only lower doses but also fewer adverse side effects. Again, a number 
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of high - quality reviews have been produced on the development of magnetic 
nanoparticles for targeted drug and gene delivery  [16 – 18]  and on the physical 
principles of magnetic nanoparticles for biomedical applications  [19] . However, 
this chapter is the fi rst to consider the wider potential of magnetosomes in bio-
medical applications, and the future developments which will place them at the 
center of advanced healthcare solutions. In the chapter, we will discuss the bio-
medical applications of magnetic nanoparticles and their required specifi cations. 
Magnetosomes represent an ideal material to be modifi ed for magnetically tar-
geted therapies, as they are high - quality in nature, morphologically uniform, and 
have an inherent lipid coating that increases their dispersion in solution and pro-
vides a biocompatible shell that can easily be adapted to several applications. The 
chapter will contextualize magnetic bacteria, magnetosomes and how they are 
formed, and also discuss their unique properties and how these properties can be 
utilized in magnetic biomedical nanotechnology. A review will be provided of the 
latest developments in these fi elds    –    how such developments will affect the bio-
medical application of magnetosomes, and how we can build on current research 
strategies in order to exploit magnetosomes for applications such as targeted drug 
delivery and hyperthermic treatments.  

  11.2 
 Magnetic Nanoparticles for Medical Applications 

  11.2.1 
 Introduction 

 The concept of using magnetic nanoparticles for biomedical applications is a 
simple one: the small size of nanoparticles allows them to travel unhindered 
throughout the body, where their magnetic properties can then be exploited for a 
range of biomedical purposes. This includes using the particles to: (i) guide any 
drugs that are tethered to the particle to a target site by using a magnetic fi eld; (ii) 
to activate a drug or heat a site by using an alternating magnetic fi eld; (iii) to reduce 
magnetic relaxation times so as to enhance contrast for  magnetic resonance 
imaging  ( MRI ) scanning; or (iv) simply to separate    –    magnetically    –    biomolecules 
from a biological matrix or solution. Although the idea of using magnetic nanopar-
ticles for biomedical applications, such as targeted drug delivery, was fi rst pro-
posed during the late 1970s  [2] , its realization has been slow to materialize, with 
the fi rst demonstration of magnetically targeted transfection recorded only in 2000 
 [20] . A major problem in the development of this technology has been the chal-
lenges of designing and fabricating nanoscale, uniform, functionalized particles, 
that would produce a consistent and predictable response, but with limited 
toxicity. 

 In recent years, however, nanoscience research has expanded rapidly, and this 
has led to the provision of many more tools and methods for the creation of high -
 quality nanomaterials for medical purposes. Furthermore, the increased interest 
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and research into nanoscale medicine has led to new innovations which have 
themselves expanded the range of possible applications for nanomaterials. For 
example, nanomagnetic cell actuation has been developed; this is a method which 
allows cell function/stress to be controlled remotely by a magnetic fi eld, and can 
be utilized for conditioning cells for regenerative medicine  [21] . The realization 
of these medical applications is crucially dependent on the synthetic quality of 
the nanomaterials, however. In this chapter, we will explore some novel  biological  
routes for the production of superior nanoparticles, specifi cally the bacterial 
biomineralization of nanomagnets for new medical applications.  

  11.2.2 
 Requirements and Specifi cations for Biomedical Applications 

 Before discussing the biological synthesis of medical nanomagnets, it is fi rst nec-
essary to outline the properties and specifi cations which defi ne and shape their 
usefulness. For this, we will consider a generic magnetic biomedical nanoparticle 
(Figure  11.1 ) and briefl y discuss the specifi cations of size, shape, consistency, 
magnetic character, toxicity, coating, and bioactivity.   

  11.2.2.1   Safety Aspects 
 If a particle is being designed to interact with the body, the primary consideration 
is  safety . This means that the choice of magnetic material is limited to nontoxic 
compounds, such as inert and/or materials that are already present in the body; 
examples include silicates and iron compounds. Toxicity can be seen as a very 
delicate balance between curing a disease but not killing the patient, and conse-
quently biomedical particles must have highly consistent properties to ensure that 
the correct, nontoxic specifi cations are always adhered to. In order to achieve these 
specifi c properties accurately, the particles must be uniform in all respects of their 

Magnetic core

•Magnetic properties

•Size

•Shape

•Toxicity

•Stability

Protective coating

•Biocompatible

•Ability to attach active
biomolecules

Active biomolecules

•Proteins

•DNA

•Drugs

Functionality, Easy synthesis, Low cost

     Figure 11.1     Generic design and considerations of a biomedical magnetic nanoparticle.  
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size, magnetic and coating characteristics. It is therefore crucial that the synthetic 
method chosen can achieve a uniform formation of the required particles, hope-
fully at low cost.  

  11.2.2.2   Magnetic Properties 
 The required magnetic properties of particles depend on the intended application. 
Some applications require a weak magnetic moment, whereas others need an 
increased magnetic moment. Many applications will require a material that is 
magnetically  “ soft ”  (i.e., the magnetization is easily reversed, and lost when a fi eld 
is reversed or removed), while some applications require a hard magnet (i.e., the 
magnetization is retained when the fi eld is reversed or removed). For example, 
MRI enhancers typically need to be soft magnets, whereas potential hysteric hyper-
thermic cancer treatments require hard magnetic properties, and magnetic - fl uid 
hyperthermic treatments utilize smaller super - paramagnetic particles. The mag-
netic properties are defi ned by the composition and type of material used. All 
magnetic materials are super - paramagnetic below a certain size (i.e., depending 
on the material and shape, typically between 5 and 40   nm), and above this size will 
obtain a bulk magnetism, becoming either ferro/ferri or antiferromagnetic. Above 
a critical size, the magnetism of the material will compartmentalize into  “ multiple 
domains ”  in order to stabilize the material. This is again dependent on the mate-
rial and its shape: elongated, needle - shaped particles will remain single domain 
over much larger sizes and have a much larger magnetic anisotropy associated 
with them than will more spherical particles. Typically, the multiple domain transi-
tion is approximately 100   nm, and so  “ single - domain ”  magnets can usually be 
found with sizes in range of tens of nanometers.  

  11.2.2.3   Particle Size and Shape 
 The size and shape of the particles must also be considered; both factors will 
infl uence a particle ’ s magnetic characteristics, such as whether they are super -
 paramagnetic or single domain. But size and shape are signifi cant for their other 
effects also. For example, micrometer - sized particles are limited to traveling in the 
blood vessels, while nanosized particles can penetrate the tissues and cells. Particle 
shape must also be considered, as different - shaped particles interact differently 
with the various biological components. For example, needle - shaped particles 
may often be toxic, although a  “ spearing ”  effect can occasionally have a positive 
functionality.  

  11.2.2.4   Particle Coatings 
 One of the most important design features of magnetic nanoparticles for biomedi-
cal applications is the nanomagnet ’ s coating and medical functionalization. This 
not only provides the active medicine, such as the drug, protein, selection site or 
genetic material, but can also act as a barrier between the magnet and the body, 
helping to preventing degradation of the particle and the possible leaching out of 
any toxic particle components. Essentially, the coating must be nontoxic and bio-
compatible, as well as having the synthetic means to attach any functional biomol-
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ecules such as proteins or drugs to suit the application. When considering these 
factors, coatings are almost exclusively organic/biological materials; consequently, 
the synthesis of such  “ inorganic - nanocrystal within a bio - shell ”  - type particles can 
present a variety of challenges.   

  11.2.3 
 General Synthetic Methods 

 The huge number of different magnetic materials available, and the vast array of 
associated synthetic routes, prevent a full description of the subject at this point, 
for reasons of limited space. Rather, in this section we will focus on the synthesis 
of magnetite nanoparticles, mainly because iron oxide nanoparticles are the most 
common material of choice for many applications. They are also relatively safe 
when compared to other magnetic materials, such as mixed - metal oxides, which 
contain large amounts of toxic Ni, Ba, Mn, or Co that may leach out to poison the 
body. (Although iron oxide is inertly present in the body, excessive amounts have 
been linked with certain degenerative diseases.) Iron oxides are robust and much 
more stable to oxidation than other materials, including pure iron, which will 
corrode and oxidize in water. Iron oxides also have cheap synthetic precursors, 
while oxides such as maghemite ( γ  - Fe 2 O 3 ) and magnetite (Fe 3 O 4 ) are strongly fer-
rimagnetic. These materials are single domain above approximately 10 and 30   nm, 
respectively, and both can be synthesized in a range of particle sizes and shapes, 
thus offering different magnetic characteristics. Some of the advantages and dis-
advantages of the different wet chemical synthetic methods used to produce func-
tionally coated magnetite nanoparticles will be compared in the following section 
(see Table  11.1 ).   

  11.2.3.1   Precipitation 
 The fi rst    –    and most simple    –    method of producing nanoparticulate magnetite is its 
precipitation from a solution of iron ions by increasing the pH. Although this 
method is quick, cheap, and produces large yields, a very precise control is required 
over all of the conditions employed. For example, varying the type and method of 
base addition, the speciation of the iron ions (ferric/ferrous), the ratio of the ions, 
the iron salt ’ s anions, the available oxygen in the atmosphere, and the temperature 
can each result in different sized and shaped particles, as well as iron oxides of 
varying crystallinity. For example, a coprecipitation of ferric and ferrous ions at 
room temperature under N 2 , with KOH added to raise the pH to 5.4 (at which 
point magnetite precipitation will occur), will result in tiny nanoparticles with a 
huge range of shapes and sizes, and poor crystallinity (from  < 5   nm to micrometer 
size). In contrast, the partial oxidation of ferrous hydroxide using NaOH under N 2  
at 90    ° C will cause the precipitation of octahedral magnetite particles which are 
approximately 20 – 80   nm in size. Interestingly, changing the base used can result 
in needle - shaped FeOOH byproducts  [22] . Although this method does allow a 
degree of scope to synthesize a range of materials of various sizes, the overwhelm-
ing drawback is that it is almost impossible to synthesize a monodispersed and 
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 Table 11.1     Comparison of different wet synthetic techniques 
with respect to favorable qualities for biomedical functional 
magnetic nanoparticles. 

        Precipitation     Precipitation   +   micelles     Improved thermal 
decomposition  

   Bacterial 
biomineralization  

  Reproducibility    Low. Very diffi cult to 
control all parameters  

  High    High    High  

  Monodispersed 
(size and shape)  

  Low. Various products 
at low temperatures. 
Defi ned shape at high 
temperatures, various 
sizes  

  High. Micelles 
restricted to a defi ned 
size  

  High    High. Genetic 
control gives 
highly defi ned 
sizes and shapes  

  Range of particle 
variety  

  Many different 
particle morphologies. 
Can be diffi cult to 
specify  

  2 – 500   nm - diameter 
spherical particles can 
be formed using 
various surfactants  

  Low. Method can 
only produce small 
particles  < 20   nm  

  Many different 
shapes and sizes 
of 
magnetosomes 
known, but very 
few able to be 
utilized at 
present  

  Organic/
biological coating  

  Multiple steps needed    Diffi cult. Inorganic 
coating only, unless 
use multiple steps  

  Multiple steps 
needed  

  Integral lipid 
coating already 
present  

  Ambient 
conditions 
(biomolecule 
friendly)  

  Can be compatible    Can be compatible    Multiple steps 
needed due to 
harsh synthetic 
conditions  

  Very compatible 
with lipids and 
proteins present  

  Cost    Lowest cost    Quite low cost 
(demands specialist 
surfactants)  

  Higher cost. High 
temperature, costly 
starting materials  

  Higher cost. 
Fermenter 
running and 
media costs  

   Yield     High     High     High     Low  

reproducible product with regards to size and shape distribution. Furthermore, 
the presence of ferric oxide impurities is commonplace. 

 The precipitation method can be refi ned with a greater degree of control over 
particle size by the addition of a surfactant to the reaction, so as to form micelles. 
In this improved synthesis, the reaction is carried out in an organic solvent so that 
the surfactant forms reverse micelles with a central core of a well - defi ned volume 
of inorganic reaction solution. The particles are then synthesized and controlled 
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within these restricted dimensions. The resultant particles are uniform in size, 
and can be produced in sizes ranging from 2 to 500   nm by varying the surfactant 
and the conditions  [23] . An inorganic coating can also be subsequently added. 
Unfortunately, an organic coating cannot be added using this method as it will 
remain in the organic solvent.  

  11.2.3.2   Thermal Decomposition 
 Thermal decomposition represents another synthetic route for magnetic nano-
particles. Although, historically, this method has struggled to produce uniform 
particles with regards to size and shape, recently improved decomposition 
methods have yielded nanoparticles of  γ  - Fe 2 O 3  from an iron Cupferron precursor 
with a narrow size distribution  [24] . This method has been further improved by 
addition of the surfactant oleic acid to form an iron - oleide precursor that then 
oxidizes to ferrite nanoparticles of 13   nm, with good monodispersity  [25] . Particles 
produced in this way are confi ned to being very small, however; moreover, the 
method demands high temperatures as well as more expensive (and sometimes 
toxic) starting materials. The synthesis must also be a multistep process, as the 
coating/addition of functional medical compounds must be carried out separately 
because the high temperatures and organic solvents may damage any bioactive 
molecules. 

 To summarize, it is clear that the control of particle size and shape can be 
costly since, even when monodispersity has been achieved, the coating of 
such particles with organic outer layers and bioactive compounds is not straight-
forward. However, many of these problems could be resolved by using biological 
synthesis, as biomineralization offers a strict control over particle size and 
shape, combined with an inherent lipid coating. Hence, the biomineralization of 
magnetite nanoparticles in magnetic bacteria will now be considered, together 
with some suggestions as to how the process might be exploited for biomedical 
applications.    

  11.3 
 What Is Biomineralization? Biogenic Inorganic Materials 

 Biomineralization is the controlled formation of solid inorganic compounds by 
biological systems. This involves the uptake of specifi c elements from the environ-
ment by the organism, and their deliberate incorporation into a solid mineral 
structure under precise biological control. Usually, these inorganic biomaterials 
also contain biological molecules and are not chemically stoichiometric, but rather 
are formed with such precise control and composition that they will have specifi c 
and often remarkable properties, such as regeneration, mechanical strength, and 
fl exibility. The biomaterials will also perform key structural, mechanical and/or 
even sensing functions within the organisms. The precision of the materials is 
also observed in their intricate, exact, and often beautifully ornate structures 
(Figure  11.2 ).   
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 The process of biomineralization occurs in a variety of organisms, ranging from 
bacteria to humans. Some such materials are very well known; for example, many 
calcium - based skeletal – structural biominerals exist where calcium is deposited as 
a calcium phosphate compound known as  hydroxyapatite  (or carbonated apatite) 
in bones and teeth, and as calcium carbonate (mostly calcite and/or aragonite) in 
many different types of shell (Figure  11.2 ). Other examples of calcium biominerals 
include eye lenses (in triobites), defensive weapons (claws for many mammals and 
birds), and  “ love darts ”  (used in the reproduction of gastropods). Another major 
family of biominerals is that of  amorphous silicates  which, again, have a mainly 
structural role. The amorphous nature of these materials may be advantageous 
since, with no set pattern or planes of crystallization, they can be molded and 
worked into a range of fl uid architectural shapes, without any loss in mechanical 
strength. Typically intricate lace - like structures are formed by  radiolarians  and 
 diatoms  (Figure  11.2 ), while algae biomineralize a protective shell from silicate. 
Silicates are also widely used in plants to form spines and cell walls. 

 Another major mineral category found in biology is iron oxides. These are gener-
ally strong and dense, and may also be magnetic; consequently, they are rarely 
deposited in organisms for structural purposes, but more often as teeth and mag-
netic sensors. Iron oxides can also be deposited primarily for the sequestering and 
storing of large quantities of essential iron, as ferrihydrite. This process is carried 
out by a protein,  ferritin , which assembles into a large hollow, spherical, cage - like 
protein aggregate with the ferrihydrite accumulated in the center. This is a very 
common strategy and occurs in a wide range of organisms. 

 Iron oxide is also biomineralized indirectly (albeit with less control) in another 
process known as  biologically induced mineralization . Several types of bacteria 
can produce magnetite extracellularly, this being initiated by redox processes on 
the cell surface that lead to the precipitation of magnetite particles into the envi-
ronment. Here, the mineralization is a byproduct of respiration processes, and the 
materials produced serve little function to the cells and so are not precisely defi ned, 

(a) (b)

30 µm

     Figure 11.2     Examples of biomineralization. (a) Shells made 
from calcium carbonates; (b) Silicates in a diatom.  (Image 
reproduced with kind permission from Eric Condliffe, 
Earth Science, Leeds.)   
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although single - domain particles may be formed under certain conditions  [26] . 
The  in vitro  formation of magnetite may also be catalyzed by bacteria or fungi  [27] . 
Equally, magnetite nanoparticles can be biomineralized intracellularly, and these 
particles are present in many higher organisms including honeybees, pigeons, 
pelagic fi sh, bats, rodents, and humans  [28] ; typically, the human brain contains 
approximately 5    ×    10 6  crystals per gram of tissue. Although the purpose of these 
particles has not yet been assigned in all cases, the majority are proposed to have 
sensing/navigational roles. They have also been considered to have a destructive 
role when present in excess, with recent studies having been conducted to inves-
tigate possible associations between increased magnetite levels in the human brain 
and neurodegenerative conditions such as Alzheimer ’ s and Parkinson ’ s diseases 
 [29] . 

 Finally, the occurrence of intracellular magnetite in prokaryotes is limited to few 
bacteria, all of which are magnetic. These bacteria deliberately biomineralize 
highly morphologically defi ned single - domain crystals of magnetite within their 
cells; it is this nanomaterial that will be considered for nanomagnetic medical 
applications.  

  11.4 
 Magnetosomes: Biomineralization in Magnetic Bacteria 

 Although magnetotactic bacteria were fi rst observed by Bellini in 1963  [30] , they 
were not widely reported until 1975, following their (independent) rediscovery by 
Blakemore  [31] . Both Bellini and Blakemore observed that some bacteria in envi-
ronmental samples consistently moved north, and would respond to the move-
ment of a magnet. Magnetic bacteria are ubiquitous and are found in a wide variety 
of shapes, sizes, and environments; what unites them is their  magnetotaxis     –    the 
ability to recognize and align with a magnetic fi eld. This property is due to the 
presence of single - domain, magnetic iron mineral nanoparticles (magnetite, but 
occasionally greigite, Fe 3 S 4 ) within the bacterial cell. These nanomagnets, which 
are biomineralized within lipid vesicles, are known as  magnetosomes , and are 
usually arranged in chains of 20 – 30 magnetosomes in length, lying approximately 
parallel to the principal axis of the cell (Figure  11.3 ). The motifs, chain arrange-
ments and number of chains may vary from strain to strain, however.   

 Magnetic bacteria and magnetosomes have attracted a huge amount of research 
interest since the late 1970s. While the initial research investigations concentrated 
on the analysis of the magnetite mineral, most of the subsequent studies focused 
on the biomineralization processes from a biological perspective. 

 Magnetic bacteria are the smallest and simplest organisms capable of perform-
ing biologically controlled mineralization within their cells and, as such, provide 
an ideal model to study and help understand the biomineralization process. This 
is of inherent importance for both practical and academic reasons. In practical 
terms, a better understanding of biomineralization will help to further medicine 
and improve biomaterials such as artifi cial bones, as well as open new possibilities 
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for creating hybrid artifi cial biominerals. From an academic perspective, under-
standing biomineralization at the simplest level has evolutionary signifi cance, as 
it was the rapid increase in biomineralization and skeletal organisms that was 
thought to be responsible for the  “ Cambrian explosion ”   [32] . Consequently, over 
the past 35 years, a wide range of prolifi c and detailed environmental, geobiologi-
cal, physiological, ecological, cell biological, genetic, proteomic and biotechnologi-
cal research investigations have been undertaken. (Additional, in - depth knowledge 
of the subject is available in the many reviews and articles recommended in 
Section  11.1   .) 

 At this point, we will explore and characterize magnetic bacteria and magneto-
somes, and attempt to explain the biological process and formation mechanism 
as presently understood. First, the ideal role of magnetosomes in biomedical 
applications and the role of such applications in biomedical science are considered. 
We will then outline    –    and suggest solutions for    –    the problems associated with the 

     Figure 11.3     Image of  Magnetospirillum magnetotacticum  MS - 1. Scale bar   =   1    μ m.  
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production of functional magnetosome nanomaterials. The future roles of mag-
netosomes and the biomimetic synthetic routes to biomedical materials will also 
be discussed. 

  11.4.1 
 Bacteria Characterization 

 All of the magnetic bacteria identifi ed to date are Gram - negative, highly motile, 
and are located in specifi c regions of chemically stratifi ed aquatic environments, 
ranging from marine to fresh - water ponds. Magnetic bacteria are microaerophiles 
and are located and isolated from the microaerobic and anoxic region of the  oxic –
 anoxic transition zone  ( OATZ ) of these environments. These bacteria all have 
 fl agella  (long, rotating fi laments for propulsion) that they use to travel around 
these highly chemically defi ned regions. 

 The fi rst isolated and cultured magnetic bacterium,  Magnetospirillum magneto-
tacticum  MS - 1 (Figure  11.3 ; originally known as  Aquaspirillum magnetotacticum ), 
was fi rst isolated from a freshwater pond in Massachusetts. The organism was 
found to produce magnetite and to belong to the  α  - Proteobacteria group. This 
bacterium is respiratory, utilizes oxygen and nitrates, and grows chemo - organo-
heterotrophically, using organic acids as carbon and electron sources. Many sub-
sequent magnetic bacteria that have been isolated have shown a large diversity of 
morphotypes (Table  11.2 ); examples include spirillia (helical), bacillus (rod - like), 
vibro (curved rod), and cocci (round), though all were of a similar size (1    ×    1 – 6    μ m). 
The fact that these  α  - Proteobacteria produced magnetite in a chain motif led to 
the assumption of a common evolutionary lineage of the magnetotaxis trait. Mag-
netic bacteria have proved to be notoriously diffi cult to cultivate, most likely 
because of their highly defi ned complex and various chemical environments. To 
date, although cocci seem to be dominant in environmental samples, the majority 
of the cultured strains belong to the  Magnetospirillum  subfamily. Most magnetic 
bacteria which have been isolated belong to the  α  - Proteobacteria group, although 
several magnetic bacteria have now been identifi ed as deriving from phylogeneti-
cally diverse groups, some of which biomineralize greigite (Fe 3 S 4 )  [33 – 35]  as 
opposed to magnetite; these include  multicellular magnetic prokaryote s ( MMP s) 
 [35 – 37] . Neither greigite - producing bacteria nor MMPs have yet been cultivated, 
and consequently few ecological or genetic data are available to describe them. 
However, it has been noted that they are located in sulfi de - rich anaerobic salt - water 
environments, and partial DNA sequencing has suggested that one bacterium 
belonged to the  γ  - Proteobacteria group, whereas MMPs are  δ  - Proteobacteria 
related to sulfate - reducing bacteria. Originally, it was thought that the composition 
of the magnetosomes (greigite or magnetite) was determined by their phylogenetic 
group ( α  as opposed to  γ  or  δ  - Proteobacteria), and this led to a proposed theory of 
dual evolutionary origins  [38] . However, another magnetic sulfate - reducing  δ  -
 proteobacterium has recently been isolated, cultivated and characterized    –    the 
freshwater  Desulfovibrio magneticus  RS - 1    –    which, interestingly, biomineralizes 
magnetite, in contrast to the other  δ  - Proteobacteria greigite - producers, thus 
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dispelling the proposed dual evolution.  D. magneticus  respires on sulfates and 
thiosulfates, is strictly anaerobic, but is also chemo - organoheterotrophic and uti-
lizes organic acids as carbon and electron sources. In order to further dispel any 
discrete relationship between mineral and phylogenetics, an uncharacterized mag-
netic bacterium has been observed to contain both magnetite and greigite particles 
within the same cell (and even the same chain), with the ratio of magnetite to 
greigite depending on the available oxygen and sulfi de in the environment  [39, 40] . 

 The diversity of magnetic bacteria was further illustrated by the discovery of an 
exotic strain from the  Nitrospira phylum  prokaryotic group.    Magnetobacterium bava-
ricum  is a very large magnetic bacterium that has a number of chains of several 
hundred tooth - shaped magnetite magnetosomes  [40] . The recent sampling of hot 
springs and saline lakes has revealed yet more diversity, with magnetic bacteria 
being observed in extreme environments, and the suggested tentative discovery of 
magnetotactic archaea  [42] . Thus, as more magnetic bacteria are discovered and 
isolated from more diverse environments, it can be seen that magnetotaxis does 
not have a simple evolutionary lineage. Rather, with its very wide phylogenetic 
distribution, magnetotaxis is most likely the result of horizontal gene transfer, or 
might even be an ancient underlying trait. The details of some of these different 
bacteria are listed in Table  11.2 . 

 In recent years there has been much debate over the purpose of magnetosomes 
and magnetotaxis. It appears that magnetotaxis is a deliberate trait  [1] , as the 
magnetism of the magnetosomes is optimized by the single - domain crystals in 
the chain formation providing the maximum magnetic moment. Initially, mag-
netotaxis was thought to have a simple navigational role, since swimming towards 
the pole takes the bacteria down the inclination angle of the Earth ’ s magnetic fi eld 
towards their preferred environment  [43] . It was also noted that magnetic bacteria 
found in the Northern Hemisphere were exclusively north - seeking  [31] , and  vice -
 versa  for the Southern Hemisphere  [44] . Unfortunately, however, this theory has 
several fl aws: fi rst, many magnetic bacteria orientate axially, swimming in either 
direction along the fi eld line; and second, magnetic bacteria show an aerotaxial 
dominance, leading to a modifi ed magneto - aerotaxis model. Here, it is suggested 
that aerotaxis is aided by magnetic navigation, although in practical terms this is 
not the case. While magnetic bacteria orientate at the correct oxygen tension faster 
in a magnetic fi eld than do their nonmagnetic counterparts  [45] , this difference is 
not very signifi cant and is negligible under the Earth ’ s magnetic fi eld. Indeed, it 
appears that this navigational role of the magnetosomes is advantageous, but not 
benefi cial enough to warrant the cells ’  large biological investment into magneto-
some synthesis; this suggests that navigation has an advantageous and coinciden-
tal secondary role. The third    –    and most important    –    fl aw is seen when it is 
considered that magnetosome synthesis does not occur under aerobic conditions 
( > 2% oxygen)  [46] . The question then is that, if the purpose of magnetosomes is 
to navigate to microaerobic environments, why are they absent when they are 
needed the most? This again suggests navigation as a secondary feature, and 
therefore the primary question of why magnetosomes are synthesized remains 
unclear. It has been proposed that magnetosomes might have a detoxifying 
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catalytic role, replacing catalase in the processing of hydrogen peroxide  [47] . 
However, the fact that biomineralization is induced at low oxygen tensions (a 
respiratory feature) seems to suggest that magnetosomes and/or magnetosome 
synthesis have a role in respiration/energy conservation; moreover, there is evi-
dence for iron - dependence  [48]  and redox cycling  [48, 49] , and the formation of 
magnetite is energetically favorable. This, coupled with the presence of many 
hemerythrins (which are indicative of complex microaerobic/anaerobic pathways), 
shows that the present understanding of the respiration of these microbes is far 
from complete. Indeed, there is no simple answer to this question, as it seems 
that biomineralization is intrinsically linked to environmental and respiratory 
considerations for which it is diffi cult to distinguish between what is cause, what 
is effect, and what is coincidence.  

  11.4.2 
 Magnetosome Characterization 

 When magnetic bacteria produce magnetosomes, the key differences between 
these biologically synthesized magnetic nanomaterials and other nanomagnets are 
the magnetosome ’ s inherent regularity and lipid bilayer coating, both of which 
confer advantages for biomedical applications. Specifi cally, the regularity provides 
consistency and predictable properties, while the coating reduces aggregation and/
or increases dispersion, and provides the particles with increased biocompatibility. 
In addition, the coating can be easily modifi ed by the addition of biomolecules 
such as drugs and antibodies. 

 The nature of the magnetic mineral within the magnetosome was fi rst identifi ed 
as magnetite using M ö ssbauer spectroscopy  [50] . Interestingly, the spectrum of 
this biogenic magnetite deviated slightly from that of pure stoichiometric magne-
tite, which indicated that the biogenic magnetite contained either a small percent-
age of vacancies in the octahedral sublattice, or a different iron oxide phase (such 
as  γ  - Fe 2 O 3 ), or both  [50] . These results have been confi rmed by subsequent analy-
ses, with M ö ssbauer spectral analyses indicating the presence of a small amount 
of another iron oxide phase  [51] . Additional magnetic  [52]  and  X - ray magnetic 
circular dichroism  ( XMCD ) studies  [53]  confi rmed that the magnetosome magne-
tite was of a slightly reduced form when compared to stoichiometric magnetite. 
The magnetic properties of magnetosomes are quite distinct, with a lower and 
sharp Verwey transition ( T  v ) of  ∼ 100   K (Figure  11.4 a) (as opposed to 120   K), as well 
as a distinct demagnetization of isothermal remanent magnetization and  δ  FC / δ  ZFC  
 >  2 for intact chains of magnetosomes  [12, 54, 55]  ( δ  is a measure of the amount 
of remanence lost by warming through the Verwey transition; FC and ZFC denote 
fi eld - cooled and zero - fi eld - cooled conditions, respectively). These unique magnetic 
characteristics seem to be based on the fact that the particles have a narrow size 
distribution (sharp transition), are small and slightly reduced (lower  T  n ) and show 
a distinctive pattern, with the particles being arranged in a stabilizing chain forma-
tion within the cell. Further evidence for the magnetic stabilizing effect of the 
chain formation can be seen by mapping the magnetic inductance using off - axial 
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electron holography; the result is a series of beautiful images of the magnetic 
nanostructure  [56, 57]  which reveal the particles to be single domain, and also 
show that small particles at the end of the chains, which should be superparamag-
netic, are aligned with the other particles due to this dominant chain interaction 
(Figure  11.4 b). The measurements and calculations show that the chains are 
magnetically saturated and, interestingly, that different chains of magnetosomes 
of different morphologies (i.e., from different strains) have the same magnetic 
moment. It can be seen that the larger, more anisotropic elongated magnetosomes 
of  Magnetospirillum vibros  (MV - 1) are spaced further apart than the smaller, more 
isotropic magnetosomes in MS - 1, with this closer spacing increasing chain inter-
actions to compensate for the larger anisotropy of MV - 1  [56, 57] . Indeed, it should 
be noted that magnetosomes of different morphologies will have different mag-
netic properties, with elongated particles having squarer remanence curves with 
increased coercivity, compared to more isotropic morphologies  [58] .   

 The distribution profi le of magnetosome sizes also differs from that of synthetic 
magnetite nanoparticles. While synthetic particles generally have a larger distribu-
tion, with a bias to smaller particles, magnetosomes have a narrow distribution 
with a bias to the larger particles and a dramatic cut - off at the largest size, showing 
a greater degree of restriction and control over the growth process  [10] . Equally, 
the morphology of magnetosomes is highly defi ned when compared to synthetic 
methods  [10] . Both, size and shape are remarkably highly conserved within 
each magnetic bacterial strain, but may vary from strain to strain (Figure  11.5 ; 
Table  11.2 ). The most readily culturable subfamily,  Magnetospirilla , all produce 
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     Figure 11.4     Magnetic characteristics of magnetosomes. 
(a) Field - cooled and zero fi eld - cooled magnetization versus 
temperature; (b) Off - axial electron holographic transmission 
electron microscopy image of magnetite magnetosomes. 
 (Image reproduced with kind permission from R. 
Dunin - Borkowski.)   
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cubo - octahedral magnetite crystals which are on average 40 – 55   nm in length and 
in single chains (Figure 11.5 a & e). The  Magnetovibrio  strains produce single 
chains of elongated particles of average length 50 – 65   nm (Figure 11.5 f). Similarly, 
 Magnetococcus  sp. have elongated magnetosomes that are hexagonal - prismatic, but 
are larger with an average size of 100   nm; interestingly, these bacteria form two 
chains, one down each side of the cell (Figure 11.5 d). It is also interesting to note 
that this quite different chain motif is present in the  Magnetococcus  subfamily, 
which is phylogenetically quite distant from the other two  α  - Proteobacteria. Even 
more distant is the sulfate - reducing  D. magneticus  RS - 1, which produces irregu-
larly bullet - shaped magnetite magnetosomes of average length 30 – 40   nm, in single 
chains (Figure 11.5 g). Bulk magnetic measurements show these particles to be 
only weakly magnetic because of their small size, placing them just inside the 
superparamagnetic region. Their very low  T  v  (=86   K) suggests there is some degree 
of oxidation, and the particles show no chain interactive cooperation because they 
are spaced too far apart. This means that the cells have little to no real magneto-
taxis, and reinforces the point that the magnetosomes in this cell have a different 
biological purpose  [59] . 

 Many more uncultured magnetic bacteria have revealed an assortment of mag-
netosomes of different morphology, sizes, and motif arrangements. To mention 
a few, the magnetosomes of  Magnetobacterium bavaricum  are large (average 110 –
 150   nm long) and have an irregular, elongated tooth - like shape, with many hun-
dreds of them being bundled together to form a rope - like chain structure of which 
there are several within each cell  [60] . Organisms that produce greigite magneto-
somes seem to exert less control over the magnetosome shape and chain structure 

(e) (f) (g) (h)

(a) (b) (c) (d)

     Figure 11.5     Transmission electron 
microscopy images of different magnetosome 
morphologies. (a – g) Magnetite particles; 
(h) Greigite particles. (a, e) Cubo - octahedral 
magnetosomes: (a) from  M. gryphiswaldense  
MSR - 1; (e) from  M. magnetotacticum  MS - 1; 
(b) Bullet - shaped magnetosomes; 
(c) Tooth - shaped magnetosomes; 

(d, f) Elongated magnetosomes from (d)  M. 
coccus  MC - 1 and (f)  M. vibros  MV - 1; 
(g, h) Irregular bullet - shaped magnetosomes 
from (g)  D. magneticus  RS - 1 and 
(h) uncharacterized greigite - producing 
bacterium. Scale bars   =   100   nm.  Some images 
reproduced with kind permission from 
D. Schuler and T. Matsunaga .  
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than do magnetite - producing cells. Interestingly, greigite magnetosomes in MMPs 
have several morphologies within the same organism, including bullet - shaped, 
cubic, and smaller more irregular particles  [1] . Other uncultured greigite - produc-
ing bacteria have irregular elongated magnetosomes of approximately 60   nm 
length, often in more disordered double chains (Figure 11.5 h). Greigite - producing 
cells analyzed using off - axial electron holography were seen to contain magneto-
somes that were elongated along the [111] axis but were irregular with respect to 
crystallographic orientation, morphology, and chain organization; the result of this 
was many magnetosomes which had a much reduced magnetic moment  [61] .   

 The application of magnetosomes as nanomaterials has been envisaged from a 
technological standpoint only quite recently, and this has occurred almost exclu-
sively in the fi eld of biomedical applications. The reason for this is because mag-
netosomes lend themselves perfectly for use as biomedical nanomagnetic particles, 
in several ways: 

   •      The magnetic particles are obtained directly from the cell with an inherent lipid 
coating, which is ideal if the particle is to be modifi ed with bioactive compounds.  

   •      The strict control that a biological system offers over particle size, shape and 
crystal quality allows the provision of a highly uniform geometric and crystallinity.  

   •      Although the particle size and shape is well conserved within each strain of 
bacteria, a range of magnetosome morphologies and sizes have been observed 
in various bacteria (Figure  11.5 ; Table  11.2 ), with some of these shapes being 
irreproducible synthetically  in vitro .  

   •      Magnetosomes have highly defi ned and distinctive magnetic properties, which 
results in a very attractive range of nanomagnetic materials that may be used for 
biomedical applications.     

  11.4.3 
 Magnetosome Formation 

 The biological machinery and mechanism of biomineralization of magnetite 
within magnetosomes has been the subject of intensive research over the past 20 
years, with the quantity and quality of data obtained increasing dramatically 
recently with the advent of new and improved bioanalytical tools in areas such as 
gene sequencing and bioinformatics. The study and understanding of this process 
has derived from two investigative approaches: (i) proteomics studies, analyzing 
the proteins associated with the magnetosome; and (ii) genomic studies, which 
have been performed in parallel and have concentrated on gene sequence, muta-
genesis and bioinformatic comparative analysis. Both approaches have also been 
complemented by physical analyses such as high - resolution  transmission electron 
microscopy  ( TEM ). Although the biomineralization of magnetite has not been 
completely elucidated, the information obtained via these approaches has provided 
a comprehensive foundation and solid hypothetical models. 
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  11.4.3.1   Proteomics 
 Initially, microbiological investigations began with the analysis of proteins 
expressed on the magnetosome membrane  [68] . This membrane was found to be 
very similar to the cytoplasmic (inner) membrane of the cell, containing many of 
the same proteins, with the addition of some proteins unique to the magnetosome 
membrane  [69, 70] . From these data a model was proposed whereby the magneto-
some membrane was invaginated from the cytoplasmic membrane and unique 
biomineralization proteins were then recruited to the vesicle. Studies using thin -
 section cryo - TEM showed that the magnetosome membrane vesicle did indeed 
originate from the cytoplasmic membrane, and that this occurred before magne-
tite synthesis, revealing empty vesicles prior to formation  [71] . Further imaging 
using electron cryotomography allowed the  three - dimensional  ( 3 - D ) visualization 
of magnetosomes  in vivo , and also showed that the magnetosomes were not in 
fact separate vesicles but remained attached to the cytoplasmic membrane  [72] . 

 Protein analyses of the magnetosome membrane conducted in several cultur-
able strains of  Magnetospirillum  led to the identifi cation of several  magnetosome 
membrane - specifi c  ( Mms ) proteins  [69, 70, 73 – 75] , with functional and compara-
tive analysis showing homology of these proteins in several different magnetic 
bacteria. It is worth noting here that simultaneous investigations on different 
strains in different laboratories have led to complications of nomenclature. While 
the Matsunaga laboratory working on AMB - 1 labelled new proteins MmsX, the 
Sch ü ler laboratory, while working with MSR - 1, labelled the new proteins  magne-
tosome - associated membrane  ( MamX ) proteins. Recently, it has been found that 
many of these differently labelled proteins and genes are in fact identical or 
homologous to each other. 

 Several homologous Mms proteins have been identifi ed  [73]  in different mag-
netic bacteria. For example, Mms24 (MamA in MSR - 1  [76] , Mam22 in MS - 1  [74] ) 
has been identifi ed and found to mediate protein interactions, suggesting a func-
tion of initial magnetosome membrane activation  [71] . However, it should be 
noted that a genetic knockout mutant was still capable of forming a small number 
of magnetosomes, showing Mms24 to be non - essential to the process. Another 
Mms GTPase protein, Mms16, was also identifi ed which, due to its GTPase activ-
ity, has been linked to the magnetosome membrane initial budding  [74] . However, 
it remains unclear as to whether Mms16 is in fact a Mms protein or is a contami-
nant, as the protein was found in a different site to the magnetosome in MSR - 1 
and the MSR - 1 knockout mutant showed no change in magnetosome formation 
 [77] . Four magnetosome - specifi c proteins have also been found in tight association 
with the magnetite mineral; because of their size, these have been named Mms5, 
6, 7, and 13 (Mms5 is similar to MamG and D, Mms7   =   MamD, Mms13   =   MamC 
in MSR - 1). Mms6 has been expressed in  Escherichia coli , was purifi ed, and found 
to control the size (restricted to 20 – 30   nm) and shape (similar to magnetosomes) 
of chemically precipitated magnetite  in vitro , under several different reaction con-
ditions  [78, 79, 80] . Mms6 has a hydrophobic magnetosome membrane - bound 
N - terminal end and a hydrophilic iron - binding - specifi c C - terminal end, describing 
a membrane - anchored iron interacting protein. Interestingly Mms 5, 6, and 7 have 
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a common repetitive  leucine - glycine  ( LG ) residue motif, which is a common 
repetitive sequence for many structural scaffold proteins such as fi broin and 
mollusk shell framework proteins. An analysis of Mms6 indicated that it also 
forms large aggregates, characteristic of such scaffold proteins  [77] , and suggests 
the presence of a structural scaffold function of Mms6 (as well as Mms5 and 7), 
restricting and controlling the size and shape of the magnetite crystal.  

  11.4.3.2   Genetics 
 The genetic analysis of magnetic bacteria was initially based on analyzing non-
magnetic mutants, either spontaneously or by deliberate gene disruption (trans-
poson mutagenesis). Nonmagnetic mutants are easily assayed, and the missing or 
disrupted gene can then be identifi ed. This approach was used to identify the  magA  
gene (and MagA protein) that is required for magnetosome biomineralization and 
is seen to transport iron  [81] . Signifi cantly, Grunberg  et al . found that the genes 
encoding many magnetosome membrane - specifi c proteins, when identifi ed by 
proteomic analysis, could be grouped into two distinct and closely located regions 
of the genome ( mamA ,  B ,  E  and  mamC  and  D )  [75] . Further to this, a spontaneous 
and persistent nonmagnetic mutant in MSR - 1 was characterized and found to have 
a large 80   kb fraction of deleted sequence. This fraction contained both the distinct 
region identifi ed by Grunberg and all the genes encoding the biomineralization 
proteins found to date  [82] . The same was found to be true for a 98   kb region in 
AMB - 1 and, more recently, it was proposed that this region might extend to 130   kb 
of genome  [83] . This region was found to contain a large number of insertion 
elements and to be highly unstable under several stress conditions. This would 
explain its spontaneous loss to form nonmagnetic cells, and also provide weight 
to the hypothesis that magnetotaxis is derived from horizontal gene transfer. It 
was found that these two regions, and a third region containing the  mms6  gene, 
were all within a 35   kb region named the  “ Magnetosome Island. ”  Of the three 
distinct magnetosome gene clusters, the  mms  cluster was shown to contain fi ve 
genes, including  mms6 , while  mamGFDC  contained four genes and was recently 
shown to be nonessential for magnetite formation, as deletion mutants were still 
able to produce magnetite, albeit of a smaller size and more irregular shape. It 
also showed that the proteins encoded in this cluster could affect particle morphol-
ogy  [84] . The fi nal region, known as the  “ mamAB cluster ” , was shown to contain 
17 different genes, from  mamH  to  mamU   [85] . 

 The partial genome sequences for MS - 1 and MSR - 1 have been available for some 
time, and the full annotated genomic sequence for AMB - 1 was completed a few 
years ago  [86] . However, in recent years the advances in sequencing technology 
have led to a very rapid increase in the quality and quantity of genetic data. All of 
these genomes are now completed, as well as the genome for MC - 1  [87] , and 
studies to complete MV - 1 are currently under way  [88] . This will provide highly 
valuable information to enable comparative analyses  [87] . Indeed, all three clusters 
have been found in all strains sequenced, these being similar over the  Magneto-
spirillum  strains with a few minor variations  [4] . MC - 1 has similar clusters, but 
deviates more from the others. 
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 Systematic deletion mutations of genes within the Magnetosome Island have 
led to the identifi cation of several protein functions. The  mamK  gene encodes a 
cytoskeletal fi brous actin - like protein MamK, while another gene unique to mag-
netic bacteria,  mamJ , was also found within the Magnetosome Island. The deletion 
mutants of each of these genes produced cells capable of producing magneto-
somes, but not in a chain formation; rather, they were randomly displaced through-
out the cell. Thus, it has been shown that MamK is a stabilizing fi lamentous 
protein which runs alongside the magnetosomes, while MamJ interacts between 
the magnetosome and MamK, so as to  “ stick ”  magnetosome  “ beads ”  to a MamK 
 “ string ”   [72, 89] .  

  11.4.3.3   Mechanism 
 Today, a rich array of microbiological, physical, genetic and proteomic data are 
available with which to propose a substantial mechanism of magnetosome forma-
tion. Initially, budding and invagination of the cytoplasmic membrane occurs, 
during which vesicle formation the magnetosome membrane - specifi c proteins are 
expressed or recruited to specifi c locations on the vesicle; this activation step is 
thought to be associated with Mms24. In order to commence magnetite biomin-
eralization, large quantities of iron must be taken up by the cell from the environ-
ment. Generally, it is suggested that ferrous ions are transported, based on the 
kinetics and the abundant ferrous ion transport proteins, although siderophores 
have been observed in some magnetic bacteria  [90]  and the complete picture of 
iron transport remains unknown. However, more recent transcriptome analyses 
of iron transport protein expression have revealed that high - affi nity ferrous ion 
transport occurs under iron - rich conditions, whereas siderophore ferric ion trans-
port dominates in a more depleted iron environment  [91] . 

 It is now known that the magnetosome membrane is not a true vesicle, but 
remains attached to the cytoplasmic membrane. What is not known, however, is 
whether the neck of the vesicle is open or plugged with proteins, and also whether 
the iron ions are transported across the outer and inner membranes and then into 
the magnetosome membrane, or are simply transported across the outer mem-
brane directly into the periplasm and into the neck of the magnetosome. The 
accumulated ferrous ions within the magnetosomes are then thought to bind and 
nucleate on Mms6 (and probably also 5 and 7) and begin magnetite formation 
with partial oxidation (possibly by MamT) and pH regulation (possibly by Mam 
N). Initial iron - storage phases and precursors such as ferritin have been proposed 
 [92] , although there is no direct evidence of this, and it seems that the magnetite 
is directly mineralized. Magnetosome formation occurs simultaneously in all of 
the empty vesicles nucleating from similar locations within the vesicle  [53, 71] . 
The crystal growth, size, and shape is then regulated by Mms6 (and probably also 
5 and 7). The magnetosomes are aligned in chains by using MamJ to attach to the 
fi brous MamK protein. The speed at which magnetite formation occurs has proved 
to be highly variable, and appears to depend on iron and nutrient uptake. Indeed, 
several studies in limited media (to inhibit growth) have provided formation times 
in excess of 5   h  [71, 92, 93] , while large - scale fermentor growth has shown a slow 



 11.5 Progress and Applications of Novel Biomedical Magnetosome Materials  419

magnetite formation time  [93]  coinciding with a slower iron uptake. Conversely, 
standard media and available iron show mineralization to occur within 30   min  [53, 
91] , with rapid iron uptake occurring within this time frame  [53, 91] . Interestingly, 
it seems that magnetosome formation is dependent on, and occurs concomitantly 
with, iron uptake, and that a faster iron uptake occurs when the cells have been 
starved of iron. However, a full explanation of the factors that affect the speed of 
iron uptake and magnetite formation has not yet been provided.    

  11.5 
 Progress and Applications of Novel Biomedical Magnetosome Materials 

 When considering the types and specifi cations of nanomagnets used for biomedi-
cal applications, it is clear that magnetosomes represent ideal starting materials 
for biomedical nanomagnets. These magnetosomes composed of magnetite that 
is ferrimagnetic up to high temperatures, is nontoxic, and also stable. The particles 
are ideally sized (30 – 100   nm) for many applications, with highly regulated size and 
morphology providing a uniform, consistent, and well - defi ned magnetic signal. 
Moreover    –    and most signifi cantly    –    magnetosomes have an integral 4   nm - thick 
lipid coating that makes them ideal for biomedical functionalization and ensures 
that they will not aggregate. As these materials are synthesized biologically, active 
biosubstrates can be attached and integrated into the lipid membrane by elegantly 
using genetic manipulations of the magnetosomes. All of these advantages show 
huge potential for magnetosomes in biomedical applications, and several signifi -
cant systems to modify magnetosomes  in vitro  are currently under development, 
mainly by Matsunaga and coworkers  [3] . Magnetosome - based systems are being 
developed by attaching proteins (e.g., luminescent proteins and antibodies) and 
DNA, for applications such as immunoassays, cell separation, labelling (e.g., bio-
marker detection) and drug screening, by utilizing several different functionaliza-
tion strategies to attach bioactive substrates. One method of attaching proteins to 
magnetosomes is via a crosslinker reaction, where the lipid ’ s surface amine groups 
bind aldehydes or esters that in turn link to a range of proteins. This has been 
successful for the display of antibodies and the immobilization of streptavidin, by 
using biotin - modifi ed magnetosomes  [94] . 

 Another more elegant method of protein attachment uses genetic engineering 
to express fusion proteins on the magnetosomes  in vivo ; the fusion proteins consist 
of a native magnetosome membrane protein as an anchor, attached to a functional 
protein. For this method, the choice of anchor protein is very important for the 
stability and coverage of the active protein. MagA was the original choice of anchor 
protein, but was found to be too large and hydrophobic to accommodate other 
bulky membrane fusion proteins. Thus, the smaller Mms16 protein was used and 
found to show a greater expression on the magnetosome, especially for large 
transmembrane receptors. However, the stability and density of attachment was 
seen to be far more effective when utilizing Mms13 as the anchor protein  [95] . 
Mms13 is not only very small, providing next to no steric hindrance and increased 
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density, but it is also tightly bound to the magnetite surface, stabilizing large 
proteins such as luciferase. For comparison, the luminescence of luciferase was 
400 -  to 1000 - fold brighter when Mms13 was the anchor protein as opposed to 
Mms16 and MagA. The density of expression on the magnetosomes can be 
increased further with the use of strong expression promoters for the fusion pro-
teins  [96] . This method has been successfully used to functionalize magnetosomes 
with constituents such as protein A  [97] , G protein - coupled receptor  [98] , acetate 
kinase, and luciferase  [3] . Equally, these fusion proteins can be expressed in  E. coli  
and inserted into the magnetosome membrane post - extraction by means of sonica-
tion to give increased yields  [99] . 

 These functionalized magnetosomes have been utilized in competitive chemi-
luminescence antibody immunoassays for the quick and convenient detection of 
hormones and environmental pollutants, with a much lower detection limit. For 
example, xenoestrogen can be detected by a competitive reaction with monoclonal 
antibodies displayed on magnetosomes in a process that takes 15   min, compared 
to 2.5   h for alternative methods. Furthermore, the magnetosome system has 
increased range and sensitivity  [100] . Protein A has been attached to magneto-
somes to produce a chemiluminescence sandwich immunoassay that can be uti-
lized for the measurement of insulin in blood in a fully automated, sensitive, fast, 
and convenient system  [97] . The immobilization of protein G - coupled receptors 
on magnetosomes is also signifi cant, as such transmembrane proteins are notori-
ously diffi cult to express and can also be especially diffi cult to express in their 
correct conformation, which often renders them inactive. Their expression on 
magnetosomes was, however, successful and has been used for competitive dopa-
mine - binding assays  [98] . Protein - functionalized magnetosomes have also proved 
ideal for  in vitro  cell separations, as they are of an ideal size and magnetism. The 
particles must be nanosized in order to avoid any negative effect on the cells, but 
many commercial nanomagnetic particles are so small that they are superpara-
magnetic. Magnetosomes are nanosized but single - domain ferrimagnets, and as 
such can easily be magnetically separated using a simple permanent magnet. 
Antibodies on magnetosomes have been used to separate mononuclear cells from 
periplasmic blood with remarkably high purity  [101].  

 However, it is not only proteins that have been used to functionalize magneto-
somes; rather, DNA has been adsorbed onto polyamidoamine dendrimer - modifi ed 
magnetosomes to almost 100% effi ciency  [102] . Magnetosomes are also being used 
for a high - throughput, multiple assay systems for the analysis of  single - nucleotide 
polymorphism s ( SNP s), which may be used to identify the genes responsible for 
diseases such as cancer. The fully automated magnetosome system combines 
 polymerase chain reaction  ( PCR ) methods, and has proved to have a superior 
discrimination between genotypes  [3] . Many of the assays mentioned here are 
currently being developed into fully automated systems, a situation which is 
assisted by the fact that magnetosomes are easily and simply magnetized. 

 There is a great potential for the development of functionalized magnetosomes 
for  in vivo  medical applications, such as drug delivery and hyperthermic treat-
ments. As noted above, magnetosomes are consistently uniform in size shape and 
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magnetism, and have an inherent lipid coating for biological functionalization. 
This lipid layer also increases the dispersive properties, reducing the risk of 
blocked vessels and embolization. Although magnetic nanoparticles have been 
used in medicine for several years as MRI contrast agents, their application as 
functional targeted therapeutic agents is in its infancy and has only recently been 
realized at the clinical level. Many animal studies conducted during the early 1980s 
yielded very successful results. For example, sarcomas in rats were successfully 
magnetically targeted with much smaller doses of doxorubicin  [103] , since then 
many more detailed magnetic targeted drug studies on animals have been per-
formed, modeled, and analyzed  [104] . Although the preliminary investigations of 
magnetically targeted gene delivery showed promising results in animal models 
 [20] , these fi ndings were only very slowly translated and developed into clinical 
trials for humans, mainly due to problems when targeting sites deep within the 
body  [16] . Attempts to combat these issues have involved the surgical implantation 
of magnets close to the site of the disease  [105] , altering the type of magnetic fi elds 
applied  [17] , and also the use of a combination of magnetic and  “ cancer - seeking ”  
monocytes to target diseased cells  [106] . Clearly, advancements have been made 
in this area, with positive results being obtained from ongoing research investiga-
tions and clinical trials  [107] . 

 One other major area of magnetically targeted therapeutic treatment is that of 
 hyperthermic cancer treatment . When nanomagnetic particles are placed in an 
alternating magnetic fi eld, they heat up; the heat produced can then be used at a 
targeted area either to burn and kill a tumor or to heat - activate a drug. The heating 
effect occurs due to a high specifi c power loss which is dependent on the magnetic 
of the particles; this energy is then dissipated to the surrounding areas in the form 
of heat. For hyperthermic targeted cancer treatments, magnetosomes have been 
proved to be particularly superior nanomaterials. Signifi cantly, magnetosomes 
have by far the greatest specifi c heating power (1   kW   g  − 1  at 410   kHz and 10   kA   m  − 1 ) 
when compared to other nanomagnetite  [108] . This is due not only to the single -
 domain and narrow size - distribution of magnetosomes, but also to the inherent 
defects/vacancies that are characteristic of biogenic magnetite. Therefore, although 
the exact reason has not yet been completely ascertained, magnetosomes are the 
best materials identifi ed to date for hyperthermic treatments  [108 – 110] . 

 Despite their many advantages, magnetosomes do have certain disadvantages 
for practical applications when compared to other synthetic nanomagnets. The 
most well - known disadvantage is that magnetic bacteria are notoriously diffi cult 
to grow, they tend to grow in low cell densities, and they produce very small yields 
of magnetosomes at a relatively high cost that is not commercially viable. The 
second disadvantage relates to their adaptation. Although the magnetosome mem-
brane has proved highly accommodating to functionalization and modifi cation, 
the nature of the magnetite mineral itself is less fl exible (in fact, this level of 
genetic control of the mineral might be considered an advantage). It was noted 
earlier that the magnetic properties of magnetosomes can be altered by varying 
their size, shape, and composition. Although many magnetosomes have been 
identifi ed with well - defi ned sizes and shapes, the only strains of magnetic bacteria 
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that are well characterized and have been investigated for biomedical application 
are all  Magnetospirillum , and all of these form cubo - octahedral magnetosomes, 
with no shape variation. Equally, although the biomineralization process results 
in a pure and consistent magnetite with rigid magnetic characteristics, it provides 
no fl exibility by which the magnetic properties of the particles can be altered and 
thus enhanced, for various purposes. 

 Importantly, both of these disadvantages are being addressed via research inves-
tigations. In recent years, the growth and yields of magnetic bacteria and magne-
tosomes have increased vastly, due to the optimization of large - scale fermenter 
growth  [46, 111] , where magnetosome yields of 6.3   mg   l  − 1  of bacterial medium per 
day were achieved  [46] . Growth has also been increased and optimized for geneti-
cally engineered magnetic bacteria harboring fusion genes for magnetosome func-
tionalization  [112] . More recent optimizations have shown dramatic increases in 
cell and magnetosome yields, with cell culture densities reaching OD 565    =   7.24, 
and cell yields of 2.17   g   l  − 1  giving impressive magnetosome yields of 16.7   mg   l  − 1  per 
day  [93] . Although it must be recognized that syntheses using fermenters may be 
costly, these recent levels of yield make magnetosome considerably more com-
mercially viable. 

 Recent developments have also been made to combat the lack of fl exibility in 
the magnetic characteristics of magnetosomes. Magnetite is magnetically isotropic 
and soft, but becomes harder if it becomes anisotropic, which in turn endows the 
material with a preferential bias so as to increase the coercivity. Whilst this can 
be achieved by increasing the length/width ratio of the particles, such a change in 
shape may have wider implications on their behavior and toxicity. An increased 
coercivity can also be achieved by the addition a small amount of cobalt; this adds 
atomic anisotropy and increases magnetic hardness, without affecting the particle 
shape. Recently, the cobalt doping of magnetosomes was achieved  in vivo  for three 
strains of  Magnetospirillum , simply by growing the bacterial cells in a medium 
containing specifi c concentrations of iron and cobalt  [63] . These cobalt - doped 
magnetosomes showed an increased magnetic coercivity, which in turn should 
increase the magnetic heating power of the magnetosomes, making them a very 
attractive proposition as a practical material for hyperthermic cancer treatments.  

  11.6 
 The Future for Biomedical Magnetosomes 

 Over the past few years, investigations into biomedical nanoscience have increased 
dramatically, such that research activity in the area is now intense and pushing 
forward towards the development of therapies. This, in time, should result in 
additional clinical trials and the production of commercial, magnetically targeted 
therapies. Although magnetosomes show superior characteristics for biomedical 
applications, they have in the past been overlooked due to their low yields and 
costly specialized syntheses. Yet, recent advances in growth optimization have led 
to magnetosome yields being dramatically improved. Increasing magnetosome 
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yields even further and reducing the cost of biomineralization methods will require 
imaginative solutions, including both production in different hosts and  in vitro  
synthesis. If magnetosomes can be prepared with increased yields and superior 
modifi cation/functionalization, they will become attractive materials for commer-
cial biomedical nanomagnets, although for this to occur it will be important not 
only to develop  in vitro  biomedical systems on a commercial basis but also to 
develop  in vivo  - based systems for targeted therapies. 

 This may be achieved by utilizing the present knowledge base for immobilizing 
and displaying proteins and DNA on magnetosomes (see Section  11.5 ). It should 
be possible to adapt and modify crosslinking and genetically modifi ed fusion 
protein expression to accommodate new proteins, drugs, and genes as they are 
developed. It should be noted here that magnetosomes that express fusion proteins 
may prove to be particularly advantageous. In addition, if several bioactive com-
pounds can be attached to one particle in specifi c quantities, by utilizing different 
anchor - fusion proteins and expression promoters, then biomedical nanomagnetic 
particles with multiple and complex functions could be developed. 

 Whilst magnetosomes are perhaps the best heat - loss material for hyperthermic 
therapies studied to date, cobalt - enhanced magnetosomes may improve this effect 
further. Future studies in this area should not only test the specifi c heat - loss of 
cobalt - enhanced magnetosomes, but also be followed by toxicology studies, further 
functionalization and animal and clinical trials. In this respect, the cobalt doping 
of magnetosomes has opened up a range of possibilities to manipulate the com-
position of biomagnetite. The knowledge that cobalt doping is possible, and that 
magnetic characteristics could also be varied with other magnetic metal dopants 
such as nickel or manganese, will surely lead to future investigations. 

 The ability to alter the magnetic properties of magnetite, and in turn other 
particle specifi cations, by varying the particles ’  sizes is vital. At present, despite 
magnetic bacteria having been identifi ed with variously shaped and sized magne-
tosomes, only cubo - octahedral particles may be used, and consequently a vast 
potential of various magnetosomes is left untapped. To overcome such limits, a 
concerted effort must be made to isolate and culture magnetic bacteria with mag-
netosomes of different shapes and sizes. Likewise, studies must be conducted to 
increase and optimize cell growth, the eventual aim being to provide multiple sizes 
and shapes of magnetosomes for biomedical specifi cations. In this regard, recent 
investigations have been conducted with MV - 1, MC - 1 and RS - 1 strains, all of 
which produce magnetosomes of various shapes. MV - 1 produces larger, elongated 
particles with an increased coercivity, and may be grown on a large scale, at higher 
densities; moreover, the cobalt - doping of these elongated particles should increase 
coercivity even further. 

 In the long - term approach to using magnetosomes as biomedical nanomagnetic 
materials, it will be necessary to determine details of not only the biomineraliza-
tion process but also the biomineralization proteins. Having identifi ed exactly 
which proteins are required, it may become possible to insert biomineralization 
genes into other bacteria/cells or hosts, allowing them to produce magnetosomes 
in higher yields. Alternatively, a magnetic function may be added to an already 
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functionalized cell, for example a magnetically targeted  “ cancer - seeking ”  mono-
cyte  [106] . A greater in - depth knowledge of magnetosome formation should facili-
tate the approach to synthesizing enhanced magnetosomes or magnetosome - inspired 
biomimetic nanomagnetic materials. For example, the biomineralization/iron -
 binding/scaffold protein Mms6 can control the size and shape of nanoparticulate 
magnetite  in vitro  in a chemical precipitation. It follows that, the greater the 
number of biomineralization proteins that can be identifi ed, overexpressed, puri-
fi ed, and their function ascertained, the more the biomineralization process can 
be used  in vitro  to impose a precise biological control over particle size and shape. 
This should lead, eventually, to systems whereby specifi c combinations of proteins 
are applied, depending on the particle ’ s tailored specifi cations, to produce high -
 yield, high - quality, customized nanomagnetic particles.  
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  12.1 
 Introduction 

 The synthesis of magnetic materials structured on the nanoscale (10  − 7  – 10  − 9    m) is 
a topic of high relevance, due to the novel properties shown by particles with 
dimensions in the transition region between atoms (10  − 10    m) and bulk solids 
( > 10  − 6    m)  [1 – 3] . 

 A physical property depends on the size of an object, if its size is comparable to 
a dimension relevant to that property. In magnetism, typical sizes    –    as for example 
the dimensions of magnetic domains or lengths of exchange coupling interactions 
affecting the polarization of neighboring ferromagnetic particles    –    are in the nano-
meter range. For this reason, starting a few decades ago, great attention has been 
directed towards nanostructured magnetic materials, where the term  nanostruc-
tured  describes materials with constituent phase or grain structures modulated on 
a length scale from 1 to 100   nm  [2, 4] . 

 Nanostructured materials can be prepared with dimensionalities of zero - 
dimensional (0 - D: nanoparticles), one - dimensional (1 - D: nanowires, nanorods 
and nanotubes), two - dimensional (2 - D: nanostructured surfaces) and three - 
dimensional (3 - D: three dimensional nanostructures). Intermediate cases can also 
exist: materials containing multiple phases can range from the case in which a 
nanoscale phase is embedded in a phase of conventional size (e.g., nanoparticles 
dispersed in a matrix) to the case in which all the constituent phases are nanoscaled 
(e.g., core – shell particles)  [5] . 

 The materials characterized by a zero dimensionality reveal fascinating physical 
and chemical properties, due mainly to the reduced size of the components and 
to very high surface - to - volume ratios  [6] . In this class of materials, which has been 
intensely investigated during the past few decades, we will focus on spherical and 
anisometric nanoparticles as powders and as dispersions in polar and nonpolar 
fl uids (ferrofl uids). Conversely, 1 - D magnetic nanostructures, a new class of low -
 dimensional and anisotropic nanomaterials which has emerged recently  [7 – 9] , 
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have lateral dimensions in the nanometer scale and longitudinal dimensions 
which range from hundreds of nanometers to hundreds of microns. Such charac-
teristics give aspect ratios (length to diameter) of up to several thousands. The 
shape of the particles strongly affects the magnetic anisotropy, opening new per-
spectives in the control and tuning of magnetic properties  [10 – 12] . 

 In this chapter, we will describe approaches to synthesis and magnetic charac-
terization of 0 - D and 1 - D nanostructured materials, with some attention to inter-
mediate dimensionality, as magnetic nanocomposite materials and nanoparticles 
with core – shell morphology. 

 Many research investigations have been conducted on nanostructured magnetic 
metals such as Fe, Co, and Ni  [6, 13 – 16] . However, nanostructured  metal oxides  
are more stable and allow for a relative tunability of the magnetic properties, thus 
demonstrating great potential for applications. In particular, iron oxides with 
spinel structures (MeFe 2 O 4 , Me   =   Fe, Co, Mg, Mn, Zn, etc.) have been intensively 
studied, both in terms of the fundamental relationships between their magnetic 
properties and crystal chemistry  [4, 17 – 21] , and for applications in fi elds as diverse 
as catalysis, medical diagnostics, drug delivery, and environment protection 
 [22 – 26] . 

 In the present chapter, we will discuss this very large and promising class of 
materials, with special regard to the most common spinel iron oxides    –    that is, 
magnetite (Fe 3 O 4 ) and maghemite ( γ  - Fe 2 O 3 ). Although during the past few years 
many reviews have been published on this class of materials, their expanding fi eld 
of applications, especially in biomedicine and diagnostics  [23, 24, 26] , and the 
explosive progress in the ability to tune and control their magnetic properties, 
requires continuous updating. Moreover, it is fundamental to investigate in more 
detail the close link existing between the magnetic properties and the preparation 
method of the material, a feature which up to now has been undervalued but which 
can greatly affect the magnetic behavior of the nanomaterials  [27] . 

 There are two different approaches to the synthesis of nanostructured materials: 
the  “ top - down ”  approach, which utilizes physical methods; and the  “ bottom - up ”  
approach, which employs solution - phase colloidal chemistry. The advantage of the 
physical methods is the production of a large quantity of nanomaterials, but the 
synthesis of uniform - sized nanoparticles and their size control is very diffi cult to 
achieve using the top - down approach. In contrast, colloidal chemical synthetic 
methods are more suited to the synthesis of uniform nanoparticles with controlled 
particle size, shape, structure, and composition  [28] . Hence, in this chapter we will 
restrict discussions to solution - phase colloidal chemical methods. 

 In order to design magnetic materials for specifi c applications and set up 
convenient synthesis procedures, a basic knowledge of magnetism in nanostruc-
tures is essential. In Section  12.2 , the fundamental concepts of magnetism 
are introduced. The direct correlation between crystalline structure, morphology 
(size, size distribution, and shape) and magnetic properties relevant to applications 
is discussed on the basis of magnetic anisotropy. Attention will also be given 
to the most common approaches used to study the magnetic behavior of 
nanostructures. 
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 The ability to control size, size distribution, morphology and composition of 
constituent phases is a key point in the synthesis of nanostructured magnetic 
materials. Tuning the particle size and preparing nanomaterials with a narrow 
particle size distribution is fundamental in order to control the magnetic proper-
ties and to design materials suitable for new applications. The chemical composi-
tion of the constituent phases is also of primary importance. This concerns not 
only the average composition but also the compositional gradients within the 
material. It must also be taken into account that a reduction in particle size can 
lead to changes in the structure and thermodynamic properties of crystalline 
phases  [5] . In Section  12.3 , we report on the synthetic methods that have emerged 
during the past 10 years and have provided a noteworthy control of the parameters 
determining the magnetic properties of nanomaterials. 

 Finally, we describe some examples that highlight the strong correlations 
between the preparation methods and the structural and magnetic properties, and 
complete the chapter with a brief summary and perspectives.  

  12.2 
 Magnetism in Nanostructured Metal Oxides 

  12.2.1 
 Magnetism in Condensed Matter 

 In condensed matter, the atomic magnetic moments can mutually act together 
( cooperative magnetism ) and lead to a different behavior from what would be 
observed if all the magnetic moments were reciprocally isolated ( noncooperative 
magnetism ). This, coupled with the different types of magnetic interaction 
that can be found, leads to a rich variety of magnetic properties in real systems 
 [4, 29, 30] . 

 The two basic types of noncooperative magnetism are  paramagnetism  and 
 diamagnetism : 

   •      Paramagnetism arises from identical, uncoupled atomic moments located in 
isotropic surroundings. Hence, in a paramagnetic material, there is no long -
 range order and, under an external magnetic fi eld, the magnetic moments 
partially align.  

   •      Diamagnetism, instead, is just due to the effect of an external magnetic fi eld on 
the motion of the atomic inner electrons  [30] . All substances have then a basic 
diamagnetism, that is nearly always weak and is very often masked when a 
much larger paramagnetism is present.    

 In cooperative magnetism, the interactions between adjacent magnetic moments 
determine the magnetic order in the material. Two classes of interactions can be 
distinguished, namely  direct exchange interaction  and  indirect exchange interac-
tion .  Direct exchange  occurs between moments close enough to have signifi cant 
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overlap of their wave functions, whereas  indirect exchange  arises when the atomic 
magnetic moments are coupled over relatively large distances. It can also be medi-
ated by a nonmagnetic ion which is placed in between the magnetic ions (e.g., 
oxygen atoms in oxides), and in this case it is called  super exchange   [29]  .  Generally 
speaking, exchange interactions between magnetic centers in a 3 - D solid can be 
quantitatively described by the Heisenberg spin Hamiltonian  [29] :

   H J S Sexch ij i j

ij

= ⋅∑2
� �

    (12.1)  

where  J ij   is the exchange integral describing the magnitude of energy coupling 
between the spins   

�
Si  and   

�
S j . If the exchange integral has a positive value, below 

a critical temperature  T  C  (the Curie temperature), the magnetic moments are 
aligned parallel to each other and the substance is said to be  ferromagnetic . Above 
the  T  C , the material is no longer ferromagnetic, but reverts to paramagnetic 
because the thermal energy become higher than the exchange energy, destroying 
the magnetic order. On the other hand, if  J ij   is negative, the spins are aligned 
antiparallel to each other and, below a critical temperature (the N é el temperature, 
 T  N ), the material is said to be  antiferromagnetic  (if all the magnetic moments are 
equal) or  ferrimagnetic  (if there is no compensation due to the difference between 
the individual moments). 

 In principle, then, the magnetic properties in condensed matter can be under-
stood and controlled through magnetic coupling, which is closely related to the 
chemical composition and crystalline structure of the material  [2, 4] . 

 For the fi rst time, in 1907, Weiss proposed that a ferromagnet might contain a 
number of small regions, with different size and shape, called  domains  (i.e., uni-
formly magnetized regions having atomic magnetic moments,  μ   a  , oriented in the 
same direction)  [29] . Two adjacent domains are separated by a transition region, 
called the  domains wall , in which the spins gradually rotate, either coherently or 
incoherently, from one domain to the other. (Note: In the coherent rotation mode, 
all spins remains parallel to each other, whereas in the incoherent reversal mode 
a nonuniform magnetization process occurs.) When placed in a suffi ciently large 
external magnetic fi eld, the spins in each domain rotate and align parallel to the 
direction of the applied fi eld. Typically, magnetization increases sharply at lower 
fi eld, as the domains with a more favorable alignment expand at the expense of 
others, and saturate when the maximum domain alignment is reached (see Figure 
 12.1 a; inset). This corresponds macroscopically to a plateau region of the magne-
tization curve ( saturation magnetization ,  M s  ), and when the applied fi eld is 
decreased the magnetization also decreases. The magnetization remaining at a 
zero - applied fi eld is called  remanent magnetization  ( M r  ). Very often, for the 
characterization of a magnetic hysteresis, the  reduced remanent magnetization , 
defi ned as  M r  / M s  , is also used. The magnetic fi eld to which corresponds a mag-
netization equal to 0 is called  coercive fi eld , or  coercivity  ( H c  ) (Figure  12.1 a)  [29, 
31] . All the magnetic properties are strictly dependent on the particle size, and a 
new physical world opens up when the materials are nanoscaled. An experimental 
investigation of the dependence of coercivity on particle size is shown schemati-
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cally in Figure  12.1 b. Below a certain critical particle diameter ( D sd  ), a magnetic 
multidomain structure is not energetically favored and particles with dimension 
below this size will therefore consist of a single magnetic domain. Typical  D sd   
values for magnetic iron oxides are 166   nm for  γ  - Fe 2 O 3  and 128   nm for Fe 3 O 4   [2] . 
Generally, the rotation of the spins (i.e., the reversal process) occurs at much 
higher fi eld by incoherent rotation of the spins, and this leads to an increase of 
coercivity with respect to a multidomain structure. For smaller particles, below a 
given size ( D c  ) depending on the material, the rotation is coherent and this induces 
a decrease in coercivity.    

  12.2.2 
 Magnetic Anisotropy Energy 

 During the magnetization process, the work that is required to bring a ferromag-
netic body from the demagnetized to the saturated magnetic state is stored in the 
body as magnetization potential energy, the  magnetic anisotropy energy  ( E A  ). The 
magnetic anisotropy is extremely relevant in the physics of magnetic materials 
because it is related, on one hand, to the intrinsic microscopic characteristics of 
the material and, on the other hand, to its macroscopic characteristics  [10] . In 
a magnetically ordered solid, there are certain preferred orientations of the mag-
netization, called  “ easy axes ” . These easy directions are given by the minima in 
the magnetic anisotropy energy, which depend on the structure and chemical 
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     Figure 12.1     (a) Important parameters in a magnetic 
hysteresis loop: saturation magnetization ( M s  ), remanent 
magnetization ( M r  ) and coercive fi eld ( H c  ). Inset: Evolution of 
the magnetic domain structure along the fi rst magnetization 
curve; (b) Schematic illustration of the dependence of  H c   on 
particle size.  
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composition of the materials. In bulk materials,  magnetocrystalline  and  magne-
tostatic  energies are the main sources of anisotropy. In magnetic nanoparticles, 
other types of anisotropy (e.g., surface anisotropy) can have the same order of 
magnitude as those of the bulk materials. A short qualitative discussion of some 
contributions will be provided at this point, with particular attention being paid to 
the most important anisotropies of the nanostructured systems. A complete 
description of magnetic anisotropy energy can be found elsewhere  [2, 6, 10] . 

  Magnetocrystalline anisotropy:   this property is intrinsic to the material, being re-
lated to the crystal symmetry and to the arrangement of atoms in the crystal lat-
tice. Magnetocrystalline anisotropy can show various symmetries, but uniaxial 
and cubic forms cover the majority of cases.  

  Magnetostatic anisotropy (shape anisotropy):   this contribution is due to the 
presence of free magnetic poles on the surface of a magnetized body. The poles 
create a magnetic fi eld inside the system, the  demagnetizing fi eld , which is 
responsible for the magnetostatic energy. For a particle with fi nite magneti-
zation and nonspherical shape, the magnetostatic energy will be larger for 
some orientations of the magnetic moments than for others. Thus, the shape 
determines the magnitude of magnetostatic energy and this type of anisotropy 
is often known as  shape anisotropy   [30]  .  Particle shape has been identifi ed as 
a major tool for engineering the magnetic properties of nanomaterials, with 
additional attractive feature of displaying different properties in different 
directions  [11, 32]  (see Sections  12.4.1.4  and  12.4.4 ).  

  Surface anisotropy:   the surface atoms have a lower symmetry compared to that 
of atoms within the particle. This gives rise to  surface anisotropy , which 
increases with the increase in surface - to - volume ratio (i.e., decrease in particle 
size)  [33] . Surface anisotropy is also strictly related to the chemical and/or 
physical interactions between surface atoms and other chemical species. The 
coating and functionalization of the nanoparticle surface can induce important 
modifi cations in its magnetic properties (see Section  12.4.1.3 )  [22, 34] .    

 Finally, it should be taken into account that, in nanoparticle assembly, the mag-
netic anisotropy energy may differ from one particle to another, due to the 
presence of physical and/or chemical inhomogeneity, As a consequence, the 
macroscopic measured anisotropy will be a type of weighted average of the particle 
anisotropy. Then, in order to design magnetic nanostructured materials suitable 
for several applications, it will be essential to control the distribution of magnetic 
anisotropy energy    –    that is, particle shape, size and size distribution, and chemical 
homogeneity (see Section  12.4.4.1 )  [10] .  

  12.2.3 
 Magnetism in Small Particles: An Experimental Approach 

 The energy of a magnetic single domain particle is generally dependent on the 
magnetization direction with respect to the easy axis, resulting in particular equi-
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librium directions separated by energy barrier ( Δ  E A  ), depending on particle volume 
( V p  ) and magnetic anisotropy constant ( K ). In the simplest case, energy barriers 
have uniaxial form given by  Δ  E A     =    KV p  . Therefore, at any given temperature, there 
is a critical size ( D sp  ) (Figure  12.1 b), below which thermal excitations are suffi cient 
to overcome such a barrier and rotate the particle magnetization, thereby demag-
netizing the material  [35] . Under such conditions, the behavior of a random 
assembly of nanoparticles is analogous to paramagnetism (i.e.,  H c   becomes 0), but 
with different time and magnetization scales, and for this reason it is referred to 
as  superparamagnetism   [6] . 

 The underlying physics of superparamagnetism is based on the law of the relax-
ation time of the net particle magnetization

   τ τ= ⎛
⎝

⎞
⎠0 exp

ΔE

k T
A

B

    (12.2)  

where  k B T  is the thermal energy ( k B   is the Boltzmann constant) and  τ  0  is a pre -
 exponential factor that, for ferromagnetic and ferrimagnetic particles, is of the 
order of 10  − 10  – 10  − 12    s and is weakly dependent on temperature  [6, 23] . 

 The observation of magnetic properties of single - domain particles is strongly 
dependent on time, as expressed by Equation  12.2 . Therefore, the observed mag-
netic properties of an assembly of single - domain particles depend on the experi-
mental measuring time ( τ   m  ) of the technique used to observe the relaxation. In 
fact, if  τ     <  <     τ   m  , the relaxation during the experiment is so fast that only a time 
average of the magnetization is observed and the particles will be in the super-
paramagnetic state (i.e., zero coercivity and remanent magnetization). On the 
contrary, if  τ     >  >     τ   m  , the relaxation is so slow that only static properties are observed, 
as in a large ordered magnetic crystal (blocked state). In this condition, the mag-
netization curves when plotted versus the applied fi eld show hysteresis. The  block-
ing temperature  ( T B  ) is defi ned as the temperature at which the relaxation time is 
equal to the experimental measuring time. From the defi nition of  T B  , Equation 
 12.2  can be rewritten as:

   τ τm
A

B B

E

k T
= ⎛

⎝
⎞
⎠0 exp

Δ
    (12.3)   

 In typical experiments  τ   m   can range from slow to medium time scales of 10 2    s 
for  direct current  ( DC ) magnetization, and from 10  − 1  – 10  − 5    s for  alternate current  
( AC ) susceptibility, through to the fast time scales of 10  − 7  – 10  − 9    s for  57 Fe M ö ssbauer 
spectroscopy and 10  − 10  – 10  − 12    s for neutron diffraction. It should be pointed out that 
the parameters  K  and  τ  0  in Equation  12.3  do not depend on  τ   m  , and are key points 
in any understanding of the superparamagnetic relaxation. 

 The magnetic properties of the nanoparticles are usually studied by observing 
the response of the material to an applied magnetic fi eld and/or to variations of 
temperature. In addition, it should be noted that the behavior of nanoparticle 
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systems depends on the magnetothermal history. The most common experimental 
approach to DC magnetic measurements is described in the following section. 

  12.2.3.1   Zero Field - Cooled and Field - Cooled Magnetization 
 The measurements of magnetization versus temperature, performed with the  zero 
fi eld - cooled  ( ZFC ) and  fi eld - cooled  ( FC ) protocols, are among the most classical 
approaches in order to study the behavior of single - domain magnetic particles. 
The ZFC protocol consists of cooling the sample in a zero magnetic fi eld from 
high temperature, where all the particles are in superparamagnetic state, to the 
lowest measuring temperature. A static magnetic fi eld is then applied and mag-
netization measured during a warming up period ( M ZFC  , in Figure  12.2 a, solid 
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     Figure 12.2     (a) Zero fi eld - cooled (ZFC;  � ) and fi eld - cooled 
(FC;  � ) 3   nm CoFe 2 O 4  nanoparticles; (b) Random packing 
after the ZFC process; (c) Thermoremanent magnetization 
measurements ( � ) and distribution of magnetic 
anisotropy (solid line) of 3   nm CoFe 2 O 4 ; 
(d) Random packing after the FC process.  
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symbols). The resulting curve is termed ZFC because the sample has been previ-
ously cooled in the absence of a magnetic fi eld. All net magnetic moments in each 
single - domain particle point along the nanoparticle easy axis when the nanopar-
ticles are cooled below the blocking temperature without an applied magnetic fi eld. 
Magnetic anisotropy acts as an energy barrier to prevent the switching of magne-
tization from the easy axis. Due to the high number of particles and the random 
distribution of the easy axis directions, the average magnetization is almost zero 
(Figure  12.2 b)  [20] . When the temperature increases, the magnetic anisotropy in 
some nanoparticles is overcome and the magnetization directions of these ther-
mally activated nanoparticles start to align with the applied fi eld. As a conse-
quence, the total magnetization initially increases with increasing temperature. 
The ZFC curve then exhibits a maximum, and the corresponding temperature 
( T max  ) is, for noninteracting particles, directly proportional to the average blocking 
temperature:

   T TBmax = β     (12.4)     

 where  β  is a proportionality constant that depends on the type of size distribution. 
It has been reported that, for a log - normal distribution of nanoparticles,  β  is typi-
cally within 1.5 – 2.0, while  T max   can be related to the blocking of particles with a 
mean particle size  [19, 36] . 

 Conversely, the FC protocol consists of cooling the sample in a small DC fi eld 
and measuring the magnetization during warming up, without removing the fi eld. 
When a magnetic fi eld is applied during the cooling process, all the net magnetic 
moments of the nanoparticles are aligned along the fi eld direction, regardless of 
the easy axis directions of each individual nanoparticle. As the nanoparticles are 
cooled at low temperature, the magnetization direction of each particle is frozen 
in the fi eld direction ( M FC   in Figure  12.2 a, open symbols)  [19] . By increasing the 
temperature, an increasing number of particles will be in superparamagnetic state 
and the magnetization will decrease monotonically, giving rise to a paramagnetic -
 like behavior. Below a certain temperature, the ZFC and FC curves diverge and 
an irreversible magnetic behavior is observed. The temperature at which the irre-
versibility is observed is the  irreversibility temperature  ( T irr  ), and can be related to 
the blocking temperature of the biggest particles. The difference between  T max   and 
 T irr   provides a qualitative measure of the width of the blocking distribution (i.e., 
of the particle size distribution in the absence of any interparticle interactions) 
 [6, 37, 38] .  

  12.2.3.2   Thermoremanent Magnetization 
 In  thermoremanent magnetization  ( TRM ) measurements, the sample is cooled 
from a high temperature in an external static magnetic fi eld, the fi eld is then 
turned off, and the remanent magnetization is measured on warming up. In 
Figure  12.2 c (line and symbols), the TRM curve of CoFe 2 O 4  nanoparticles (mean 
diameter 3   nm) is shown. After the fi eld - cooling procedure, the nanoparticles are 
frozen, as shown in Figure  12.2 d. Although the magnetic fi eld is turned off at 5   K, 
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the magnetic anisotropy energy barrier blocks any change in the magnetization 
direction. As the temperature increases, some of the nanoparticles are able to 
overcome their energy barrier, on the basis of their thermal activation energy,  k B T . 
Consequently, the magnetization direction of each thermally activated nanopar-
ticle begins to fl ip randomly faster than the measuring time of the magnetometer 
 [19] . The overall magnetization of the nanoparticles then decreases with increasing 
temperature. 

  M TRM   is related to the distribution of anisotropy energy barriers:

   M M f E dETRM nr a

Ec

= ( )
∞

∫ Δ
Δ

    (12.5)  

where  M nr   is the nonrelaxing component of the magnetization and  Δ  E c   is a 
critical value of energy, below which all the particles are blocked  [19, 39] . The 
relationship in Equation  12.5  shows that the derivative of  M TRM   with respect to 
temperature provides an estimate of the anisotropy energy barrier distribution. 
Values of  f ( Δ  E a  ), obtained from the  M TRM  , are shown in Figure  12.2 c (the continu-
ous line).   

  12.2.4 
 Magnetic Metal Oxides 

 Metal oxides represent the most common, and probably the richest, class of mate-
rials in terms of chemical, structural, and physical properties. For this reason, they 
are well known for their interesting optical, electrical, electrochemical, mechanical 
and magnetic properties. Such diversity originates from the more complex crystal 
and electronic structure of metal oxides compared to other classes of materials. 
The combination of such a variety of properties with the peculiar effects of low -
 dimensionality make the nanostructured magnetic metal oxides suitable for 
several applications  [40] . 

 Among magnetic metal oxides, the compounds with  spinel structure  (  Me M OII III
2 4) 

represent probably the most important class, because the rich crystal chemistry of 
spinels offers excellent opportunities for fi ne - tuning the magnetic properties. 
These have a  face - centered cubic  ( fcc ) structure in which the oxygen atoms are 
cubic close - packed. The structure contains two interstitial sites, occupied by metal 
cations, with tetrahedral, (A) - site, and octahedral, [B] - site, oxygen coordination, 
resulting in a different local symmetry. When the (A) - sites are occupied by Me II  
cations and the [B] - sites by Me III  cations, the structure is referred to as  normal 
spinel , (Me II ) [Me III ]. However, if the A sites are completely occupied by Me III  and 
the B - sites are randomly occupied by Me II  and Me III , then the structure is referred 
to as  inverse spinel , (Me III ) [Me III  Me II ]. In general, the cationic distribution in 
octahedral and tetrahedral sites is quantifi ed by the  “ inversion degree ”  ( γ ), which 
is defi ned as the fraction of divalent ions in octahedral sites  [41 – 43] . In order to 
simplify the interpretation of some experimental results (M ö ssbauer spectra in 
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high - fi eld or neutron diffraction), the cation distribution may occasionally be also 
quantifi ed by the ratio of Me III  ions in the A and B sites ( α ). 

 Super exchange interactions between atomic magnetic moments in  A  ( J AA  ) and 
 B  ( J BB  ) interstices lead to a ferromagnetic ordering between the ions located in the 
two sites, respectively, giving rise to two magnetic sublattices. On the other hand, 
interactions between magnetic ions in the  A  and  B  sites ( J AB  ) induce antiferromag-
netic order, and are tenfold higher than the  J AA   and  J BB   interactions. The dominant 
intralattice  J AB   interactions then induce a noncompensated antiferromagnetic 
order (ferrimagnetism) between the  A  and  B  sublattices. Therefore, the net mag-
netization can be considered proportional to the difference between the  A  and  B  
sublattice magnetizations  [41, 44] . From this picture, it is clear that the magnetic 
properties of spinel oxides can be controlled through magnetic coupling. This 
coupling is, in turn, closely related to the chemical composition and crystalline 
structure of the materials. Indeed, by adjusting the chemical identity of Me II  and 
Me III , the magnetic confi guration of   Me M OII III

2 4  can be chemically engineered so 
as to provide a wide range of magnetic behaviors  [17, 42] . Moreover, even small 
changes in the cationic distribution in compounds with the same chemical com-
position can result in substantial changes of magnetivzation and/or of the mag-
netic anisotropy  [45] . 

 Oxides with various crystal structures, such as cubic spinel and garnets, have 
been all classifi ed as ferrites. In this chapter, we limit the discussion to ferrites 
based on a cubic spinel structure (Me II Fe 2 O 4 ; Me   =   Fe 2+ , Co 2+ , Ni 2+ , Mn 2+ ), which 
are clearly one of the most interesting classes of materials for application in several 
fi elds. In particular, magnetite (Fe 3 O 4 ) and maghemite ( γ  - Fe 2 O 3 ), due to their 
biocompatibility, are the most commonly employed magnetic materials in bio-
medical applications. 

  Magnetite  has a face - centered unit cell based on 32 O 2 −   ions which are regularly 
cubic close - packed along the [111] face. Fe 3 O 4  contains both divalent and trivalent 
iron ions, occupying 8 of the 64 tetrahedrally coordinating sites and 16 of the 32 
octahedrally coordinating sites  [46, 47] . 

  Maghemite  is a ferrite with a cation - defi cient inverse spinel structure, similar 
to that of magnetite. It differs from magnetite in that all (or most) of the 
iron atoms are in the trivalent state. Maghemite contains, as in Fe 3 O 4 , cations 
in the tetrahedral and octahedral positions, but there are vacancies to compen-
sate for the increased positive charge due to the oxidation of Fe II . The cations 
are distributed randomly over the tetrahedral and octahedral sites, whereas the 
vacancies (which are also randomly distributed) are confi ned to the octahedral 
sites. 

 Iron oxides may exhibit not only the maghemite and magnetite phases, but also 
amorphous and other crystalline forms, among which the most thermodynami-
cally stable phase is hematite ( α  - Fe 2 O 3 ). For this reason, maghemite and magnetite 
transform to hematite on heating in the range between 370 and 600    ° C  [47] .  α  -
 Fe 2 O 3 , which below 923   K is antiferromagnetic, is not particularly interesting for 
applications in biomedicine  [23] .   
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  12.3 
 Synthesis Methods for Spherical and Anisometric Iron Oxide Nanomaterials 

 Ultradispersed nanoparticle systems are intrinsically thermodynamically meta-
stable due to the high surface areas that represent a positive contribution to the 
enthalpy of the system. If the activation energies are not too high, spontaneous 
evolution can occur, causing an increase in nanoparticle size or the formation of 
nanostructured domains leading to a surface area decrease. It follows that an 
ultradispersed system with a high surface energy can only be  kinetically  stabilized, 
and additives and/or synthesis conditions that induce a reduction in surface 
energy are required to stabilize nanoparticles against sintering, recrystallization, 
and aggregation processes  [48 – 50] . 

 In order to correlate, for example, size effects with changes in magnetic 
properties, it is critical to use a synthesis method that allows for control over 
the nanoparticle size with a narrow size distribution maintaining all other 
parameters    –    that is, with particle - shape,  - interaction, and  - composition unvaried 
 [6] . We then report on the preparation methods that are able to control separately 
nanomaterial composition, size, morphology, and crystal structure. This ability 
is fundamental in order to probe, tune and optimize the physical and chemical 
properties of the nanomaterial, especially of ferrites. For example, particle 
size variation can be achieved, by some preparation methods, by postsynthesis 
annealing at various temperatures. In the case of ferrites, however, it has been 
shown that, although nanoparticle size changes according to the annealing 
temperature, the cation distribution between the A and B lattice sites is affected 
by the annealing temperature  [18] . Therefore, when the annealing temperature 
is used to control nanoparticle size, a direct correlation between size effect 
and magnetic response is not possible due to the variable of cation redistribution 
 [45, 51] . 

 Further on, many applications require stable and concentrated magnetic particle 
dispersions in fl uids. These ultrafi ne particle dispersions are known commonly as 
 magnetic fl uids  or  ferrofl uids . An important issue to be addressed here, in order 
to obtain ferrofl uids that are stable against particle aggregation and precipitation, 
is the functionalization of the particle surfaces, for example, by adsorbing cationic 
(positive) or anionic (negative)  - charged molecules; in this way, the particles, by 
having the same positive or negative superfi cial charge, repel each other and do 
not aggregate. The preparation of water - stable magnetite dispersions (ferrofl uids) 
is described in Section  12.3.2 . 

 Moreover, especially for biomedical applications, when stable water - soluble dis-
persions are required, it is often necessary to render hydrophobic particles hydro-
philic  [23] , and the details of hydrophobic – hydrophilic phase transfer are provided 
in Section  12.3.2.2 . 

 For many applications, multifunctional particles are required    –    that is, particles 
which are able to perform different tasks at the same time. To this purpose, 
a particle must often be composed of different nanostructured materials; 
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for example, it may be formed by a core of magnetic material covered with a shell 
of a noble metal to produce an optical response, and covered again by a shell of 
silica to protect the system from degradation; alternatively, it may contain a hollow 
into which is incorporated a functional material. Details of the preparation of 
multifunctional core – shell particles and nanocapsules are provided in Section 
 12.3.3 . 

 Finally, Section  12.3.4  includes details of preparation of an emerging class of 
material, namely  one - dimensional  ( 1 - D ) nanostructured magnetic materials, such 
as magnetic nanotubes. 

 For each method, following a brief description, the advantages and disadvan-
tages are outlined with respect to the capacity to tailor composition, size, shape, 
crystal structure and the formation of stable dispersions of the nanomaterial. 

  12.3.1 
 Synthesis of Spherical and Anisometric Nanoparticles 

 During the past few decades, many physical and chemical methods have been 
tested to prepare monodispersed spherical and anisometric iron oxide particles 
 [41] . Whilst it is beyond the scope of this chapter to review all of these methods, 
a brief description is provided for some, referring to the bibliography for details. 
Conversely, some methods which, either alone or in combination with others, have 
demonstrated an outstanding capacity to control the size, shape, composition and 
structure of the particles, and may potentially be applied using many different 
reagents, are described (with specifi c examples) in greater detail. 

 In the preparation of magnetic metal oxide nanomaterials, both chemical and 
physical methods are applied. Physical methods, such as metal evaporation, ball -
 milling and electrodeposition  [52, 53] , are advantageous in that they produce 
nanomaterials of high purity and are applicable to large - scale production. Unfor-
tunately, the size control and synthesis of monodisperse nanoparticles are very 
diffi cult with these methods. 

 In contrast, chemical methods based on solution - phase colloidal chemistry allow 
uniform - sized iron oxide magnetic particles of different sizes and shapes to be 
prepared. As examples of this approach, fi ve outstanding methods    –    namely, metal 
salts precipitation in water, sol – gel, microemulsions, surfactant - assisted hydro-
thermal treatment, and surfactant - assisted ultrasound irradiation    –    are described 
in the following sections. The autocombustion method is also described, as this 
is included in one of the examples in Section  12.4 . 

  12.3.1.1   Metal Salt Precipitation in Water 
 Metal oxide nanoparticles are obtained by precipitation in aqueous solution, using 
metal salts such as chlorides, nitrates, and sulfates as reagents. The metal cations 
(in this case, Me   =   Fe 2+  and Fe 3+ ) form, in aqueous solution, aquo oxo or hydroxyl-
ated complexes, [Me(OH) h  (OH 2 ) N - h ] (z - h)+  or [MeO N - h (OH) h ] (2N - z - h) −   respectively. These 
condense via two basic mechanisms of nucleophilic substitution, depending on 
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the nature of the coordination sphere of the cations  [54, 55] . The condensation of 
aquohydroxo complexes proceeds by the elimination of water and the formation 
of hydroxo bridges (olation) (Scheme  12.1 ).   

 For oxohydroxo complexes, there is no water molecule in the condensation 
sphere of the complexes, and therefore no leaving group. Hence, the condensation 
must proceed in this case via a two - step associative mechanism, leading to the 
formation of oxo bridges (oxolation) (Scheme  12.2 ).   

 The hydroxylation rate  h  of the complexes represents their functionality towards 
condensation, and also controls the type and structure of the condensed species. 
The rate is a function of the pH of the medium, and also depends on the charac-
teristics of the cation such as size, charge, and electronegativity. The condensation 
of hydroxylated and electrically charged complexes (h    <    z) always ends leaving 
discrete species in solution, either polycations or polyanions. In contrast, the 
electrically neutral species (h   =   z) condense indefi nitely until the precipitation of 
a solid. These solid phases are made from particles of which the average size may 
range from a few nanometers to a few micrometers. In order to obtain particles 
of homogeneous size, it is necessary that the nucleation and growth steps are 
separated to ensure that a single nucleation stage takes place, followed by a homo-
geneous nuclei growth  [52, 56] . Aging of the suspensions, which may last for 
hours, days or even months, allows the system to tender towards or even reach 
stability. This process, which is referred to as  Ostwald ripening , is often associated 
with modifi cations of some physical or chemical characteristics of the particles. It 
leads to an increase in the average particle size, and also to a change in the mor-
phology and crystalline structure. 

 Different techniques exist to form a complex of zero charge and to obtain a solid. 
The most often - used method involves the addition of a base into an acid solution 
of the metal salt at room temperature. The mixing of these solutions leads to a 
rapid formation of a high concentration of hydroxylated complexes, and induces 
local pH gradients. These in turn cause nonhomogeneity in the hydrolysis prod-

     Scheme 12.2       

     Scheme 12.1       
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ucts, which condense in random fashion. The Fe 3+  ions precipitate quasi - instan-
taneously at pH  ≥ 3 into a poorly defi ned phase, known as  “ 2 - line ferrihydrite ”  
because its X - ray diffraction pattern exhibits only two broad bands  [57] . When the 
suspensions are aged at a pH where the solid is partially soluble, the concentration 
in solution may be enough to feed the nuclei of a more stable crystalline phase. 
This type of process is involved in the formation of goethite,  α  - FeOOH, during 
the aging of ferrihydrite at pH    <    5    >    10. Because of the structural anisotropy of 
goethite, rod - like particles of mean size 150    ×    25    ×    15   nm are obtained (Figure 1a 
in Ref.  [48] ). These particles form very stable aqueous suspensions that exhibit 
interesting magnetic properties; notably, the particles orient along the fi eld direc-
tion at intensities less than 350   mT, but reorient perpendicularly to the fi eld 
beyond 350   mT. This behavior may have interesting applications in the fi eld of 
magnetic biosensors  [57] . 

 Precipitation by the addition of a base at room temperature, may also lead to 
stable crystalline nanoparticles. For instance, magnetite (Fe 3 O 4 ) nanoparticles are 
easily obtained by coprecipitating aqueous Fe 3+  and Fe 2+  ions  [58] . Here, the iron 
ions are distributed into the tetrahedral (A) and octahedral [B] sites of the fcc 
stacking of oxygen ions according to (Fe 3+ ) [Fe 3+ Fe 2+ ] O 4 ) (see Section  12.2.4 ). 
Magnetite is characterized by a fast electron hopping between the iron cations in 
the octahedral sublattice. The crystallization of spinel is quasi - immediate at room 
temperature, with electron transfer between the Fe 2+  and Fe  3+  ions playing a 
fundamental role in the process  [59, 60] . Nanoparticles of magnetite are very sensi-
tive to oxidation, and transform into maghemite,  γ  - Fe 2 O 3 , (Fe 3+ ) [  Fe5 3

3+  V 1/3 ] O 4 , 
where V represents a cationic vacancy. This high reactivity is clearly due to the 
high surface - to - volume ratio, and a controlled synthesis of magnetite requires 
strictly anaerobic conditions. Aerial oxidation is not the only way to proceed to 
maghemite, however, as different interfacial ionic and/or electron transfers, 
depending on the pH of the particle dispersion, may also be involved in the 
transformation. 

 The main advantages of the precipitation method are the low costs, the good 
safety aspects, and the high yields. Although the method is simple, many param-
eters must be controlled, the most important being the chemistry of the aqueous 
cations, since the major factor in the control of nanoparticle characteristics (e.g., 
size, shape, crystalline structure) is the acidity of the reaction solution. Other 
parameters that must also be taken in account include thermolysis temperature, 
ion concentration, ionic strength, and presence of specifi c ligands.  

  12.3.1.2   Sol – Gel 
 The conventional sol – gel process  [61]  involves the hydrolysis and condensation of 
precursors in acidic or basic aqueous - alcohol media. The process uses as precur-
sors metal halides or alkoxides in solution, and these undergo hydrolysis and 
polycondensation reactions to form a colloid, a system composed of solid particles 
(size ranging from 1   nm to 1    μ m) dispersed in a solvent (the  “ sol ” ). The sol then 
evolves towards the formation of an inorganic continuous network containing a 
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liquid phase (the gel). The formation of a metal oxide involves connecting the 
metal centers with oxo (M − O − M) or hydroxo (M − OH − M) bridges, thus generating 
metal – oxo or metal – hydroxo polymers in solution. The drying process serves to 
remove the liquid phase from the gel, thus forming a porous material, after which 
a thermal treatment (fi ring) is carried out in order to favor further polycondensa-
tion and crystallinity. However, the presence of H 2 O as an oxygen anion source 
constitutes a drawback in the preparation of well - crystallized and size - controlled 
metal oxides; for example, the reaction rate is too fast to control the nanocrystal 
growth, and the presence of H 2 O is not compatible with the high temperature 
( > 200    ° C) necessary to obtain crystalline metal oxides. More recently, nonhydrolytic 
sol – gel reactions have been exploited, these having been classifi ed by Vioux  [62]  
into two classes:  hydroxylation reactions ; and  aprotic condensation reactions , accord-
ing to whether or not hydroxy groups are produced. 

 The hydroxylation reactions include: (i) the thermal decomposition reactions of 
metal alkoxides or carboxylates, where hydroxy groups are produced on metal 
cations through thermal decomposition; and (ii) the reactions of metal halides with 
high - boiling alcohols, where the hydroxylation reaction is favored by the electro-
donating coordination of the metal ion on the  α  - carbon atom of the alcohol. 

 In the aprotic condensation reactions, the two main reaction routes are alkyl 
halide elimination and ester elimination. In the case of alkyl halide elimination, 
the reaction of the metal halide and the metal alkoxide produces a M − O − M 
linkage, along with an alkyl halide as byproduct (Scheme  12.3 ). Similarly, in the 
ester elimination reaction, ester is produced as a byproduct of the reaction of metal 
carboxylate and metal alkoxide (Scheme  12.4 ).   

 Although aprotic condensation reactions proceed at temperatures in the region 
of 100    ° C, vacant sites on the metal cations, which are essential to generate an 
oxide bridge between the metal ions, cannot be formed owing to the strong 

     Scheme 12.3       

     Scheme 12.4       



 12.3 Synthesis Methods for Spherical and Anisometric Iron Oxide Nanomaterials  447

binding affi nity of the coordinating surfactant at low temperature. Consequently, 
nonhydrolytic sol – gel reactions are generally performed at high temperatures 
(200 – 300    ° C), so that the coordinating surfactant will bind reversibly on the metal 
cation (Scheme  12.5 ).    

  12.3.1.3   Microemulsions 
 Microemulsions are defi ned as clear, thermodynamically stable dispersions con-
sisting of, at least, a ternary mixture of water, a surfactant or a mixture of surface -
 active agents, and oil  [63] . Depending on the proportion of suitable components 
and the  hydrophile – lypophile balance  ( HLB ) value of the surfactant used, the 
formation of microdroplets may be either in the form of oil - swollen micelles dis-
persed in the aqueous phase, or as water - swollen micelles dispersed in oil. 

 Microemulsion methods can be classifi ed as either  “ normal micelle ”  (also 
known as  oil - in - water  ( o/w ) methods, or as  “ reverse micelle ”  (also known as  water -
 in - oil  ( w/o ) methods. Surfactants must be used in both cases, with their concentra-
tion being maintained above the so - called  critical micelle concentration  ( CMC ); 
this is defi ned as the concentration of surfactants above which micelles are spon-
taneously formed. 

 Pileni and coworkers have exploited the synthesis of many different ferrite 
nanoparticles in functionalized micelles (i.e., the reactants are the counterions of 
the surfactants)  [64, 65] . In a typical procedure, ferrous dodecylsulfate (previously 
prepared by the reaction of FeCl 2  with  sodium dodecyl sulfate ,  SDS )  [66]  was solu-
bilized in a methyl amine aqueous solution and stirred for 3   h at 50    ° C. The black 
precipitate of magnetite was separated, purifi ed, and redispersed in water. The 
resultant particles had a mean diameter of 7.4   nm. Experiments performed at dif-
ferent ferrous dodecyl sulfate concentrations and at different temperatures showed 
that the particle size can vary between 3.7 and 11.6   nm, with the size being con-
trolled by changing either the precursor concentration (by a factor of 4) or the 

     Scheme 12.5       
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temperature. When the syntheses were carried out at 50 – 80    ° C, the particles 
formed were crystalline, and the size varied between 6 and 11.6   nm. In contrast, 
at low temperatures, the crystallinity was very low. The formation mechanism of 
stoichiometric Fe 3 O 4  nanoparticles was probably similar to that obtained in 
aqueous solution, as described in Section  12.3.1.1 . However, there was one main 
difference, namely that the formation of Fe 3 O 4  observed in this case at low reactant 
concentrations was impossible in homogeneous solutions. This effect was attrib-
uted to the formation of micelles with a high local concentration of Fe 2+ . 

 The main advantages of the microemulsion methods are: (i) the possibility to 
obtain hydrophobic and hydrophilic particles by using normal or inverse micelles, 
respectively, as nanoreactors; (ii) to fi ne - tune the particle size and size distribution; 
and (iii) to tailor the particle shape, that is, to obtain anisometric particles by 
varying the concentration ratio of the ternary (or quaternary when a cosurfactant 
is present) mixture. In contrast, the main disadvantages are: (i) a possibly poor 
crystallinity because of the mild temperature reaction and thermal instability of 
the surfactants at high annealing temperatures; and (ii) diffi culties in preparing 
particles larger than 12   nm.  

  12.3.1.4   Autocombustion Method 
 The method is based on an exothermic rapid and self - sustaining chemical reaction 
between the metal salts and a suitable organic fuel, usually urea or citric acid. The 
key feature of this method is that the heat required to sustain the reaction is pro-
vided by the reaction itself, and not by an external source. The resultant product 
is a crystalline, highly fl uffy dry powder  [67, 68] . The advantages of the method 
are the high chemical homogeneity and purity, while the main disadvantage is the 
problem of obtaining a stable particle dispersion. The preparation of ferrite par-
ticles dispersed in a silica matrix, using a sol – gel autocombustion method, is 
described in Section  12.4.3.1 .  

  12.3.1.5   Surfactant - Assisted Hydrothermal Treatment 
 The hydrothermal treatment utilizes water under pressure and at temperatures 
above its normal boiling point as a means of speeding up the reaction between 
solids. The process parameters such as solution pH, temperature, and hydrother-
mal reaction time are important with regards to the fi nal products. 

 Matsushita and coworkers  [69]  have recently developed a process for preparing 
highly dispersed magnetite and maghemite particles by using a surfactant - assisted 
hydrothermal process. For this, Fe 2+  and Fe 3+  (concentration ratio 1   :   2) were dis-
solved in distilled water; the subsequent addition of sodium oleate turned the 
suspension from a light yellow color to white, due to the formation of iron/oleate 
complexes. Aqueous ammonia (25%, v/v) was then added to the solution, at which 
point the solution turned immediately black. The black suspension was placed in 
a Tefl on vessel, capped with a Tefl on cover, and heated in a stainless steal autoclave 
at 200    ° C for 3   h. The product was collected by centrifugation, washed and dried 
at 60    ° C for 12   h. The ferrite powders were then dispersed in hexane and left to 
rest for 6   h. Following removal of the precipitated ferrite particles, the nonaggre-
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gated ferrite particles coated with oleate were obtained by evaporation of the 
hexane. 

 The average diameter, calculated from a broadening of the  X - ray diffraction  
( XRD ) peak intensity using the Scherrer equation was 10.1   nm for particles pre-
pared before hydrothermal treatment, and 13.8   nm for those prepared after hydro-
thermal treatment. These results were in agreement with the transmission electron 
microscopy (TEM) data, which showed that the surfactant - assisted hydrothermal 
treatment, even if it eventually changed the iron oxide phase from magnetite to 
maghemite, could be used successfully to increase the size of the as - prepared 
particles. Moreover, the particles had a narrow size distribution and could be 
maintained well dispersed in hexane, without forming secondary particles.  

  12.3.1.6   Surfactant - Assisted Ultrasound Irradiation 
 Sonochemical processing has proven to be a useful technique for preparing mate-
rials with unusual properties. The chemical effects of ultrasound irradiation arise 
from acoustic cavitation phenomena    –    that is, the formation, growth, and implo-
sive collapse of bubbles in a liquid medium. The high temperature ( > 5000   K), 
pressure ( > 20   MPa), and very high cooling rates (10 10    K   s  − 1 ) which are reached 
during cavitation collapse may lead to many extreme conditions. Gedanken and 
coworkers have prepared acicular amorphous iron oxide nanoparticles  [70] , elon-
gated copper nanoparticles  [71] , and lead hydroxy bromide needles  [72] . The group 
also succeeded in preparing magnetite nanorods by using the sonochemical 
method  [73] . Typically, iron(II) acetate and  β  - cyclodextrin were dissolved in double -
 distilled deoxygenated water and irradiated with a high - intensity ultrasonic probe 
under 1.5   atm Ar, at room temperature, for 3   h. The product was then washed with 
water and pentane, and dried under vacuum. The magnetite nanorods (see Figure 
2 in Ref.  [70] ) had a mean length of 48   nm and a width of 14   nm. The  β  - cyclodextrin, 
a water - soluble sugar with a central hydrophobic cavity, acted as a size - stabilizing 
agent. The magnetite nanorods were formed in a sonochemical oxidation process 
due to a radical species generated from the water molecules by the absorption of 
ultrasound. In this process, hydrogen peroxide (H 2 O 2 ) is generated and initiates 
the partial oxidation of Fe(II):

   2 22 2Fe II H O Fe III OH( ) + → ( ) + −     (12.6)   

 The basic conditions and the argon atmosphere favor formation of the magnetite 
phase (see Section  12.3.3.1 ). This method is outstanding in its ability to produce, 
very easily, monodispersed anisometric magnetite particles with a high aspect ratio 
(1   :   3).   

  12.3.2 
 Ferrofl uids 

 For biomedical applications, magnetic nanoparticles must be dispersable and 
stable in water in pH range 5 – 9. In the following, the details are provided, as an 
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example, of a stable Fe 3 O 4  particle dispersion (ferrofl uid) prepared by a facile 
method. As many methods involve the preparation of stable ferrofl uids in organic 
solvents, a general procedure that allows the transform of hydrophobic particles 
to hydrophilic particles is provided in Section  12.3.2.2 . 

  12.3.2.1   Surfactant - Assisted Dehydration 
 Water - stable, citrate - capped magnetite (Fe 3 O 4 ) nanoparticle dispersions have been 
prepared by the reaction at 100    ° C of iron sulfate (FeSO 4 ) with sodium citrate in 
alkaline water  [74] . In a typical procedure, 1   mmol C 6 H 5 Na 3 O 7  · 2H 2 O (citric acid, 
trisodium salt dehydrate), 4   mmol NaOH and 0.2   mol NaNO 3  were mixed in 19   ml 
deionized water. The mixture was heated to 100    ° C, and formed a transparent 
solution. A 1   ml aliquot of FeSO 4  · 4H 2 O (2   mmol) aqueous solution was added 
rapidly to the solution and the suspension maintained with stirring at 100    ° C for 
1   h. The precipitate was separated from the mother liquor by using a magnet, 
washed several times with water and then redispersed in water. The diameter of 
the Fe 3 O 4  particles could be controlled in the range 20 – 40   nm by varying the 
experimental parameters, with 20   nm particles showing the greatest stability in 
water. The concentration of Fe 2+  was found to be a key factor for controlling Fe 3 O 4  
particle size; a reduction from 0.1 to 0.02    M  allowed an increase in particle size, 
from approximately 20 to 40   nm. The reason for this is that the ferrous concentra-
tion strongly affects the nucleation and growth rate of Fe 3 O 4  nanoparticles. A 
higher initial Fe 2+  concentration leads to smaller particles due to the formation of 
a larger number of seeds, providing a higher particle concentration and thus 
smaller particles. 

 Fe 3 O 4  is formed as a result of the dehydration reaction of ferrous hydroxide and 
ferric oxohydroxide (as represented by Equation  12.7 ), in which the latter com-
pound is produced by the partial oxidation of ferrous hydroxide by O 2  dissolved in 
water:

   Fe OH FeOOH Fe O H O( ) + → +2 3 4 22 2     (12.7)   

 Although a partial superfi cial oxidation of Fe 3 O 4  to  γ  - Fe 2 O 3  cannot exactly be 
excluded, the remarkable point of this method is that, due to the presence of well -
 capped citrate molecules on the particle surface, the particles acquire a stability in 
water which exceeds one month.  

  12.3.2.2   Hydrophobic – Hydrophilic Phase Transfer 
 When used in biomedical applications, hydrophobic metal oxide nanoparticles 
must fi rst be transferred to the aqueous phase. This is not a minor problem, as 
phase transference often results in multiple nanoparticles being collectively coated 
within an envelope of the coating  [75] . However, a collective coating can negate 
any benefi t of the initial particle uniformity. Many methods have been developed 
for this, although most are not suffi ciently general to be used on any system  [76] ; 
alternatively, the result may be low concentrations of nanoparticles being phase -
 transferred. Krishnan  [77]  has recently reported a method that allows for high 
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concentrations of nanoparticles to be phase - transferred; moreover, the technique 
can be used to phase - transfer surfactant - coated nanoparticles prepared from other 
materials, and the copolymer used has been shown to be biocompatible. This 
copolymer, which is known as Pluronic F127, is composed of two A - chains of 
polyethylene oxide (EO) and one B - chain of  polypropylene oxide  ( PO ) in an ABA 
confi guration. Pluronic F127 contains 200.45 EO units and 65.17 PO units, and 
has a molecular weight of 12   600   Da. 

 Pluronics have interesting temperature - dependent properties. For example, 
at temperatures below their  critical micellar temperature  ( CMT ), the entire 
polymer is hydrophilic, whereas above the CMT the PO chain dehydrates 
to become hydrophobic, thus providing the polymer with an amphiphilic 
character and allowing it to assemble into micelles. For the phase - transfer proce-
dure, equal volumes of a  n  - hexane dispersion of magnetite nanoparticles (particle 
diameters 2, 7, and 10   nm) covered with oleic acid and F127 (concentration 100 -
 fold the critical micellar concentration at room temperature) in a phosphate -
 buffered saline solution were stirred together and left partially covered so as to 
allow the  n  - hexane slowly to evaporate. After 36   h, the nanoparticles had trans-
ferred completely in the water phase. The coating occurred at the interphase 
between the hexane and aqueous phase. The driving force for Pluronic absorption 
is the interactions between the hydrophobic PO chain and the particle surface, and 
the low solubility of the hydrophobic segments of the polymer in the aqueous 
solute  [78] .   

  12.3.3 
 Core – Shell Spherical and Anisometric Particles 

 Generally speaking, the encapsulation of nanoparticles in an inert shell inherently 
modifi es their surface properties and prevents any direct contact between the 
particles  [79] . In particular, the silanization of nanoparticles has been especially 
successful in protecting the surface characteristics  [80, 81] . Silica is a good noncy-
totoxic and biocompatible material, which has been shown to provide certain 
prime advantages for nanoparticles. First, the silica shell can decrease the polydis-
persity of the particles, preventing their fl occulation and thus offering a greater 
stability in biological buffers  [80, 82] . Second, the shell is optically transparent, 
chemically inert, and protects the surface of the nanoparticles from oxidation  [83, 
84] . Third, silica surfaces are easy to functionalize  [85] ; decoration of the silica shell 
with functional groups including thiol, amine, and carboxylate, facilitates the solu-
bility of spheres in different solvents. 

 In the following sections, information is provided on two examples of silica – iron 
oxide particles where silica has different functions. In the fi rst example, the 
silica particles embed both iron oxide particles and semiconductor crystals to 
produce fl uorescent magnetic composites. In the second example, a silica shell is 
used to protect iron oxo - hydroxo particles from sintering during the phase trans-
formation to iron oxide, with the simultaneous formation of magnetic hollow 
nanocapsules. 
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  12.3.3.1   Core – Shell Fluorescent Magnetic Iron Oxide – Silica Particles 
 Few reports exist on the use of fl uorescent magnetic hybrid particles as biological 
materials in bioseparation and biolabeling. Furthermore, almost all hybrid 
particles used organic dyes as fl uorophores which, due to the instability of the 
latter, limits their applications. The main motivation for fabricating magnetic and 
luminescent silica - coated composite nanoparticles has been to create multifunc-
tional nanocomposites which can be controlled by an external magnetic fi eld and 
detected on the basis of their luminescence. He and coworkers  [86]  have prepared 
both  magnetic nanoparticle s ( MNP s) and semiconductor nanocrystals    –    commonly 
known as  quantum dot s ( QD s)    –    embedded in silica spheres based on a straight-
forward application of the reverse microemulsion approach at room temperature. 
By using this simple method,  fl uorescent magnetic composite nanoparticle s 
( FMCNP s) were obtained that included more MNPs and QDs encapsulated into 
one silica sphere which exhibited a high luminescence and superparamagnetic 
properties. The method consisted fi rst of the separate preparation of a stable mag-
netite dispersion in water by a coprecipitation method (see Section  12.3.1.1 ) and 
a dispersion of CdTe nanocrystals (QDs) in water prepared by the reaction of CdCl 2  
and NaHTe with NaBH 4 . Finally, the FMCNPs were prepared using a reverse 
microemulsion approach (see Section  12.3.1.3 ). Typically, cyclohexane, Triton 
X - 100 [C 14 H 22 O(C 2 H 4 O) n ], a nonionic surfactant which has a hydrophilic polyeth-
ylene oxide group (on average 9.5 EO units) and a hydrocarbon hydrophobic group, 
 n  - hexanol, a CdTe stock solution, a Fe 3 O 4  stock solution, and  tetraethylorthosilicate  
( TEOS ) were mixed together. When the microemulsion had formed, an aqueous 
solution of ammonia was introduced to initiate the polymerization process. The 
silica growth was completed after 24   h stirring, after which the dispersion was 
subjected to magnetic separation; this involved attracting the solid phase to the 
fl ask wall by the external application of a magnet, such that the supernatant fl uid 
could be discarded. The resultant composite nanoparticles were washed with 
ethanol and water to remove any surfactant and unreacted molecules, and dis-
persed in 5   ml ultra - pure water. In order to functionalize the surface of the com-
posite nanoparticles, ethanol and aminopropylsilane were added to form a mixed 
solution, and allowed to react at 80    ° C for 3   h. The aminosilane - modifi ed nanopar-
ticles were separated by the use of a permanent magnet, and washed several times 
with water. Ultimately, the FMCNPs were obtained and redispersed in water. 

 The TEM images of FMCNPs, bare Fe 3 O 4  and CdTe nanoparticles are shown in 
Figure  12.3 . It should be noted that the fi nal core – shell particles were rather 
monodisperse, and most silica shells had trapped several magnetic nanoparticles 
and CdTe QD cores (see the inset of Figure  12.3 a). The FMCNPs had a silica - shell 
thickness of 20   nm on average, yielding an average total diameter of 50    ±    5   nm. 
The FMCNPs, because of their functional amino groups, were then ready (through 
activation with glutaraldeyde) for bioconjugation    –    that is, to be linked with pro-
teins and to monitor their binding specifi cities towards different biomolecules by 
the use of immunofl uorescence assays.   

 The preparation method    –    considering the multifunctions associated with the 
material    –    is straightforward, and provides good control over the FMCNPs ’  mag-
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netic and optical properties. This new class of highly fl uorescent, photostable 
magnetic core – shell nanoparticles has the potential for use in many applications 
such as biolabeling, imaging, drug targeting, bioseparation, and bioassays.  

  12.3.3.2   Synthesis of Anisometric Iron Oxide Nanocapsules 
 Piao and coworkers  [87]  have recently reported the details of a new process termed 
 “ wrap - bake - peel ” , which involves silica coating, heat treatment and subsequent 
removal of the silica layer, so as to transform the phase and structure of nano-
structured materials while preserving their characteristics. By using this method, 
it has been possible to prepare water - dispersible and biocompatible hollow iron 
oxide nanocapsules using, as precursors, spindle - shaped akaganeite ( β  - FeOOH) 
nanoparticles. Depending on the heat treatment conditions, hollow nanocapsules 
of either hematite or magnetite have been produced. These synthetized water -
 dispersible magnetite nanocapsules were used successfully not only as a drug 
delivery vehicle but also as a  magnetic resonance imaging  ( MRI ) contrast agent 
 [23, 88] . 

 Spindle - shaped  β  - FeOOH nanoparticles were prepared by the hydrolysis of a 
FeCl 3  aqueous solution (see Section  12.3.1.1 ). In a typical procedure, which is 
shown schematically in Figure  12.4 , FeCl 3  · 6H 2 O was dissolved in 2   l of deionized 
water and the concentration of Fe 3+  adjusted to 0.02    M . The solution was heated 
at 80    ° C, with mechanical stirring, for 12   h to obtain uniform, spindle - shaped  β  -
 FeOOH nanoparticles that were then isolated by centrifugation and washed with 
water. Silica coating of the  β  - FeOOH nanoparticles was carried out as follows: 

(a) (b)

(c)

50 nm

50 nm50 nm200 nm

     Figure 12.3     Transmission electron microscopy images of: 
(a)  Fluorescent magnetic composite nanoparticle s ( FMCNP s); 
(b) Magnetic nanoparticles (Fe 3 O 4 ); (c) Quantum dots 
(CdTe).  
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300   ml of ammonium hydroxide (30   wt%) was added to a solution containing 5   l 
ethanol and 500   ml deionized water. After being precoated with  polyvinylpyrrol-
idone  ( PVP ), the as - prepared  β  - FeOOH nanoparticles were dispersed in the solu-
tion. TEOS (7   ml) was then added to the mixture solution at room temperature, 
with vigorous stirring, and the mixture was held at room temperature for 10   h with 
constant stirring to yield the uniform silica shell/ β  - FeOOH core nanocomposite; 
this was then isolated by centrifugation and washed with water. The composite 
was heated to 500    ° C under an air atmosphere, and the temperature maintained 
for 5   h to produce the silica shell/hollow hematite nanostructures. The formation 
of a hollow structure was due to the formation of pores in the  β  - FeOOH particles 
at low temperature ( ≤ 200    ° C) that merge, at higher temperatures, to form single 
large pores leading to the generation of nanocapsules. This was demonstrated by 
TEM analyses during the annealing process, and confi rmed by thermogravimetric 
and differential thermal analyses; these showed a weight loss associated with a 
simultaneous endothermic process between 160 and 330    ° C, due to the thermal 
dehydroxylation of  β  - FeOOH forming hematite ( α  - Fe 2 O 3 ).   

 In order to obtain magnetite nanocapsules, the silica shell/hollow hematite 
nanostructures were further heated at 500    ° C for 10   h under a fl ow of H 2 /Ar (10/90, 
v/v). The iron oxide/silica nanostructures were immersed in 0.1    M  of NaOH 
solution with sonication for 5   h to remove the silica shell (for 1   g of nanocomposite, 
250   ml of 0.1    M    NaOH was added). All ions in the resultant suspensions 

     Figure 12.4     Schematic illustration of the procedure for the 
synthesis of uniform and water - dispersible iron 
oxide nanocapsules.  
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were completely removed by several cycles of centrifugation until the pH was 
neutral.   

  12.3.4 
 Maghemite and Magnetite Nanotubes 

 Nanowires, nanotubes, and nanorods of iron oxides represent a class of  one -
 dimensional  ( 1 - D ) magnetic materials in which carrier motion is restricted in two 
directions. The quantum confi nement and low - dimensionality inherent to these 
systems allow the generation of materials with unique properties  [7, 74, 87, 89 – 92] . 
Magnetic nanotubes, for example, may potentially serve as tunable fl uidic chan-
nels for tiny magnetic particles, in biomagnetic sensors, and in nanomedicine and 
catalysis. At present, a variety of methods have been used for the synthesis of 1 - D 
nanostructures, including hydrothermal/solvothermal processes, organometallic 
precursors, solid - template methods, chemical vapor deposition, vapor – liquid –
 solid methods, and polymer assembly. 

 At this point, we report on two different preparation methods used for the syn-
thesis of iron oxide nanotubes; namely, a solid - template method and a soluble -
 template method (which, in our opinion, have provided good results in terms of 
high yields of single - crystalline iron oxide nanostructures). For the preparation of 
iron oxide nanowires (and details of their magnetic properties), the reader is 
referred to Sections  12.4.4.1  and  12.4.4.2 . 

  12.3.4.1   Solid Nanotube Template 
 This method was developed by Sun and coworkers  [93] , and consists of the initial 
formation of hematite nanotubes which are then reduced by hydrogen and oxi-
dized in air to form single - crystal maghemite nanotubes. In a typical experimental 
procedure, the nanotubes were obtained by the hydrothermal treatment of a FeCl 3  
solution in the presence of NH 4 H 2 PO 4  at 220    ° C for 48   h. The initial product con-
sisted almost entirely of hematite ( α  - Fe 2 O 3 ) nanotubes with outer diameters of 
90 – 110   nm, inner diameters of 40 – 80   nm, and lengths of 250 – 400   nm. The product 
obtained after 2   h contained spindle - like particles with diameter 60 – 70   nm and 
length 350 – 400   nm (Figure  12.5 a). Prolonging the reaction time to 8   h led to the 
creation of nanorods with a diameter of approximately 100   nm and a length of 
250 – 400   nm. The tips of these rods were concave (see the inset of Figure  12.5 b). 
A mixture of rod - like, tubular and semitubular (inset of Figure  12.5 c) nanostruc-
tures was formed after longer reaction times (12   h, Figure  12.5 c). Following a 
reaction time of 48   h (Figure  12.5 d), the product consisted predominantly of nano-
tubes that were completely hollow.   

 The formation process of the nanotubes can be derived from a  “ dissolution ”  of 
the spindle - like precursors from the tips towards the interior along the long axis, 
until hollow tubes are formed. 

 The driving force is the high activity of the sharp spindle tips, which are easily 
attacked by the protons in acidic solution. As regards the spindle - like precursor, 
it is well known that the shape is caused by a selective adsorption of phosphate 
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onto the hematite crystalline planes. Moreover, phosphate coordination to Fe 3+  
ions induces a preferential dissolution of the hematite spindle precursors along 
the long axis. The hematite nanotubes can be reduced by annealing at 360    ° C under 
a continuous hydrogen gas fl ow for 5   h, and reoxidized in air to form maghemite 
single - crystalline nanotubes.  

  12.3.4.2   Soluble Nanotube Template 
 In order to prepare single - crystalline magnetite nanotubes, Zhou and coworkers 
 [8, 84]  have used MgO nanowires grown on Si/SiO 2  surfaces as solid templates. 
The nanowires were fi rst coated epitaxially with a layer of Fe 3 O 4 , by using a  pulsed 
laser deposition  ( PLD ) technique, to obtain MgO/Fe 3 O 4  core – shell nanowires. The 
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     Figure 12.5     Morphology evolution of the hematite nanotubes 
with reaction time. Transmission electron microscopy images 
of the products obtained at 220    ° C after (a) 2   h, (b) 8   h, 
(c) 12   h, and (d) 48   h; (e) Schematic illustration of the 
tube - formation process.  
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MgO inner core was then selectively etched by using a (NH 4 ) 2 SO 4  solution at 80    ° C, 
such that micrometer - long single - crystalline Fe 3 O 4  tubes were obtained. The 
advantages of this method were: (i) the tunability of the nanotube length, inner 
diameter and wall thickness by controlling the length and diameter of the MgO 
cores and the deposition rate/time of the shell; and (ii) the versatility of the 
method, which can be extended to a variety of materials that possess a close lattice 
match with the template MgO.    

  12.4 
 Correlations between Synthesis and Magnetic Behavior in 
Iron Oxide Nanomaterials 

 In the following sections, we describe some examples that highlight the strong 
correlation that exists between preparation method, composition, structure, mate-
rial shape, and its magnetic properties. 

  12.4.1 
 Spherical and Anisometric Iron Oxide Particles 

 At this point, four examples can be outlined that show a straightforward correla-
tion between the magnetic properties and: (i) particle size and ferrite composition 
(Sections  12.4.1.1  and  12.4.1.2 ); (ii) surfactant effects (Section  12.4.1.3 ); (iii) par-
ticle shape (Section  12.4.1.4 ). 

  12.4.1.1   Spherical Magnetite ( Fe 3 O 4  ) Nanoparticles 
 Hyeon and coworkers have recently reported on the synthesis of several grams of 
magnetite nanoparticles using inverse micelles as nanoreactors  [94] . 

 The key features of the procedure were: (i) maintenance of the micelle structure 
during formation of the particles at high reaction temperatures to produce parti-
cles of high uniformity and crystallinity; (ii) the yield, which was sensibly increased 
with respect to conventional methods, due to the lower amount of organic solvent 
used; (iii) the method, which employed hydrated iron salts rather than the metallo -
 organic salts generally used (and which were by far more toxic); and (iv) the ver-
satility of the synthesis method, which could be applied for the preparation of 
different materials (the authors in fact also reported on the preparation of mixed 
ferrites, Me 2+ Fe 2 O 4 ; Me 2+    =   Co 2+ , Mn 2+ , Ni 2+  and Zn 2+ ; see also Section  12.3.1.3 ). 

 The microemulsion is formed by water, dimethylbenzene (xylene), the surfac-
tant  dodecylbenzenesulfonate  ( DBS ) and an ethanolic solution of Fe(NO 3 ) 2  and 
FeCl 3 . After 12   h stirring at room temperature, the microemulsion was heated to 
90    ° C and an aqueous solution of hydrazine added. The mixture immediately 
turned black and, after 5   h, the product was separated by centrifugation. The par-
ticles were then dispersed in organic solvents such as toluene and alkanes. 
Depending on the relative amounts of surfactant, solvent and  w  ratio (where 
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 w    =   [polar solvents ethanol and water]/[surfactant]), the particle diameter could be 
tuned to between 3 and 10   nm). TEM images of the 3   nm particles with the histo-
gram of the size distribution showed the high particle uniformity with a size 
distribution of approximately 11% (Figure 1A in Ref.  [94] ). Moreover the inset of 
the fi gure, which showed the high - resolution (HR) TEM of a single particle, 
revealed the presence of lattice - fringe patterns, thus demonstrating the highly 
crystalline nature of the nanoparticles. In order to identify the crystalline phase, 
XRD analysis in the case of magnetite (although often used as the only proof of 
phase identifi cation) was insuffi cient as the peaks of maghemite (the phase formed 
after oxidation of Fe 2+  to Fe 3+ ) occurred in almost the same positions. In this case, 
the authors also carried out  X - ray magnetic circular dichroism  ( XMCD ) measure-
ments at the Fe L 2,3  - edges, to confi rm that the nanoparticles were indeed domi-
nated by the magnetite phase, and that the presence of a small amount of the 
oxidized phase, maghemite, could not be excluded. 

 This effective synthesis method, which allows fi ne tuning of the particle dimen-
sions and provides excellent particle uniformity and crystallinity    –    as shown clearly 
by the chemical and structural characterization    –    leads to a straightforward correla-
tion between the magnetic behavior of the particles and their size. In particular, 
the magnetic properties of three samples with particle sizes of approximately 3, 7, 
and 9   nm are described (Table  12.1 ). For quantitative comparison, the magnetiza-
tion is reported in units of emu per gram Fe. The thermal dependence of magne-
tization, as measured by ZFC protocol and carried out using a SQUID 
magnetometer, is shown in Figure 4 of Ref  [94] . The temperature corresponding 
to the curve maximum, proportional to  T B  , increases as the size of the particles 
increases (Table  12.1 ), according to the N é el – Brown model of superparamag-
netism (see Section  12.2.3 )  [6, 95] . A remarkable result, however, is that the mag-
netic anisotropy, when estimated from experimental values of the blocking 
temperatures, is above of 10 6    J   m  − 3  for each of the three samples, and at least one 
order of magnitude higher than that of bulk Fe 3 O 4   [43] . The reason for such high 
values can be mainly attributed to surface magnetic state effects, due to the fact 
that particles larger than 7   nm, where the surface   :   volume ratio is not high, 
show a value of magnetic anisotropy close to that of the bulk material. Another 

 Table 12.1     Average diameter ( <  D  > ), standard deviation (  σ  ), 
blocking temperature ( T B  ), saturation magnetization ( M s  ) at 
300 and 2   K, reduced remanent magnetization ( M r /M s  ) and 
coercive fi eld ( H c  ) at 2   K. 

   Particle 
size label  

    <  D  >  
(nm)  

     σ   
(nm)  

    T B   
(K)  

    M s  _(300   K) 
(emu/g)  

    M s  _(2   K) 
(emu/g)  

    M r /M s  _2   K      H c  _2   K 
(Oe)  

  3    2.92    0.34    45    135    165    0.19    195  
  5    5.11    0.37    85    152    184    0.23    260  

   7     7.10     0.53     105     173     228     0.18     170  
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possible source of such enhancement of magnetic anisotropy could be ascribed to 
interparticle interactions, which are quite strong in powder samples.   

 The fi eld dependence of magnetization at 2   K and 300   K was also measured; some 
magnetic parameters extracted by hysteresis loops are listed in Table  12.1 . It is well 
known that magnetite nanoparticles smaller than 20   nm are superparamagnetic at 
room temperature  [42] , and this is confi rmed by the magnetization versus fi eld 
curves at 300   K, as reported in Figure 5 in Ref.  [94]  ( H c     =   0,  M  r    =   0). On the other 
hand, at low temperature, all samples show a hysteretic behavior with coercivity 
approximately 200 Oe. The authors underlined the fact that  H c  v alues measured in 
these samples were smaller than those reported elsewhere for Fe 3 O 4  nanoparticles 
 [47] . In our opinion, this behavior can be attributed to the fraction of the smallest 
particles that, at low temperature, are still in the superparamagnetic state. This is 
confi rmed by the low  M r /M s   (Table  12.1 ) values which reveal the presence at 2   K of 
a fraction of particles, still in the superparamagnetic state. 

 The saturation magnetization values at 300   K and 2   K decrease by decreasing the 
particle size (Table  12.1 ); this can be ascribed to surface effects that become more 
important when particle size decreases, as observed earlier in other systems  
[34, 96 – 98] . 

 In conclusion, Hyeon and coworkers set up an economical and environmentally 
friendly synthesis method to obtain magnetite nanoparticles with sizes between 2 
and 10   nm, and with a narrow size distribution. The particles were highly crystalline 
and had magnetic properties suitable for biomedical applications. In particular, the 
high value of saturation magnetization at room temperature rendered these 
nanoparticles suitable for drug delivery and magnetic separation applications  [94] .  

  12.4.1.2   Stable Iron Oxide Spherical Nanoparticle Dispersions (Ferrofl uids) 
 Sun and colleagues  [42]  have introduced a simple method for the preparation of 
stable metal and metal oxide nanoparticle dispersions. This consists of the thermal 
decomposition of metallo - organic compounds in high - boiling solvents, followed 
by reaction of the metal ions with polyols. In order to avoid particle aggregation, 
a mixture of oleic acid and oleylamine was used as a surfactant. Both, oleic acid 
and oleylamine were found necessary for the formation of particles; the sole use 
of oleic acid resulted in a viscous product which was diffi cult to purify, while the 
use of oleylamine produced only iron oxide nanoparticles, at a much lower yield. 
The two - surfactant mixture was crucial for obtaining stable, highly concentrated 
particle dispersions. Moreover, it was also possible to transform the as - prepared 
hydrophobic particles into hydrophilic particles by adding bipolar surfactants. 
Highly concentrated, stable magnetic particle dispersions in water are very much 
required for almost all biomedical applications. In this case  [42] , magnetite (Fe 3 O 4 ) 
nanoparticles were prepared by the thermal decomposition of iron (III) acetylace-
tonate (Fe(acac) 3 ) and reduction with 1,2 - hexandecandiol, the polyol, in the pres-
ence of oleic acid and oleylamine as surfactants. 

 Similarly, by reaction of Fe(acac) 3  and Co(acac) 2  or Mn(acac) 2  with the same diol, 
CoFe 2 O 4  and MnFe 2 O 4  nanoparticles have been obtained, thereby confi rming the 
versatility of the method. The particle diameter can be tuned from 3 to 20   nm by 
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varying the reaction conditions or by seed - mediated growth. That is, by using small 
particles as seeds, mixed with the reagents in solution, to grow approximately 2   nm 
larger particles; these in turn can be used as seeds, allowing the diameter to be 
fi nely tuned. 

 Typical TEM images of 6, 10, and 12   nm Fe 3 O 4  nanoparticles deposited 
from their hexane or octane dispersions and dried under ambient conditions 
are shown in Figure  12.6 . The particles have a narrow size distribution and can 
form self - ordered Fe 3 O 4  superlattices if the solvent is allowed to evaporate slowly. 
The structural characterization follows from XRD, electron diffraction and 
near - edge X - ray absorption fi ne structure measurements. The resultant particles 
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     Figure 12.6     Transmission electron microscopy bright - fi eld 
images of (a) 6   nm and (b) 12   nm Fe 3 O 4  nanoparticles 
deposited from their hexane dispersion on an amorphous 
carbon - coated copper grid and dried at room temperature; 
(c) A 3 - D superlattice of 10   nm Fe 3 O 4  nanoparticles 
deposited from their octane dispersion on an amorphous 
carbon surface and dried at room temperature.  
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were single - crystalline, mostly constituted by the Fe 3 O 4  phase, although a small 
amount of the oxidized phase,  γ   -  Fe 2 O 3 , cannot be excluded, especially on the 
particle surface.   

 Magnetic measurements on all Fe 3 O 4  nanoparticles have indicated that 
the particles are superparamagnetic at room temperature; that is, the thermal 
energy overcomes the anisotropy energy barrier of a single particle, and conse-
quently the net magnetization in the absence of an external applied magnetic fi eld 
is zero. 

 Figure 6 in Ref.  [42]  shows the hysteresis loop of 16   nm Fe 3 O 4  nanoparticles 
recorded at 10   K and 300   K. At 10   K    –    that is, at a much lower thermal energy    –    the 
material is ferromagnetic with a coercivity of 450 Oe. However, under a large 
externally applied fi eld the particle magnetization will align with the fi eld direction 
and reach its saturation value ( M s  ). For 16   nm Fe 3 O 4  particles, the  M s   value is 
83   emu   g  − 1 , very close to the range of values (78 – 90   emu   g  − 1 ) expected for the bulk 
 [47, 51] . For particles smaller than 10   nm, the  M s   value is lower, most likely due 
to a spin canting effect which is more relevant for small particles with a high 
surface - to - volume ratio  [45, 97, 99 – 101] . 

 When Fe is partially substituted by Co, CoFe 2 O 4  is formed and, due to the 
higher magnetic anisotropy of Co compared to Fe, the particles are ferromagnetic 
also at room temperature, and with a coercivity of 400 Oe which at 10   K reaches 
a value of 20   kOe. In contrast, the incorporation of Mn cations into the Fe − O 
matrix reduces the magnetic anisotropy of the materials. MnFe 2 O 4  particles 
with diameter of 14   nm show, at 10   K, a coercivity of only 140 Oe  [17] . This shows 
clearly that, by varying the chemical composition of metal spinel oxides, it is 
possible to tune the magnetic anisotropy and then the magnetic properties of 
the materials. 

 The magnetic behavior of these particles is well suited to biomedical applications 
outside the human body or  in vivo , when they are well protected by a nonbiode-
gradable shell in order to avoid any risk of toxic cobalt release.  

  12.4.1.3   Surfactant Effect 
 The functionalization of nanoparticles surface represents a fundamental step 
for the application of these materials in the biomedical fi eld (drug delivery, 
tumor targeting), in catalysis, and as sensors. Indeed, the properties of the 
magnetic nanoparticles may be tailored by adapting their surface molecular coating 
in order to meet a variety of requirements (i.e., colloidal stability, bioconjugation, 
etc.)  [25] . 

 As described earlier in Section  12.2.2 , nanoparticle surface functionalization can 
induce important modifi cations on surface magnetic anisotropy, and consequently 
on the magnetic properties of the material. Consequently, an understanding and 
an ability to control the effects of surface functionalization on magnetic behavior 
become important when designing new nanomaterials suitable for new 
applications. 

 Recently, Battle  et al .  [34]  studied the effects of oleic acid surface particle func-
tionalization on the magnetic properties of Fe 3 O 4  particles. Here, the magnetite 
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nanoparticles were synthesized by thermal decomposition at high temperature, 
using an iron organic precursor in an organic medium and following the proce-
dure described in Section  12.4.1.2 . Oleic acid was used as the surfactant, and in 
all cases the Fe   :   oleic acid molecular ratio was maintained at 1   :   3. The report 
referred to three samples of different particle size, with XRD patterns showing all 
three to consist of highly crystalline magnetite particles. A subsequent TEM 
analysis showed that the particles were poly - disperse below 20% and consisted 
of a mixture of diamond, cubic, and triangular shapes  [102] . Magnetization 
versus temperature measurements showed the  M s   values to be almost size - 
independent and close to the saturation magnetization of the bulk material 
(  Ms

bulk emug= − −78 90 1)  [30, 47, 51] . The latter result was surprising as   Ms
bulk  in 

Fe 3 O 4  was not achieved up to a particle diameter of 150   nm  [103] . This suggested 
that the crystal fi eld associated with the new O 2 −   surface ligands of oleic acid coor-
dinated to Fe surface cations resembled that of the Fe bulk cations, and this 
induced a reduction in the surface magnetic disorder.  H c   was seen to increase with 
the increase in particle size, most likely due to shape anisotropy associated with 
the faceted growth of the particles  [102] . These results supported the idea that the 
oleic acid molecules were bonded covalently to the nanoparticles, and were able 
to reduce the surface spin disorder.  

  12.4.1.4   Anisometric Maghemite ( γ  -  Fe 2 O 3  ) Particles 
 As described in Section  12.2.2 , the morphology and shape of magnetic nanocrys-
tals represent potential tools for tuning the magnetic properties of the materials. 
The formation of monodisperse, spherical magnetite nanoparticles by using 
spherical micelles as nanoreactors was detailed in Section  12.4.1.1 , when low 
surfactant concentrations were used. Conversely, by increasing the surfactant 
concentration and/or by adding salts or alcohols, the micelles were seen to grow 
to a rod - like shape, as predicted by the micellization theory  [104] . This anisometric 
shape could be taken as an ideal template for preparing anisometric structures. 
Moreover, the surfactant molecules present in the system may selectively interact 
with preferred crystallographic planes of the forming inorganic nanostructures, 
thus originating an oriented growth of crystalline nuclei with new morphologies 
 [105, 106] . 

 In this connection, Wang and coworkers  [83]  reported a systematic variation of 
the shape of  γ  - Fe 2 O 3  nanostructures by using an anionic surfactant, sodium dodecyl 
sulfate (SDS), in SDS/ n  - octanol/water microemulsions. By adjusting only two 
parameters    –    reaction time and SDS concentration    –    the group succeeded in con-
trolling the formation of rods and multipod shapes, and in studying the infl uence 
of anisometric shape on the magnetic properties. 

 The samples were prepared by the addition of FeSO 4  to a microemulsion formed 
by mixing (using an ultrasonic oscillator) SDS, deionized water and 1 - octanol, and 
setting the pH value at 10.8 by the dropwise addition of an ammonia solution. The 
mixture was then held at 40    ° C for 3, 4, and 5   h under continuous stirring. The 
precipitate was then separated and purifi ed. 
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 After a 3   h reaction, mostly spherical  γ  - Fe 2 O 3  nanoparticles were formed, whereas 
uniform  γ  - Fe 2 O 3  nanorods of 500   nm length and 20   nm width were formed after 
4   h, but with an aspect ratio in excess of 25   :   1. The particles formed after a 5   h 
reaction had undergone a phase transformation from  γ  - Fe 2 O 3  to  α  - Fe 2 O 3 . The rod -
 like shape was derived (as shown by Tulpar and Ducker  [107] ) by the surfactant 
molecules being adsorbed onto preferential crystalline planes of the iron oxide 
nuclei; this prevented them from further grow and consequently induced an 
anisotropic growth process. 

 The magnetic hysteresis curves of the 3   h, 4   h, and 5   h samples, when 
measured at room temperature, showed that the spherical and rod - like  γ  - Fe 2 O 3  
particles had comparable saturation magnetization, but differed in their coercivity 
values, from 0.28 Oe for spherical particles up to 0.7   kOe for the rods. This 
high coercivity value was ascribed to the contribution of the shape anisotropy 
to the total magnetic anisotropy. A different magnetic behavior was observed, 
however, for the sample prepared by a 5   h reaction. In this case, TEM analysis 
revealed the particles to be almost spherical, whereas the XRD spectrum 
showed a phase change from maghemite ( γ  - Fe 2 O 3 ) to the more stable, antiferro-
magnetic hematite ( α  - Fe 2 O 3 ). Later, by increasing the SDS surfactant concentra-
tion 10 - fold, from 1.8   mmol to 18   mmol, and after a 3   h reaction, multipod  γ  - Fe 2 O 3  
particles were isolated. In this study the authors ascribed the anisometric morphol-
ogy to an unbalanced distribution of SDS molecules on the different crystalline 
faces of the  γ  - Fe 2 O 3  nuclei, which resulted in some facets showing preferential 
growth compared to others. The hysteresis loops of maghemite aggregated 
nanoparticles and nonaggregated multipod structures showed the same saturation 
magnetization value ( M s      ≈    0.02   emu   g  − 1 ), while the coercivity and remanent 
magnetization values for the aggregated nanoparticle sample ( H c     =   0.28   kOe; 
 M r     =   0.0078   emu   g  − 1 ) were higher than those for the sample with multipod mor-
phology ( H c     =   0.09   kOe;  M r     =   0.0026   emu   g  − 1 ). This means that the increased scale 
of branches grown along uneasy magnetic axes makes the  γ  - Fe 2 O 3  magnetization 
more diffi cult. 

 In this example, it was shown clearly that a control on nanoparticle shape 
anisometry would lead to a wide alteration of magnetic properties, thus opening 
perspectives for the design of new magnetic building blocks for different applica-
tions  [11, 108] .   

  12.4.2 
 Core – Shell Nanoparticles 

 Core – shell particles often exhibit improved physical and chemical properties over 
their single - component counterparts, and hence are potentially useful in a broader 
range of applications. 

 Indeed, the shell can alter the charge, functionality, and reactivity of the particle 
surface; magnetic, optical or catalytic functions may be readily imparted to the 
dispersed colloidal matter, depending on the properties of the coating. Encasing 
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colloids in a shell of different composition may also protect the core against chemi-
cal and physical changes  [79, 109] . 

 In the fi rst example, we describe the preparation and magnetic behavior of high -
 engineered particles; that is, particles formed by a  γ  - Fe 2 O 3 /silica core and a gold 
shell, all protected by a further  polyethylene glycol  ( PEG ) shell. 

 In the second case, magnetite particles are functionalized with biocom-
patible  polydimethylsiloxane  ( PDMS ) adsorbed onto their surface in order to: 
(i) provide an experimental tool for particle size tuning by varying the length of 
the polymer alkyl chains protruding from the magnetite particle surface, together 
with a theoretical model and (ii) sterically stabilize the particles against 
fl occulation. 

  12.4.2.1    γ  -  Fe 2 O 3  /Silica Core Coated with Gold Nanoshell 
 Coating magnetic nanoparticles with silica shell represents a promising and 
important approach in the development of magnetic nanoparticles for technologi-
cal and biomedical applications. The rich and well - documented biocompatible 
chemistry of silica colloid may allow the practical implementation of magnetic 
nanoparticles in magnetically guided drug delivery, tumor targeting and the 
magnetically assisted chemical separation of cells and/or proteins. Moreover, 
silica shells greatly improve the hydrophilicity of the magnetic nanoparticles  [21, 
110] . The coating of nanoparticles with gold is also very interesting for bioconjuga-
tion, good biocompatibility and unique optical properties of the Au nanoshells. 
These systems can be used in biological systems for diagnostic and therapeutic 
applications, and they are also potential candidates for localized photothermal 
therapy. 

 Recently Ji and coworkers  [111]  described the synthesis, characterization and 
use of hybrid nanoparticles with a superparamagnetic iron oxide - silica core and a 
gold nanoshell. The photothermal properties of a gold nanoshell combined with 
the properties of a magnetic core, open perspectives for the application of this 
material in target photothermal therapy mediated through an external magnetic 
fi eld and MRI guidance  [111] . 

 A superparamagnetic iron oxide/silica core coated with a bifunctional 
gold nanoshell was synthesized through a multistep procedure (Figure  12.7 ). 
Commercially available superparamagnetic, water - based  γ  - Fe 2 O 3  (Mnp) nanopar-
ticles ( <  D  >    =   10   nm) were used as the magnetic core. The silica coating was 
performed according to the well - known St ö ber process, where SiO 2  is formed 
through the hydrolysis and condensation of a sol – gel precursor (see Section 
 12.3.1.2 )  [112, 113] . As the iron oxide surface has a strong affi nity for silica, no 
primes were needed to promote the deposition and adhesion of the SiO 2  coating. 
In a typical procedure, water - based Mnp nanoparticles were diluted in water and 
absolute ethanol. An aqueous ammonia solution and TEOS were consecutively 
added into the Mnp dispersion at room temperature, under continuous mechani-
cal stirring. The clear solution became a turbid suspension in approximately 
30   min, indicating the presence of  γ  - Fe 2 O 3  nanoparticles coated with silica shells 
(Mnp/Si). Although several parameters (e.g., the growth time and concentration 
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of ammonia catalyst and water) could be employed to control the thickness of 
silica shell, it proved to be more convenient and reproducible to adjust the shell 
thickness by changing the concentration of the TEOS precursor. With this 
method, thicknesses ranging from 2 to 100   nm could be obtained  [110] . Then, in 
order to produce amino - terminated silica surfaces, treatment with NH 4 OH and 
3 - aminopropyltrimethoxysilane was carried out. The gold nanocrystals seeds 
(2 – 3   nm) were then attached to the amino groups by the reduction of chloroauric 
acid (HAuCl 4 ) with  tetrakis(hydroxymethyl)phosphonium  ( THPC ). The attached 
gold nanoseeds were used to nucleate a gold overlayer on the silica surface so as 
to form a gold nanoshell (Mnp/Si/Au). The thickness of the gold shell was tuned 
by varying the concentration of the Au seeds and Mnp/Si particles, while the 
concentration of the gold precursor was kept constant. In the last step, the 
nanoshells were coated with PEG by treating the Mnp/Si/Au nanoparticles with 
a monofunctional PEG precursor. The PEG coating, as confi rmed by  Fourier 
transform infrared  ( FT - IR ) spectroscopy, afforded good temporal particle stability 
in water (i.e., several weeks at 4    ° C).   

 The TEM images confi rmed the presence of  γ  - Fe 2 O 3  nanoparticles encased in 
silica, although most of the silica shells contained more than one magnetic core. 
This could be avoided by optimizing the ratio between the concentration of iron 
oxide nanoparticles and TEOS  [110] . The mean diameter of the silica - coated iron 
oxide nanoparticles was estimated as 66    ±    9.5   nm. After treatment with HAuCl 4  
and THPC, the gold nanoseeds could be clearly observed on the silica surface. 
Finally, TEM images of Mnp/Si nanoparticles coated with Au nanoshells showed 
the gold coating not to be continuous, but to have a topographical roughness at 
the nanometer scale. The particles had a mean diameter of 82.2    ±    9.7   nm, and the 
gold shells a thickness of approximately 8   nm. 

 In order to verify whether the Mnp/Si/Au nanoparticles exhibited any magnetic 
properties that could be used for magnetic fi eld - guided targeting, a number of 
investigations were performed. As an example, a nanoparticle dispersion in water 
was prepared and a Nd − Fe − B magnet ( ∼ 0.3   T) then used to separate the Mnp/Si/
Au. The solution, which initially was dark, became almost transparent after a 

     Figure 12.7     Schematic representation of the synthesis of gold 
nanoshells with superparamagnetic  γ  - Fe 2 O 3  cores.  
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15   min period of exposure to a magnetic fi eld; that is, the particles were precipi-
tated at only one side of the vial wall. Magnetization versus fi eld measurements 
recorded at 300   K on Mnp and Mnp/Si/Au nanoparticles, respectively, showed a 
lack of hysteretic behavior which indicated that, in both samples, the nanoparticles 
were in a superparamagnetic state at room temperature. A strong decrease in satu-
ration magnetization was observed in Mnp/Si/Au particles with respect to the 
saturation magnetization of Mnp particles. Si/Au nanoparticles without Mnp 
cores exhibited a diamagnetic behavior as expected. This led to the belief that 
the reduction of Ms in Mnp, in respect to that of Mnp/Si/Au nanoparticles, 
was the result of the high fraction of silica/Au in the coated nanoparticles, 
and that the gold and silica layers did not affect the saturation magnetization of 
Mnp. 

 When Ji and coworkers  [111]  conducted magnetic resonance relaxation -  and 
photothermal studies on Mnp/Si/Au nanoparticles, the samples exhibited a strong 
absorbance in the  near - infrared  ( NIR ) region of the electromagnetic spectrum, and 
an effi cient photothermal effect, both of which should open new perspectives in 
MRI imaging and photothermal therapy.  

  12.4.2.2   Effect of Particle Size and Particle Size Distribution on the Magnetic 
Properties of Magnetite/ PDMS  Nanoparticles 
 For  “  in vivo  ”  biomedical applications (e.g., drug delivery, dosage and cell uptake), 
it is important to control not only particle size but also particle size distribution, 
and it is for this reason that sterically stabilizing polymers on the particle surface 
are often required. In addition, in order to fi nely control particle size, magnetic 
separation is often used as a method of particle size selection, because it offers 
simplicity and a low - cost throughput. 

 In a recent report, Riffl e and coworkers  [114]  described the synthesis of magne-
tite nanoparticles with polydimethyl siloxane (PDMS) chains bound to their sur-
faces. The size and size distribution of the particles were adjusted by the magnetic 
removal of any larger particles, via magnetic separation. An accurate characteriza-
tion was performed in order to evaluate the effect of the magnetic separation on 
the morphological and magnetic features of the nanoparticles. The report also 
included some useful elements concerning the general methodology for character-
izing metal oxide/polymer nanoparticles. 

 Magnetite (Fe 3 O 4 ) particles were synthesized by the reaction of a stoichiometric 
ratio of iron (II) and iron (III) chloride salts (1   :   2) with ammonium hydroxide 
(NH 4 OH). The base was added in the aqueous solution of salts, until it turned 
black and reached a pH of 9 – 10 (see Section  12.3.1.1 ). The surfaces of magnetite 
nanoparticles were then coated by adsorbing a PDMS oligomer that had three 
carboxylate groups on one end of the molecule, and a nonfunctional trimethylsilyl 
group at the other end. To this purpose, a PDMS dispersion, dissolved in  dichlo-
romethane  ( DCM ), was added to the basic magnetite dispersion. After stirring the 
solution for 30   min, aqueous hydrochloric acid was added slowly until the solution 
became slightly acidic (pH 5 – 6). Since the isoelectric point of magnetite in water 
is pH  ∼ 6.8, there would be a net positive charge on the metal oxide surface at pH 
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6. It is then reasonable that the PDMS molecules would adsorb, through an elec-
trostatic binding of the negatively charged carboxylate groups, onto the cationic 
sites of the nanoparticle surface. On the other hand, the nonfunctional end of the 
PDMS oligomer would provide a brush layer that extended outwards from the 
nanoparticle surface to prevent particle aggregation. Finally, the DCM was removed 
under vacuum and the Fe 3 O 4 /PDMS particles were decanted, washed with water 
and methanol, and then dried overnight at 40    ° C under reduced pressure. In the 
following descriptions, this sample will be referred to as  0 - pass . 

 In order to remove aggregates and large particles, a dispersion of the Fe 3 O 4 /
PDMS nanoparticles in chloroform (CHCl 3 ) was passed through magnetic columns 
(i.e.,  ∼ 6   g of soft iron granules fi rmly packed into 3   ml plastic syringes). A Nd − Fe − B 
magnet, placed approximately 10   cm apart from the columns, was used to generate 
a magnetic fi eld of 0.24   T. The basic idea of the magnetic separation was that larger 
particles and aggregates would be entrapped by the separation column because of 
their magnetic moments. After sonication, the chloroform dispersion of the par-
ticles was passed through a second column at a fl ow rate of approximately 20   ml 
min  − 1  ( 1 - pass  sample). Alternatively, a portion of the chloroform dispersion of 
nanoparticles was passed through fi ve freshly prepared separation columns ( 5 - pass  
sample). The collected dispersions were dried under vacuum and weighed to 
determine the amount of material that had been retained in the separation 
columns. The particles/polymer compositional ratios were determined using  ther-
mogravimetric analysis  ( TGA ) under an inert gas (N 2 ). The materials that had been 
magnetically separated had lower magnetite concentrations compared to those of 
the original materials  [115] . Since the separations preferentially removed aggre-
gates and larger particles, those complexes that passed through the columns 
should have higher magnetite specifi c surface areas, leading to higher mass frac-
tions of polymer in the eluted materials. TEM investigations indicated that mag-
netically separated samples had a lower fraction of aggregates and larger particles, 
leading to a decrease in mean particle size. An accurate statistical analysis of the 
TEM data confi rmed that the magnetic separation had resulted in particles of a 
smaller size and with narrower size distributions. Moreover, multiple passes 
through the separation columns produced smaller average sizes and a narrower 
size distribution. 

 The thermal dependence of magnetization was measured using the ZFC 
and FC protocols.  T max   in ZFC measurements was seen to decrease from  0 - pass  
to  5 - pass  samples, due to the decrease in particle size, as showed in the statistical 
analysis of TEM data. The irreversibility temperature in ZFC - FC curves (see 
Section  12.2.3.1 ) for  0 - pass  and  1 - pass  samples was higher than 300   K, indicating 
the presence of large particles and aggregates, in agreement with TEM results.  
T irr   for the  5 - pass  sample was lower than room temperature, indicating that the 
magnetic separation technique was an effi cient method for removing larger 
particles and aggregates. The dependence of magnetization on the external 
magnetic fi eld was also studied. The value of the magnetic moment has been 
normalized for the magnetite content which, in turn, was extracted from the 
thermal analysis data. The  M s   value decreased with decreasing in particle size, 
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due to the increased surface contribution  [97, 116] . Finally, Riffl e and coworkers, 
in order to predict the distributions of particle size in dispersions, combined a 
careful TEM characterization (particle size and particle size distribution) with 
a polymer brush model that originally was developed for star polymers. This 
approach provided a method for a more precise characterization of the size distri-
bution of polymer – nanoparticle complexes. An ability to fi ne - tune the nanoparticle 
size and to predict nanoparticle stability in dispersions is a critical point for many 
biomedical applications.   

  12.4.3 
 Nanocomposites 

 The term  “  nanocomposite  ” , which was fi rst coined by R. Komarneni and col-
leagues during the period 1982 – 1983, refers to materials with more than a solid 
phase where at least one dimension is in the nanometer range. The solid phases 
may be amorphous, semicrystalline, or crystalline; they can also be inorganic, 
organic, or both, and essentially of any composition  [117] . Following the frame-
work used in Section  12.1 , the nanocomposites can be classifi ed as multiphase 
nanomaterials. 

 Nanoparticles dispersed in a matrix (whether magnetic or nonmagnetic) can be 
considered as one of the most important classes of nanocomposites. Indeed, 
embedding nanoparticles in a crystalline or amorphous matrix not only allows a 
reduction in particle aggregation but also provides a means of controlling the 
morphological, structural    –    and consequently magnetic    –    properties of the material. 
For this reason, during the past few years nanocomposite materials with matrices 
such as crystalline alumina  [16] , polymers  [118]  and amorphous silica  [37, 119, 
120]  have generated profound interest. The magnetic properties of these nanocom-
posites are mainly determined by the volume fraction of the magnetic particle, 
and by the structural and textural properties of the matrix. In addition, a funda-
mental role is played by the interaction between particle surface and host matrix 
 [2] . 

 Three examples will be presented to detail and explain the interplay between the 
host matrix and the magnetic ferrite particles, and how these infl uence the mag-
netic behavior of the nanocomposite material. 

  12.4.3.1   Magnetic Properties of Cobalt Ferrite – Silica Nanocomposites Prepared by 
a Sol – Gel Autocombustion Technique 
 The use of amorphous silica as a host matrix is widely used because it is easy to 
prepare and allows improvements in the catalytic, electric, magneto - optic and 
mechanical properties of the material  [121] . The rich and well - documented bio-
compatible chemistry of silica colloids means that magnetic nanoparticles, when 
embedded in the SiO 2  host matrix, become suitable for several biomedical applica-
tions. For example, composites consisting of superparamagnetic metal oxide 
nanoparticles (e.g., Fe 3 O 4 ;  γ  - Fe 2 O 3 , CoFe 2 O 4 ) dispersed in submicron silica diamag-
netic particles may be used for biomedical  in vitro  applications, where the size 
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restrictions are less severe than for  in vivo  applications. The use of a silica host 
matrix has the added advantage that superparamagnetic composites can be easily 
functionalized  [24] . 

 Recently, Piccaluga and coworkers devised a new sol – gel autocombustion syn-
thesis method  [122]  that allows the preparation of CoFe 2 O 4  nanoparticles dispersed 
in an amorphous silica matrix, with different particle sizes ranging from approxi-
mately 3 to 30   nm. The main advantages of this procedure are: (i) the simplicity, 
inexpensive precursors and short preparation time; (ii) the interesting textural 
properties of the amorphous silica matrix; (iii) a good control of particle size dis-
tribution; and (iv) a very low inversion degree (see below) which is independent 
of particle size, in the range of 7 to 30   nm. Through a careful choice of precursors 
and a systematic structural, morphological and magnetic characterization, a good 
correlation was obtained between the synthesis, structure and physical properties 
of the materials. 

 The synthetic procedure combines the traditional sol – gel technique (hydrolysis 
and condensation of alkoxide precursors; see Section  12.3.1.2 ) with the sol – gel 
nitrate – citrate autocombustion method. TEOS was used as a precursor for SiO 2 , 
whereas metal nitrates (Fe(NO 3 ) 3  · 9H 2 O and Co(NO 3 ) 2  · 6H 2 O) and  citric acid  ( CA ) 
were used as precursors for the CoFe 2 O 4  nanoparticles. The iron and cobalt 
nitrates, in a 2   :   1 molar ratio, were dissolved in water and CA was added to the 
solution with a 1   :   1 molar ratio of metals (Co II    +   Fe III ) to CA. Liquid ammonia was 
added dropwise to the aqueous solution so as to adjust the pH value to 2. A suit-
able amount of TEOS in ethanol was then added to the aqueous solution; the 
resultant mixture was clear and did not exhibit any phase separation. It should be 
noted that the addition of ethanol decreases the solubility of the metal – citrate 
complex, leading to phase separation. In the diluted samples, the amounts of salt 
and CA were then decreased, and consequently the amounts of TEOS and ethanol 
were increased. After vigorous stirring for 30   min, the sols were poured into Tefl on 
beakers and allowed to gel in an oven, in static air at 40    ° C, for 24   h. TGA of the 
gels showed that the decomposition of the precursors was complete at tempera-
tures between 200    ° C and 230    ° C, and on this basis the gels were submitted to 
thermal treatment at 300    ° C in a preheated oven. The gels, following the elimina-
tion of large amounts of gases, were burnt through a self - propagating combustion 
process, leading directly to CoFe 2 O 4 /SiO 2  nanocomposites (samples as - prepared). 
Elemental analyses confi rmed the nominal composition and an iron   :   cobalt molar 
ratio of 2, which was within the experimental error (ca. 2%). By combining the 
autocombustion method with appropriate thermal treatments (between 100    ° C and 
900    ° C), a wide variety of samples have been prepared in which the magnetic 
properties are fi nely modulated. In the following subsection, the (CoFe 2 O 4 )  x  (SiO 2 ) 1 –    x   
samples as - prepared, with  x    =   50, 30, 15, 10, and 5, are indicated by the acronyms 
N50, N30, N15, N10, and N5, respectively. In the thermally treated samples, the 
suffi x  “  Y  ”  (Y   =   100, 200,    .   .   .    900), indicating the treatment temperature, will be 
added. 

 In order to show the good correlation obtained between synthesis, structure and 
magnetic properties, a more detailed description is given for N15, N30 and N50 
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samples treated at 900    ° C, as examples  [59] . The XRD patterns showed the presence 
of the main refl ections attributable to the cubic cobalt ferrite phase, superimposed 
to an amorphous silica halo  [45] . No other phase has been detected, thus confi rm-
ing the stabilizing effect on the CoFe 2 O 4  phase of the silica matrix, with respect 
to thermal treatments. TEM investigations allow a highlighting of the effect of the 
matrix on nanoparticle morphology and particle size distribution. HR - TEM images 
of the N50_900 and N15_900 samples showed the irregular morphology of the 
particles for samples with the highest ferrite concentration, and the spherical 
morphology of the nanocrystals for the diluted samples. The particle size distribu-
tion, obtained via TEM images, is well fi tted with a log - normal function (Figure 
 12.8 a). The increase in silica content leads to a reduction of  <  D  > , and to a sharper 
particle size distribution.   

 The magnetic properties have been studied by both static magnetization mea-
surements and M ö ssbauer spectroscopy. Measurements of magnetization as a 
function of temperature, carried out using the TRM procedure, showed in all 
samples that  M TRM   decreased with increasing temperature, and for N15_T900 and 
N30_T900 vanished above 108   K and 180   K, respectively. In contrast, N50_T900 
showed a nonzero value for the whole temperature range, indicating that the 
largest particles were blocked, even at room temperature. For an assembly of 
noninteracting particles, the derivative of  M TRM   with respect to temperature pro-
vides an estimate of the anisotropy energy barrier distribution (Figure  12.8 b). The 
decrease in ferrite contents leads to a more regular distribution of the anisotropy 
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     Figure 12.8     (a) Log - normal fi ts of particles size distribution 
for the samples N50_T900; N30_T900; N5_T900; 
(b) Distribution of magnetic anisotropy extracted from 
thermoremanent magnetization measurements.  
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energy barriers that increasingly approach a log - normal function. These data are 
in perfect agreement with the TEM measurements, showing that control of the 
nanoparticle morphology, size and size distribution is refl ected in the control of 
distribution of magnetic anisotropy and, in turn, of the magnetic behavior. 

 The magnetic properties of CoFe 2 O 4  are heavily dependent on the distribution 
of the iron and cobalt ions in the  A  and  B  sites. As a rule, even small changes in 
the cationic distribution can result in substantial changes of magnetic moments 
and of the magnetic anisotropy  [123] . The M ö ssbauer spectra of ferrites in high 
applied fi elds may allow a more reliable distinction to be made between the  A  -  and 
 B  - site components than the zero - fi eld spectra, because the applied fi eld usually is 
added to the  A  - site hyperfi ne fi eld and subtracted from the  B  - site hyperfi ne fi eld. 
Therefore, there is less overlap between the two components in the high - fi eld 
spectra. Furthermore, such spectra can also provide information about the mag-
netic structure. The M ö ssbauer spectra of the samples N15_T900, N30_T900 and 
N50_T900, all obtained with a magnetic fi eld of 6   T applied parallel to the gamma -
 ray direction, showed (as expected) that the spectra are clearly resolved into two 
main six - line components. Lines 2 and 5 have nonzero intensity, which suggests 
a noncollinear spin structure (spin - canting); that is, some of the spins are not 
aligned parallel or antiparallel to the external magnetic fi eld. Usually, bulk cobalt 
ferrite has a partially inverse structure, where the ratio between the iron atoms in 
 A  and  B  sites ( α ) has been found to vary from 0.6 to 0.87, depending on the thermal 
history of the sample  [55] . In nanoscaled particles,  α  value has been found lower, 
in the range 0.67  [64, 124]  to 0.5  [125] , depending on the methods of synthesis. 
All of the samples investigated in this report showed  α  - values of approximately 
0.36. 

 The near - constant value of  α  for all samples is a very important result, because 
a reduction of the dimension usually leads to a modifi cation of the inversion 
degree, and consequently to a variation in the magnetic properties. Instead, the 
sol – gel autocombustion synthesis allows CoFe 2 O 4  nanoparticles to be obtained 
with a cationic distribution that is independent of the particle size, over a wide 
range of dimensions (7 – 28   nm). 

 In order to evaluate the effect of cationic distribution on magnetic anisotropy 
energy, a value of anisotropy constant ( K ) was extracted from M ö ssbauer spectra 
at low temperatures  [45] . The obtained  K  - values were considerably smaller than 
the bulk values for CoFe 2 O 4  (1.8    −    3.0    ×    10 5    J   m  − 3 )  [123] . This was rather surprising, 
because the magnetic anisotropy usually is larger in nanoscaled particles  [100, 126, 
127] . The lower anisotropy in the present samples could be explained by the lower 
value of  α  in the nanoparticles. A reduction in magnetic anisotropy due to a high 
percentage of Co 2+  in the tetrahedral sites has been observed earlier  [128] . This can 
be explained by the smaller single ion anisotropy of Co 2+  located in tetrahedral 
sites ( − 79    ×    10  − 24    J per ion) compared to Co 2+  in octahedral sites (+850    ×    10  − 24    J per 
ion)  [129, 130] . 

 In conclusion, the one - pot, auto - combustion preparation of ferrite – silica nano-
composites allows ferrites to be obtained with a cationic distribution between the 
 A  and  B  sites of the spinel structure, independent of the particle size and over a 
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wide range of dimensions (7 – 28   nm). This is a very important result because nor-
mally, a reduction in dimensions leads to a modifi cation of the inversion degree, 
and consequently to a variation in the magnetic properties.  

  12.4.3.2   Ordered Mesoporous  γ  -  Fe 2 O 3 /SiO 2   Nanocomposites 
 Recently,  ordered mesoporous silica  ( OMS ) materials have received much atten-
tion due to their superior properties, high surface area, large pore volume, uniform 
pore size, and tunable surface functional groups. OMS materials are considered 
to be promising host materials for different doping agents, such as magnetic 
nanocrystals  [131] . The derived composites have shown attractive potential applica-
tions in sensor, catalysis and biomedicine. In catalysis, these nanocomposites 
provide not only large surface areas for the high loading of catalysts, but also an 
ability to be easily separated from reaction mixtures simply by applying a magnetic 
fi eld. In biomedicine, iron oxide/OMS nanocomposites may open new opportuni-
ties for the generation of multifunctional platforms, possibly applied in compli-
cated situations such as site - selective and controlled drug release  [74] . 

 Recently, Wang and coworkers  [74]  proposed a low - cost, one - step sol – gel 
approach for preparing ordered magnetic mesoporous nanocomposites. The 
method allows the preparation, under weakly acidic conditions, of  γ  - Fe 2 O 3 /SiO 2  
nanocomposites with two - dimensional hexagonal (P6   mm) and three - dimensional 
cubic (Im3   m) mesostructures. This general synthesis strategy, which is based on 
an  evaporation - induced self - assembly  ( EISA ) process, employs a commercially 
available nonionic surfactant P123 (the triblock copolymer of poly - ethylene oxide) 
or F127 (a di - functional block copolymer surfactant terminating with hydroxyl 
groups; see Section  12.3.2.2 ) for the synthesis of nanocomposites with P6   mm and 
Im3   m, respectively. For the synthesis, calculated amounts of surfactant and iron 
nitrate Fe(NO 3 ) 3  · 9H 2 O were dissolved in ethanol and stirred for 2   h. The pH value 
of the resultant homogeneous solution was in the range of 0.4 – 1.8. TEOS was then 
added to the mixture, which was stirred for 1   h. The resultant homogeneous solu-
tion was transferred to Petri dishes and the solvent allowed to evaporate at room 
temperature for 1 – 2 days; this resulted in a rigid gel that was dried at 80    ° C for 
12   h to remove any residual ethanol. Finally, the as - prepared bulk samples were 
calcined at 550    ° C in air for 5   h, at a heating rate of 1    ° C   min  − 1  to pyrolyze the metal 
nitrate and remove the surfactant. Samples with different  n Si  / n Fe   molar ratios were 
prepared. As an example, in the following subsection, the structural, textural and 
magnetic properties of  γ  - Fe 2 O 3 /SiO 2  nanocomposites with 2 - D hexagonal meso-
structures and  n Si  / n Fe   molar ratios of 9   :   1 (PMM - 10), 8   :   2 (PMM - 20), and 7   :   3 
(PMM - 30) in the initial precursor mixture are discussed. 

 The small - angle XRD patterns showed, for both PMM - 10 and PMM - 20, one 
sharp diffraction peak and two weak diffraction peaks at higher angles, which were 
characteristic of a 2 - D hexagonal mesostructure of space group P6mm. The dif-
fraction peak intensity decreased with decreasing  n Si  / n Fe   ratio, which suggested 
that the higher amount of iron incorporation in the mesoporous materials might 
reduce the degree of long - range structural order. It is important to note that a 
broad diffraction peak was still observed in sample PMM - 30, indicating that some 
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regular mesostructure was present also for a high percentage of iron oxide. The 
wide - angle XRD patterns indicated, for the PMM - 10 sample, the presence of ultra -
 small iron oxide nanoparticles of poor crystallinity. For the samples PMM - 20 and 
PMM - 30, the refl ections corresponding to  γ  - Fe 2 O 3  crystallite were more evident 
due to a larger domain size (ca. 7.5   nm and 11   nm, as estimated from the Debye –
 Scherrer equation for PMM - 20 and PMM - 30, respectively,). Although pure  γ   -  Fe 2 O 3  
usually converts to antiferromagnetic  α   -  Fe 2 O 3  above 350    ° C, the amorphous silica 
matrix hinders the transformation, thus stabilizing the  γ  - phase, even when the 
samples are heated to 550    ° C  [119, 132] . Transmission electron microscopy con-
fi rmed, for all samples, the presence of a highly ordered mesostructure in which 
the  γ   -  Fe 2 O 3  nanoparticles were homogeneously dispersed, with fewer larger par-
ticles aggregated together. When the N 2  sorption isotherms and textural properties 
of the PMM - 10, PMM - 20 and PMM - 30 samples were reported, all showed a meso-
porous structure with a very uniform pore size. The surface area and pore volumes 
were slightly decreased, while the pore size distribution was broadened by increas-
ing the iron content. These data indicate that the pore uniformity decreases, 
especially for PMM - 30. 

 Magnetic properties have been investigated on both PMM - 10 and PMM - 20 
samples. For example, the thermal dependence of magnetization were measured 
with ZFC and FC protocols under an external magnetic fi eld of 100 Oe. The ZFC 
curve of PMM - 10 exhibited a relatively narrow peak, with a mean blocking tem-
perature around 47   K. The continuous increase in the FC curve with decreasing 
temperature provided the fi rst qualitative suggestion regarding magnetic interpar-
ticle interactions, and indicated that these were weak in both samples. For the 
PMM - 20 sample, the ZFC curve showed a broad maximum at approximately 
170   K, while the FC curve remained almost constant below  T max  . The higher value 
of the blocking temperature, and the relatively broad ZFC cusp in this sample, 
could be ascribed to a larger nanoparticle size and particle size distribution. Hys-
teresis loops recorded at 5   K and magnetic parameters extracted from these mea-
surements (coercive fi eld and saturation magnetization) are reported. The increase 
in coercivity can be ascribed to an increase in anisotropy, which in turn was due 
to the increase in the surface contribution of smaller particles. In contrast, the 
decrease in saturation magnetization may be mainly ascribed to the poor crystal-
linity in the smaller particles. The results can be rationalized on the basis of a 
direct correlation between the magnetic properties and the morphological features 
(particle size and particle size distribution) of the nanocomposites. 

 In the report made by Wang and coworkers, some experimental data were also 
presented which clearly indicated that  γ   -  Fe 2 O 3 /OMS nanocomposites are suitable 
either for loading drugs with larger molecular size, or for magnetic drug 
targeting.  

  12.4.3.3    Fe 3 O 4  /Polymethylmethacrylate 
 Polymers have traditionally been considered to be excellent host matrices for 
composite materials. Indeed, the fi xing of magnetic particles into a polymer 
matrix prevents particle agglomeration, increases resistance to chemical reactions, 
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and also provides control over the interparticle spacing, particle size and particle 
size distribution. In addition, the magnetic/polymer nanocomposites combine 
polymer and mechanical functionality with that of the magnetic inclusion  [2, 133] . 
Recently, Kumar and coworkers  [134]  synthesized Fe 3 O 4 /polymer nanocomposites 
and tested these materials as drug delivery systems with multiple controls 
(magnetically and thermally induced controlled delivery). In particular, these 
studies focused on the release of  fl uorescein isothiocyanate  ( FITC ) from 
 poly(methylmethacrylate)  ( PMMA ). PMMA was selected as the polymer for the 
controlled release, not only because it is biocompatible, but also because several 
drug delivery systems have already been developed that utilize PMMA for the 
release of a variety of drugs, in many different applications. 

 In order to prepare Fe 3 O 4 /PMMA, magnetic Fe 3 O 4  nanoparticles were dispersed 
in methanol and added step - wise to a PMMA - FITC solution. When all of the 
magnetic nanoparticles had been added, the polymer mixture was spread onto the 
fl ask surface. To increase the thickness of the mixture, some of the methanol was 
allowed to evaporate by slowly stirring under a fl ow of nitrogen for 30   min. The 
composite was fi nally dried under a nitrogen fl ow over several hours. 

 The measured amount of iron in magnetite/PMMA was 23.3%, and the calcu-
lated magnetite content in magnetite/PMMA was 32.2%. 

 The magnetite nanoparticles were roughly spherical in shape, appeared agglom-
erated in TEM images, and demonstrated a broad particle size distribution and an 
average diameter of approximately 11   nm. The magnetite/PMMA nanocomposites 
appeared fl at, with a thickness less than 250   nm. 

 Hysteresis loops recorded at high temperature (300   K) and low temperature 
(10   K) for Fe 3 O 4  and Fe 3 O 4 /PMMA samples have been reported. A lack of hysteretic 
behavior at 300   K indicated that both samples were in the superparamagnetic state 
at this temperature. At low temperature, both samples showed a hysteretic behav-
ior, with the nanoparticles embedded in the polymer showing a higher coercivity 
compared to unsupported nanoparticles. This difference can be ascribed to a 
decrease in the magnetic interparticle interactions in the Fe 3 O 4 /PMMA due to the 
presence of the polymer host matrix. Indeed, the presence of strong interparticle 
interactions can induce a decrease in coercivity  [135, 136] . Finally, by highlighting 
the thermally controlled release of FITC from Fe 3 O 4 /PMMA, the authors have 
demonstrated the potential of this system for applications in drug delivery.   

  12.4.4 
 Iron Oxide Nanowires and Nanotubes 

 Magnetic 1 - D structures continue to attract intense attention, notably because their 
high anisometric shape contributes to an increase in their magnetic anisotropy, 
providing them with great appeal in different fi elds as magnetic storage, gas 
sensor, and spintronic devices, as well as in biomedical applications. Whereas, a 
number of different preparation methods, mostly using solid or soluble templates, 
have been developed to prepare iron oxide nanowires and nanotubes, there 
remains much to do with regards to the comprehension of their magnetic behav-
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ior. Here, the details of two examples are reported: one example relates to item 
and magnetite particle nanowires, and the other to magnetite nanowires and 
maghemite nanotubes. Both demonstrate the correlation between anisometric 
shape and magnetic behavior. 

  12.4.4.1    Fe 3 O 4   Nanowires 
 Magnetite (Fe 3 O 4 ) wires were prepared by Yang et al.  [137]  by the controlled 
oxidation of iron (Fe) nanowires, acting as solid templates. The Fe wires 
were synthesized by the thermal decomposition at 300 – 400    ° C of iron penta - 
carbonyl (Fe(CO) 5 ), on glass or silicon substrates placed on a heating plate that 
was held between permanent magnetic poles. The magnetic fi eld was approxi-
mately 1000 Oe, and the system was evacuated to approximately 10   mTorr before 
the deposition process. The Fe(CO) 5  was then decomposed into Fe atoms and CO 
and, by subsequent nucleation and growth processes, the Fe particles were formed. 
With aid from the magnetic fi eld, the Fe particles were then assembled as iso -
 aligned wires on the substrate. By using different deposition times and tempera-
tures, Fe wires with diameters ranging from 30 to 1000   nm were formed. The 
thickest wires comprised bundles of thin wires, and lengths of up to several cen-
timeters were assembled. Magnetite (Fe 3 O 4 ) nanowires were then formed by 
annealing the as - prepared Fe wires in air at 400    ° C for 24   h, followed by treatment 
in a N 2 /alcohol atmosphere for 1   h. The diameter of the thin Fe 3 O 4  wire was 
approximately 90   nm, the wires being composed of fi ne particles with different 
crystalline orientations. 

 The magnetization curves versus temperature and hysteresis loops of the as -
 prepared Fe and Fe 3 O 4  wires were performed using a SQUID magnetometer at 
300 and 5   K. The small kink at 125    ° C observed in the ZFC curve of Fe wires was 
ascribed to the Vervey transition temperature of Fe 3 O 4   [138] , as confi rmed by its 
presence in the ZFC - FC curves of Fe 3 O 4  wires. The Vervey transition, which is 
peculiar to the magnetite phase, originates from a fast electron hopping process 
between Fe 3+  and Fe 2+  ions in the B sites of the ferrite  [138] . Its presence suggests 
that a thin layer of magnetite is formed on the Fe wires, and that a core – shell 
structure of Fe/Fe 3 O 4  may be obtained. Moreover, it is worth noting that the sharp-
ness of the Vervey transition observed for the Fe 3 O 4  wires indicates the formation 
of single - phase magnetite. The Fe 3 O 4  wires have coercivities of 261 and 735 Oe 
along the wire direction at 300 and 5   K, respectively. The remanence ratios,  M r /
M s  , were approximately 0.30 and 0.25 in the parallel and perpendicular directions, 
respectively. The large increase in coercivity at 5   K has also been ascribed to the 
contribution of the Vervey transition to the magnetic anisotropy. 

 It should be noted that the ferromagnetic behavior observed at room tempera-
ture by the Fe 3 O 4  nanowires is mostly ascribed to the increased magnetic anisot-
ropy due to the anisotropy shape contribution of the nanowires.  

  12.4.4.2     Fe 3 O 4   Nanowires and  γ  -  Fe 2 O 3   Nanotubes 
 For the synthesis of magnetite (Fe 3 O 4 ) and maghemite ( γ  - Fe 2 O 3 ) nanowires and 
nanotubes, Suber and coworkers  [139]  have used, as solid templates, nanoporous 
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polycarbonate and alumina membranes. The method, which was developed by 
Martin  [140] , has the major advantage of obtaining a material (the porous mem-
brane) containing in the pores nanowires or nanotubes, all aligned perpendicularly 
to the membrane plane. In this way, by orienting the membrane plane with respect 
to the direction of the externally applied fi eld, it is possible to study the effect of 
their anisometric shape on the magnetic properties. The wires and tubes have a 
high aspect ratio, as determined by the diameter of the pores and the thickness of 
the membrane. In this case, the polycarbonate and alumina membranes contained 
uniformly distributed cylindrical pores with diameters of 20 and 200   nm and thick-
ness of 6 and 60    μ m, respectively. 

 Two different preparation methods have been used    –    one for the nanowires, and 
the other for the nanotube structures. Magnetite particle nanowires have been 
prepared by immersing an alumina nanoporous membrane (pore diameter 20   nm) 
in a (CH 3 ) 4 NNO 3  aqueous solution, adding dropwise a solution of FeCl 3  and FeCl 2 , 
and then maintaining the pH at 12 by the dropwise addition of a (CH 3 ) 4 NOH 
solution. A black precipitate of magnetite spherical nanoparticles with a mean 
diameter of 9   nm was formed inside the membrane pores and due to the hydrolysis 
and polymerization of the iron ions (see Section  12.3.1.1 ). 

 Magnetization versus temperature measurements (Figure  12.9 a,b) show the 
typical features (maximum of ZFC magnetization, low - temperature splitting 
between FC and ZFC curves) of an assembling of magnetic nanoparticles. By 
applying the external fi eld either perpendicularly (Figure  12.9 a) or parallel 
(Figure  12.9 b) to the wire main axis, a different magnetic behavior is observed, 
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     Figure 12.9     Temperature - dependence of ZFC and FC 
magnetization of magnetite particle nanowires with 
the applied magnetic fi eld  μ  0  H     =    10   mT aligned 
(a) perpendicularly and (b) parallel to the main axis of the 
wire; (c) Hysteresis loops for  γ  - Fe 2 O 3  tubes at  T     =    200   K with 
the magnetic fi eld aligned both perpendicular and parallel to 
the main tube axis.  
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which is attributed entirely to the anisometric wire shape. Interestingly, the main 
interaction governing the magnetic behavior differs above and below the tempera-
ture of the ZFC curve maximum (see Section  12.2.3.1 ) In fact,  T max   shifts towards 
higher values when the external fi eld is applied perpendicular to the wire long 
axis, most likely due to a stronger interaction between the particles of  neighbor 
nanowires , whereas, below  T max   the magnetic behavior observed in the FC curves 
is mainly governed by dipolar interactions between nearest particles  in the 
nanowire .   

 In the second case, maghemite nanotubes have been prepared by using the 
sol – gel method (see Section  12.3.1.2 ). An alumina membrane (pore diameter 
200   nm) was immersed in a degassed ethyl alcohol solution constituted by iron 
(II) acetyl acetonate and CA. After evaporation of the solvent, the membrane was 
dried and thermally treated up to 270    ° C. The different hysteresis loops were 
obtained by applying an external magnetic fi eld perpendicular and parallel to the 
tube long axis (Figure  12.9 c) which, in this case, also clearly indicated the existence 
of a magnetic perpendicular anisotropy. Moreover, the magnetization measure-
ments were capable of distinguishing the contribution due to magnetic interac-
tions between particles in the  same wire  from that due to magnetic interactions 
between particles in  different wires . In this regard, the nanoporous membranes can 
be seen as excellent templates for tuning the second contribution, making it pos-
sible to obtain iso - aligned magnetic wires and tubes with controlled interwire or 
intertube distances.  

  12.4.4.3    Fe 3 O 4   and  γ  -  Fe 2 O 3   Tube - in - Tube Nanostructures 
 The design and preparation of complex tube - in - tube nanostructures appears to be 
a major challenge, due to the potential for obtaining new or increased magnetic 
properties that derive both from the anisometric tubular shape and from the very 
high surface - to - volume aspect ratio. The fi rst of these methods appears to involve 
the creation of a single - crystalline tube - in - tube nanostructure of magnetic iron 
oxides by a one - step solution method  [93] . 

 Both, magnetite and maghemite tube - in - tube nanostructures were obtained 
using the hydrothermal coordination - assisted method presented in Section 
 12.3.3.2 . Hematite ( α  - Fe 2 O 3 ) spindle - like particles are initially formed by the reac-
tion of a FeCl 3  solution in the presence of NH 4 H 2 PO 4 . The spindle - like form results 
from a coordination of phosphate ions along preferential hematite crystalline 
faces. Further hydrothermal reaction under acidic conditions causes the spindle 
tips, due to the strong interaction with the protons in solution, to promote a con-
trolled dissolution of the iron oxide from the tips towards the particle inside (as 
illustrated in Figure  12.5 e; see also Section  12.3.3.2 ) forming the tube - like shape. 
When the reaction is performed also in the presence of Na 2 SO 4  ,  the coupled coor-
dination effect of phosphate and sulfate ions induces the formation of two types 
of precursor, a large amount of spindle - like particles, and a few ellipsoids. In the 
case of the ellipsoid precursors, their relatively fl at tops make it possible for the 
dissolution to occur not only at the centered tips, but also (simultaneously) at 
several high - energy sites on the top, and this is confi rmed by the presence of 
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intermediates with multiconcave sites on the tops. With an increase in the 
reaction time, the neighboring holes merge either partially to create tube - in - tube 
structures, or completely to form a single nanotube. The magnetite and maghemite 
tube - in - tube structures are then prepared either by reduction (under a hydrogen/
argon gas fl ow at 300    ° C for 5   h) or reduction and reoxidation (by exposing the 
sample in air at 240    ° C for 2   h) using hematite tube - in - tube structures as precursors 
(Figure  12.10 a,b). The transformation to magnetite and maghemite phases is 
complete, as no peaks of hematite phase precursor are observed in the XRD pat-
terns. Conversely, it is diffi cult to distinguish between magnetite and maghemite 
only on the basis of the XRD patterns due to the same spinel structure and similar 
lattice parameters (Figure  12.10 c). Raman spectroscopy represents, for this 
purpose, a very useful tool. In Figure  12.10 d, the Raman spectra show the char-
acteristic bands of magnetite and maghemite, confi rming that the nanostructures 
shown in Figure  12.10 a and b can be ascribed to pure magnetite and maghemite, 
respectively.   

 The magnetic properties of maghemite and magnetite tube - in - tube structures 
were also investigated. The temperature - dependence of the magnetization 
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     Figure 12.10     Scanning electron microscopy images of 
(a) magnetite and (b) maghemite products; (c) X - ray 
diffraction patterns; (d) Raman spectra. The tube - in - tube 
structures are marked with circles in panels (a) and (b).  
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measured with ZFC and FC of the two nanostructures measured at an applied 
fi eld of 10 Oe has been reported. Magnetite shows, in the ZFC curve, a visible 
magnetic transition at 119   K; this corresponds to the Vervey transition that origi-
nates from a fast electron hopping process between Fe 3+  and Fe 2+  ions in the B 
site of the ferrite  [138] . The Vervey transition is peculiar to the magnetite phase, 
and the fact that it is not observed in the ZFC curve of maghemite further confi rms 
the Raman data    –    that is, that the two tube - in - tube structures are formed by pure 
maghemite and magnetite phases. The coercivity at 300   K was 210 and 170 Oe, 
and the saturation magnetization 90 and 70   emu   g  − 1  (for the magnetite and 
maghemite structures, respectively). The measured values of  M s   were only a little 
lower with respect to the bulk values, indicating the absence of any magnetic 
disorder in these nanostructures. These results show great promise for the applica-
tion of these tube - in - tube structures in different fi elds, ranging from catalysis to 
drug delivery  [23] .    

  12.5 
 Conclusions and Perspectives 

 In this chapter, based on the experimental results described in Section  12.4 , we 
have attempted to outline the interplay between the magnetic properties and the 
chemical composition, structure and morphology of magnetic nanostructured iron 
oxides. 

 We have endeavored to illustrate that preparation methods have a relevant infl u-
ence    –    which is often undervalued    –    on such parameters. In fact, on the basis of 
recently devised chemical preparation methods, our understanding of magnetic 
behavior at the nanoscale has made remarkable progress in the past few years. 
These improvements in synthetic methods derive mainly from: (i) the ability to 
combine two or more classical methods (e.g., sol – gel and autocombustion, thermal 
decomposition and coprecipitation); and (ii) the use of surfactants and complex 
organic molecules, such as liquid crystals. This has led not only to the control of 
particle size and size distribution, but also more recently to the use of soluble 
templates in the fabrication of 1 - D nanostructures and microstructures. Such 
structures are capable of binding reversibly to nanocrystals so as to produce 
organic – inorganic structures with size and shape specifi cities that can serve as 
hybrid building blocks in aggregation - based pathways of crystal growth. 

 It has been shown how shape anisotropy    –    by modifying magnetic anisot-
ropy    –    can alter the magnetic behavior of these materials. Clearly, in the foreseeable 
future, organic chemistry and biochemistry will take on a fundamental role in the 
creation of 1 - D, 2 - D and 3 - D ordered magnetic nanostructures. Moreover, as the 
need for organic and biological molecules in the assembly of such complex struc-
tures becomes apparent, biochemists, organic and inorganic chemists will need 
to share their talents. The result may be a series of well - ordered magnetic nano-
materials which, when assembled into nanodevices, might be used to control and 
perform highly sophisticated functions.  
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 List of Abbreviations 

  E A     Magnetic anisotropy energy 
  H c     Coercive fi eld 
  J ij     Exchange integral 
  M s     Saturation magnetization 
  M r     Remanent magnetization 
  M r /M s     Reduced remanent magnetization 
  T B     Blocking temperature 
  T  C    Curie temperature 
  T N     N é el temperature 
  V p     Particle volume 
  γ    Inversion degree 
  α    ratio of Me III  ions in A and B sites 
  K    Anisotropy constant 
  k B     Boltzmann constant 
  τ   m     Experimental measuring time 
  τ    Superparamagnetic relaxation time 
  τ  0    Relaxation time constant 
  T ir  r     Irreversibility temperature in ZFC/FC curves. 
  μ   a     Atomic magnetic moment 
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  13.1 
 Introduction 

 Compared to top - down plasma or sputter - deposition methods, bottom - up chemi-
cal synthesis and self - assembly approaches offer more fl exibility in creating mag-
netic alloy nanoparticles of controlled size, shape, composition, and physical 
properties. This chapter provides a summary of the latest developments in the 
chemical synthesis of spherical and anisotropic transition metal alloy magnetic 
nanoparticles, with an emphasis on how synthesis conditions impact nanoparticle 
shape and composition. The methods used to prepare anisotropic magnetic alloy 
nanoparticles represent an emerging area of high research interest, and an over-
view of recent advances in this area over the past two years is included. Recent 
developments in the synthesis of ferromagnetic and superparamagnetic M − Pt 
(M  =  Ni, Fe, Co) noble metal alloy nanoparticles are fi rst reviewed, refl ecting the 
current high interest in the formation of strongly ferromagnetic nanoparticles. A 
summary of synthesis strategies for preparing magnetically soft binary alloy 
nanoparticles of the early transition elements Co, Ni, and Fe follows. Other mag-
netic nanoparticle reviews are available  [1 – 7] , focusing on biomedical applications 
 [1, 2] , L 1 0 metal alloys  [3, 7] , multicomponent heterostructured compositions  [5] , 
or broader coverage of magnetic particle synthesis, magnetic properties, and appli-
cations to catalysis and biotechnology  [4, 6] . 

 The controlled synthesis and assembly of magnetic nanoparticles has attracted 
much interest for applications in biomedicine  [1, 2] , in high - density magnetic 
recording, high - sensitivity magnetic sensors, and advanced nanocomposite per-
manent magnets  [3 – 5] . Magnetic alloy nanoparticles have been synthesized by 
several different methods, including: 

   •      Molecular precursor(s) thermal decomposition in organic or aqueous solvents, 
often coupled with the chemical reduction of metal ions.  

   •      Microemulsion strategies coupled with chemical reduction.  
   •      Pyrolysis of metal – organic polymers, which serve as single - source precursors 

for desired metal alloys.  
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   •      The reductive decomposition of molecular precursor(s) or thermal treatment of 
presynthesized nanoparticles on a soluble salt support.    

 In the fi rst two approaches, surfactants or capping ligands are used to provide 
kinetic control over the nanoparticle ’ s shape and size. The surface passivation of 
metal alloy nanoparticles containing at least two different metals on the nano-
particle surface is usually accomplished by using two different passivating 
agents    –    one for each metal. For example, for FePt nanoparticles oleic acid passiv-
ates the surface Fe atoms while oleylamine passivates the surface Pt atoms. As -
 prepared metal alloy nanoparticles often have an amorphous atomic structure, and 
require postsynthesis thermal treatment to form an ordered phase with magnetic 
properties of interest. Nanoparticle aggregation or sintering during such thermal 
annealing treatments can become a serious problem for maintaining particle 
monodispersity. In addition, the metal stoichiometry of metal alloy nanoparticles 
formed by the reduction of metal ion mixtures is frequently not the same as that 
of the mixture. The acquisition of high - quality magnetic characteristics of the 
formed nanoparticles requires careful optimization of the reagent stoichiometries. 
In the latter two approaches, the use of single - source precursors or preformed 
metal alloy nanoparticles can be used to minimize such diffi culties. 

 Transition metal alloy nanoparticles are usually characterized for structural and 
elemental composition determination, and separately for magnetic property mea-
surements. Structural and elemental composition information, usually obtained 
by  transmission electron microscopy  ( TEM ),  scanning electron microscopy  ( SEM ), 
electron or powder  X - ray diffraction  ( XRD ), and by various X - ray emission tech-
niques, such as  energy dispersive spectroscopy  ( EDS ), will be emphasized. The 
magnetic property measurements and characterization methods are reviewed in 
other chapters in this volume.  

  13.2 
 Magnetic Noble Metal Alloy Nanoparticles 

 FePt, FePd, and CoPt binary alloys having a near 1   :   1 metal stoichiometry repre-
sent an important class of ferromagnetic materials. These binary alloys exist in 
two different crystal structures depending on the amount of atomic ordering 
present. Material synthesized at temperatures  < 500    ° C has a disordered  face - 
centered cubic  ( fcc ) structure, whereas annealing at a higher temperature results 
in the formation of an ordered  face - centered tetragonal  ( fct ) structure. These 
three binary alloys have a magnetically soft fcc phase with low coercivity, and are 
described as a fcc unit cell with random atomic placement of the two metal ele-
ments (see Figure  13.1 ). The magnetically hard fct phase (referred to as the Struk-
turbericht designation, L1 0 ) exhibits high coercivity, and is described as a distorted 
cubic structure,  c     ≠     a , where alternating layers of metal atoms are stacked along 
the [001] direction ( c  axis). The magnetic anisotropy ( K ) for FePt, FePd, and CoPt 
may be as high as 6.6    ×    10 7 , 1.8    ×    10 7 , and 4.9    ×    10 7    J   m  − 3 , respectively, and are 
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some of the highest measured  K  - values for any known substance  [6] . The large 
 K  - values of these materials are due to an interaction of spin - orbit coupling and 
hybridization between the Pt/Pd 5 d  and the Co/Fe 3 d  states  [7] .   

 The synthesis of FePt nanoparticles has been    –    and continues to be    –    the most 
investigated magnetic alloy nanoparticle system to date, due to its attractive materi-
als properties  [3] . Typical preparation methods involve thermal and/or reductive 
decomposition of dual - source precursors containing Fe -  and Pt at elevated tem-
peratures (250 – 300    ° C) in a high - boiling point solvent and in the presence of 
capping agents, such as long monounsaturated carboxylic acids and amines. Sun 
 et al .  [8]  reported the fi rst such synthesis of FePt nanoparticles utilizing coincident 
thermal decomposition of Fe(CO) 5  and reductive decomposition of Pt(acac) 2  by the 
polyol process (see Figure  13.2 ).   

(a) (b)

     Figure 13.1     Unit cell diagrams. (a) Disordered fcc FePt alloy; (b) Ordered fct FePt alloy.  

     Figure 13.2     Synthesis of fcc FePt nanoparticles by thermal 
decomposition and reduction of Fe(CO) 5  and Pt(acac) 2 .  
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 FePt nanoparticle growth is initiated by formation of Pt - rich nuclei that serve as 
stable seed nuclei for further particle growth. Additional Fe atoms diffuse into the 
existing Pt - rich nuclei until decomposition of Fe(CO) 5  is complete. Refl uxing the 
reaction mixture at elevated temperatures (ca. 290    ° C) leads to complete atomic dif-
fusion and the formation of fcc FePt nanoparticles. A stoichiometric concentration 
of Fe   :   Pt is controlled by an adjustment of the molar ratio of reactants. When using 
Fe(CO) 5 /Pt(acac) 2  as reactants, a molar excess of Fe(CO) 5  by 2   :   1 is usually required 
to produce FePt nanoparticles. This reagent stoichiometry is likely required due to 
differences in the relative rates of precursor decomposition. When alternative Fe -
 precursors are used (e.g., FeCl 2  or Fe(acac) 3 ), the Fe   :   Pt atomic ratio of the nanopar-
ticle is a equivalent to the molar ratio of the Fe   :   Pt precursors  [9, 10] . 

 The principal challenges in the syntheses of ferromagnetic L1 0  FePt nanopar-
ticles are minimizing particle – particle coalescence during thermal annealing, and 
ensuring the homogeneity of the particle metal – alloy stoichiometry. The fcc to fct 
phase transition requires temperatures in excess of 500 – 600    ° C. This means that 
nanoparticles in close proximity to one another, without a diffusion barrier, will 
coalescence/sinter and result in multidomain agglomerates and positional loss 
that renders the material unsuitable for magnetic recording media  [11, 12] . An 
elemental stoichiometry very near 1   :   1 is essential for large coercivities and com-
plete formation of the L1 0  phase  [6] . Traditional synthetic methods, utilizing dual -
 source precursors, produce nanoparticles with a range of elemental compositions, 
resulting in particles having variable magnetic properties  [13, 14] . Attempts to 
address these problems have focused on the use of diffusion - limiting inert matri-
ces to inhibit sintering  [15 – 17] , of sacrifi cial tertiary metals to lower the fcc to fct 
transition temperature, including Au  [18] , Cu  [19] , Ag  [20] , Sb  [21] , and Zn  [22] , 
and the use of a chemically reducing Fe precursor to establish stoichiometric 
homogeneity  [23] . 

 Embedding nanoparticles within a robust carbonaceous or inorganic matrix 
helps to prevent uncontrolled agglomeration during thermal treatment. Silica 
nanoparticle shells have been utilized as  “ nanoreactors ”  to sequester magnetic 
alloy nanoparticles (i.e. FePt and CoPt) and eliminate particle – particle coalescence 
at high temperatures. Tamada  et al . wrapped 6.5   nm fcc FePt nanoparticles (pre-
pared by the above - mentioned method, reported by Sun  et al .  [8] ) with SiO 2  to 
provide a  “ nanoreactor ”  shell encasement for the fcc to fct transformation  [24] . 
The silica nanoparticle shell is formed by the hydrolysis of tetraethylorthosilicate 
after FePt nanoparticles have fi rst been phase - transferred into aqueous media 
using water - soluble surfactants  [25] . These SiO 2  - coated fcc - FePt nanoparticles are 
annealed at 900    ° C for 6   h in fl owing H 2  (5%)/Ar (95%) to effect a full fcc - fct phase 
conversion (Figure  13.3 ). Silica - coated CoPt nanoparticles have been synthesized 
in a similar fashion by Kobayashi  et al .  [26] . Here, the CoPt nanoparticles are 
formed by borohydride reduction of appropriate metal salts in the presence of 
citric acid, which acts as a surface - stabilizing agent. Displacement of the citric acid 
surface - passivating layer with 3 - aminopropyl - trimethoxylsilane initiates a sol – gel 
hydrolysis of the added tetraethylorthosilicate to form a silica shell wrap around 
the metal alloy nanoparticles.   
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 An alternative inorganic matrix useful for preventing particle coalescence is 
NaCl or other inorganic water - soluble salts. Preformed surface - passivated fcc FePt 
nanoparticles are dispersed onto balled - milled salt powders by liquid evaporation, 
and the resultant mixture is annealed at approximately 700    ° C to effect a fcc to fct 
phase transformation. The salt supports are then removed by dissolution in water, 
leaving behind carbon - coated nanoparticles  [17, 27] . 

 Nandwana  et al .  [28]  reported a systematic investigation into the size and mor-
phological control of FePt nanoparticles synthesized using the method of Sun 
 et al .  [8] . A variation of the solution heating rate and the surfactant/precursor molar 
ratio allowed the fi nal particle size to be tuned between 2 to 9   nm, with an accuracy 
of  ± 1   nm. Increasing the surfactant/Pt(acac) 2  precursor molar ratio from 0.75 to 
10 increased the size of the FePt nanoparticle product from 3   nm to 9   nm. This 
effect was attributed to the formation of stable surfactant/metal atom complexes 
which resulted in a suppression of nanoparticle nucleation and a larger particle 
growth. The relationship between the reaction solution heating rate and FePt 
particle size was more complicated due to competition between nanoparticle 
nucleation and growth rates. Increases in the solution heating rate up to approxi-
mately 5    ° C   min  − 1  produce a corresponding increase in FePt particle size, but 
greater reaction solution heating rates lead to a decrease in the FePt particle size. 
The smaller particle growth at high heating rates (5 – 15    ° C   min  − 1 ) can be explained 
by enhanced nucleation rates; however, at low heating rates the nanoparticle 
nucleation rate appears to dominate nanoparticle growth. This complexity is attrib-
uted to the mechanism of thermal decomposition of the Fe precursor, Fe(CO) 5 , 

     Figure 13.3     Transmission electron microscopy image of 
SiO 2  - coated FePt nanoparticles after 1   h annealing at 600    ° C. 
 Reproduced with permission from Ref.  [24] ;  ©  2007, 
American Institute of Physics.   



 494  13 Approaches to the Synthesis and Characterization

since syntheses using Fe(acac) 3  or iron (III) ethoxide as precursor show different 
nanoparticle growth kinetics and dependence on the reaction solution heating rate 
 [13, 29] . 

 The choice of solvent and injection timing for introducing the oleic acid and 
oleylamine capping agents appears to dramatically alter FePt nanoparticle shape. 
Two commonly used high - boiling solvents, benzyl and octyl ether, produce FePt 
nanoparticles having different shapes above the size approximately 7   nm. When 
benzyl ether is used, monodisperse and near - isotropic FePt nanoparticles with a 
narrow size distribution are produced, but when octyl ether is used cubic FePt 
nanoparticles are formed with nanoparticle sizes in excess of 7   nm (Figure  13.4 ). 
In addition, when benzyl ether is used as the solvent, the delayed addition of oley-
lamine (by 5   min) following oleic acid addition produces rod - shaped FePt nanopar-
ticles (see Figure  13.4 )  [28] .   

 Nandwana  et al .  [28]  have also reported that  “ brick - like ”  FePt/CoFe 2 O 4  core – shell 
nanoparticles can be formed by growing a soft magnetic CoFe 2 O 4  phase on these 
cubic FePt nanoparticles  [28] . When preformed cubic fcc FePt nanoparticles of 
8   nm diameter were mixed with Co(acac) 2  and Fe(acac) 3  in phenyl ether in the 
presence of 1,2 - hexadecandiol, oleic acid, and oleylamine, and refl uxed at 265    ° C 
for 30   min, bimagnetic brick - like particles could be collected by centrifugation. The 
resultant nanoparticles had an 8   nm FePt inner core and an 8   nm CoFe 2 O 4  outer 
shell (Figure  13.5 ). Upon annealing under a reducing atmosphere at 700    ° C, these 
bimagnetic nanoparticles underwent a FePt fcc to fct phase transformation with 
an alteration of nanoparticle morphology from a brick - like shape towards a spheri-
cal shape, due to metal – atom diffusion  [30] . Increasing the soft - phase CoFe 2 O 4  
mass fraction led to a decrease in nanoparticle coercivity and an increase in 
nanoparticle saturation magnetization, indicating that these magnetic properties 
were tunable by changing the mass ratio of the two components.   

 One of the best methods for controlling the elemental composition of metal 
alloy nanoparticles is to use molecular species that contain all of the requisite 
components, in the desired atomic ratios. This single - source molecular precursor 

(a) (b)

20 nm 20 nm 20 nm

(c)

     Figure 13.4     Transmission electron microscopy images of 
(a) spherical, (b) cubic, and (c) rod - like fcc FePt 
nanoparticles.  Reproduced with permission from Ref.  [28] ; 
 ©  2007, American Chemical Society.   
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method facilitates a homogeneous distribution of the relevant elements within the 
resultant nanoparticles upon molecular decomposition. The synthetic method 
must be designed such that decomposition of the single - source precursor delivers 
metal atoms with suffi cient energy to form the desired alloy with all undesired 
precursor atoms readily removed from the system. Undesirable precursor atoms 
can be displaced typically via a combination of secondary chemical reactions and/
or by supplying suffi cient thermal energy to remove them as volatile products. 

 Rutledge  et al .  [31]  described the synthesis of FePt nanoparticles which exhibited 
unexpectedly high room - temperature coercivity by the ultrasonication of toluene 
solutions of the heteropolynuclear cluster complex, Pt 3 Fe 3 (CO) 15 , followed by 
thermal annealing to obtain fct FePt nanoparticles. When the known polyhetero-
nuclear cluster complex, Pt 3 Fe 3 (CO) 15   [32] , was dissolved in the presence of oleic 
acid and oleylamine and sonicated under N 2  for 1   h, surface - passivated fcc FePt 

(a) (b)

(c)

20 nm

20 nm 20 nm

CoFe2O4

FePt
(111)

(311)

20 nm

(d)

     Figure 13.5     Transmission electron microscopy images of 
as - synthesized nanoparticles. (a) 8   nm FePt; (b) 8   nm/8   nm 
FePt/CoFe 2 O 4 ; (c) 8   nm/10   nm FePt/CoFe 2 O 4 ; (d) HRTEM of 
as - synthesized 8   nm/8   nm FePt/CoFe 2 O 4 .  Reproduced 
with permission from Ref.  [30] ;  ©  2008, 
American Chemical Society.   
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nanoparticles formed with the loss of CO gas. Annealing these fcc FePt nanopar-
ticles in a tube furnace at 775    ° C for 3   h under getter gas (9   :   1 N 2 /H 2 ) gave highly 
crystalline fct FePt nanoparticles. Dispersions of these surface - passivated fcc FePt 
nanoparticles in (1   :   1) hexane/octane solution  [33]  were shown to form self - assem-
bled particle arrays on SiO  x   TEM grids and on oxidized Si wafers when using 
[3 - (2 - aminoethylamino)propyl]trimethoxy - silane as a linker molecule  [34] . Thermal 
annealing of these supported nanoparticles gave the corresponding fct nanopar-
ticle arrays. TEM images revealed nanoparticles that exhibited high contrast and 
single - crystal nanoparticles at high resolution showing lattice - fringe spacings 
consistent with  d  - spacings known for the (111) and (110) planes of fct FePt 
(Figure  13.6 ).   

 A one - step synthesis method which combines the advantages of both salt - matrix 
annealing and use of single - source precursors has been demonstrated by Wellons 
 et al .  [35] . Here, L1 0  FePt nanoparticles which were approximately 17   nm in diam-
eter were formed by reductive decomposition of the single - source precursor, 
FePt(CO) 4 dppmBr 2   [36] , on a water - soluble support (Na 2 CO 3 ). Direct conversion 
of a FePt(CO) 4 dppmBr 2 /Na 2 CO 3  composite to a L1 0  FePt/Na 2 CO 3  nanocomposite 
occurred at 600    ° C under a H 2 /N 2  (10%/90%) gas mixture with metal - ion reduction 
and minimal nanoparticle coalescence. When the post - annealed composite was 
treated with water, the sodium carbonate solid support dissolved to release the 
formed fct FePt nanoparticles. These as - prepared FePt nanoparticles proved to be 
ferromagnetic and exhibited coercivities of 14.5 kOe at 300   K and 21.8 kOe at 5   K. 
The fct FePt nanoparticles could be size - separated by fractional precipitation after 
functionalization with methoxypoly(ethylene glycol) surfactant molecules. This 
synthesis strategy has since been expanded to the synthesis of fct FePd and 
CoPt nanoparticles with the use of other heteronuclear metal complexes, 

     Figure 13.6     Transmission electron microscopy images 
micrographs at low (left) and high (right) resolution of 
annealed fct FePt nanoparticles.   Adapted with permission 
from Ref.  [31] ;  ©  2006, American Chemical Society.   
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[(CO) 4 Fe( μ  - PPh 2 )Pd( μ  - Cl)] 2   [37]  and CoPt(CO) 4 (dppe)Me  [38] , respectively, as 
single - source precursors. 

 FePd and CoPt alloys also exist as disordered fcc structures having small coerciv-
ity and soft magnetic properties, or as L1 0  ordered fct lattices having high coerciv-
ity, large magnetic anisotropy, and hard magnetic properties. The production of 
fct FePd and CoPt nanoparticles exhibiting high room - temperature coercivities is 
of major interest in the further study of hard ferromagnets, and also possibly of 
high - density data storage materials  [3, 39] . Both alloys undergo a fcc - to - fct transi-
tion upon thermal annealing (between 500 – 700    ° C for FePd and between 600 –
 850    ° C for CoPt)  [40] . A fct - to - fcc phase transition resulting in a material without 
ferromagnetic properties occurs at high temperatures for both compositions 
 [41, 42] . 

 Recently reported FePd and CoPt nanoparticle syntheses have relied on rapid 
solution - based synthetic strategies used for the preparation of FePt and other 
metal alloy nanoparticles  [9, 43] . Typical methods utilize a solvo - thermal process 
where dual - source precursors are dissolved in a high - boiling solvent and reduced 
to metal atoms by a strong reducing agent (e.g., sodium borohydride) or by a polyol 
process in the presence of an organic surface - passivating agents to form solubi-
lized fcc nanoparticles. FePd nanoparticles have been prepared using solution -
 based strategies  [44 – 46] , electron - beam evaporation  [47] , and microwave radiation 
 [48] . CoPt nanoparticles have been prepared using solution - based strategies  [45, 
49 – 52] , core – shell nanoparticles  [53] , electrodeposition  [54] , and ion - implantation 
 [55, 56] . In most preparations, the fcc nanoparticles are formed fi rst and then are 
annealed, typically on wafer supports, to convert the superparamagnetic fcc mate-
rial to the ferromagnetic fct phase. Although these annealing steps result in 
various degrees of interparticle coalescence, they are necessary to alter the mag-
netic properties. 

 A unique approach to the formation of supported magnetic binary alloy nanopar-
ticles is the thermal decomposition of metal - atom - containing polymers. For this, 
Liu  et al .  [57]  pyrolyzed a metallized polymer precursor comprised of polyferroce-
nylsilane with pendant Co clusters under a reducing atmosphere, and this resulted 
in the formation of magnetic CoFe alloy nanoparticles. Those nanoparticles 
formed with unprotected surfaces underwent surface oxidation in air; however, a 
portion of the nanoparticles formed within a silicon carbide matrix that was a 
reaction byproduct of polymer pyrolysis on a silicon substrate, suffi ciently protect-
ing the nanoparticles from air oxidation. The magnetic properties of the substrate -
 supported CoFe nanoparticles were seen to be wholly dependent on particle size. 

 More recently, Li,  et al .  [17, 58]  described a similar polymer - pyrolysis synthesis 
of FePt nanoparticles from two different types of polyferroplatinyne polymers 
(Figure  13.7 ). The initial metallopolyyne precursor,  P1 , containing  n - tert  -
 butylphosphino ligands bound to the Pt atom, underwent reductive decomposition 
to give fct FePt nanoparticles and unwanted metal phosphides (i.e. Fe 2 P and PtP 2 ). 
In order to overcome the phosphide formation, an alternative poylferroplatinyne 
precursor was developed,  P2 , where phosphine ligands were replaced with a 
bipyridine - type ligand.   
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 The thermal decomposition of polymer  P2  at 500    ° C resulted in a release of Fe 
and Pt atoms and the formation of FePt nanoparticles. Aggregation of the nanopar-
ticles was suppressed by the surrounding carbonaceous matrix. An increase in the 
pyrolysis duration or temperature led to a predictable increase in FePt nanoparticle 
size and polydispersity. One advantage of the metallopolymer precursor approach 
to metal alloy nanoparticle synthesis was the potential synthetic control over the 
location of metal nanoparticle formation using lithographic techniques. Electron -
 beam lithography has been used to control the deposition of precursor  P2  as a 
negative resist, affording FePt nanoparticles patterned with strong shape retention 
(Figure  13.8 ). The use of metal - containing polymers and various lithographic 
techniques to form patterned arrays of metal alloy nanoparticles with composi-
tional and particle density control may become important in device and catalyst 
applications.   

 Ni − Pt nanoparticles of variable stoichiometry have been synthesized by the 
polyol reduction of nickel acetate and platinum acetylacetonate in the presence of 
stabilizing agents, such as oleic acid and oleylamine. Other stabilizing agents, 
including  adamantanecarboxylic acid  ( ACA ),   n  - tetradecylphosphonic acid  ( TDPA ), 
and  trioctylphosphine oxide  ( TOPO ), in combination with other primary amines 
and carboxylic acids, form colloids having a variety of shapes (Figure  13.9 ).   

 Variation of the oleic acid and oleylamine relative concentrations as capping 
agents affects NiPt nanoparticle growth. For example, increasing the oleic acid 
concentration with a constant amount of oleylamine leads to a decrease in the alloy 
nanoparticle size, whereas increasing the oleic acid concentration relative to the 
oleylamine concentration produces polycrystalline and irregularly shaped parti-
cles. The colloid particle size or stability appears to be infl uenced most by the oleic 
acid concentration, while nanoparticle shape is determined by the oleylamine 

     Figure 13.7     Iron -  and platinum - containing polymers used for 
the synthesis of FePt nanoparticle fi lms.  Reproduced with 
permission from Ref.  [58] ;  ©  Wiley-VCH Verlag GmbH & Co. 
KGaA.   
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     Figure 13.8     Optical micrographs of P2. (a) Microbars formed 
by electron - beam lithography; (b) Patterns fabricated using 
UV - photolithography with a chrome contact mask; 
(c) Magnetic force microscopy and (d – f) SEM images of 
microbars pyrolyzed at 500    ° C under N 2 .  Reproduced with 
permission from Ref.  [58] ;  ©  Wiley-VCH Verlag GmbH & Co. 
KGaA.   
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     Figure 13.9     Transmission electron microscopy images of 
Ni  x  Pt 1 −    x  , with (a) HDA/ACA, (b) TDPA/ACA, (c) TOPO/HAD 
and (d) OA/Oac as stabilizing agents (same magnifi cation for 
panels b, c, and d).  Reproduced with permission from Ref. 
 [59] ;  ©  Wiley-VCH Verlag GmbH & Co. KGaA.   
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relative concentration. Ahrenstorf  et al . have shown that the nucleation of Ni − Pt 
nanoparticle growth occurs through Pt - rich species. Oleylamine is presumed to 
be the surfactant most likely to stabilize the surface Pt atoms. In addition, Ni 50 Pt 50  
nanoparticles demonstrate superparamagnetic character above a blocking tem-
perature of 7.4   K, below which they are ferromagnetic  [59] .  

  13.3 
 Magnetic Early Transition Metal Alloy Nanoparticles 

 Iron and cobalt alloys are of major interest as soft magnetic materials, due to their 
high saturation of magnetization, negligible magnetocrystalline anisotropy, high 
Curie temperature ( T c      ≈    900    ° C), and high permeability; taken together, these 
properties make these alloys desirable materials for magnetic recording, drug 
delivery, and hyperthermia treatment applications. Wet - chemical synthesis strate-
gies of spherical Co − Fe nanoparticles usually involve the reduction of dual - source 
precursors by aqueous reductive agents or an alcohol - based polyol process  [60, 61] . 
Amorphous Co − Fe alloys incorporating boron and/or phosphorus dopants  [62, 63]  
and Co − Fe nanoparticles supported on carbonaceous substrates or with dielectric 
oxide coatings have been prepared using such methods  [64, 65] . 

  n Co - Fe/ multiwall - carbon nanotube  ( MWCNT ) nanocomposites are prepared by 
fi rst acid - treating the carbon nanotubes with nitric acid to form surface - bound 
functional groups, such as COOH,  − OH, and C  O, that act as nucleation sites for 
metal nanoparticle growth. Surface - oxidized MWCNTs are dispersed into aqueous 
solutions containing dissolved iron and cobalt nitrate salts, and are then heated to 
100    ° C until the water has evaporated completely. Subsequent calcination (Ar, 
300    ° C) and reduction (H 2 , 400    ° C) results in Co − Fe nanoparticles, the size of which 
is controlled by varying the loading (as wt%) of metal salts deposited onto the 
carbonaceous support  [65] . 

 Kim  et al . recently prepared soft magnetic 3   :   7 Co − Fe alloy nanoparticles via a 
borohydride reduction of aqueous solutions of cobalt chloride and iron chloride; 
the Co 3 Fe 7  nanoparticles formed as atomically disordered naked clusters, without 
need for a surface - capping agent. These as - prepared nanoparticles could be dis-
persed by sonication in a solution of oleic acid in isooctane. Upon thermal anneal-
ing, amorphous Co 3 Fe 7  nanoparticles crystallized to an ordered structure, with 
only nominal sintering (Figure  13.10 )  [60] .   

 The reduction of cobalt and nickel acetate precursors at concentrations of 0.1 –
 0.2    M  by the polyol process in the presence of ruthenium seed material, generates 
a wide array of shaped Co − Ni nanoparticles. A sodium hydroxide additive appears 
to be the main directing agent for nanoparticle shape growth, dictating the forma-
tion of wires, dumbbells, diabolos, and platelets (see Figure  13.11 ). These unusual 
particle shapes are categorized by the relative dimensions of a center column and 
end - caps. The center column length increases with decreasing NaOH concentra-
tion, while end - cap diameter increases with increasing NaOH concentrations. 
On - particle EDS and  electron energy loss spectroscopy  ( EELS ) characterization 
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     Figure 13.10     (a) Transmission electron microscopy images; 
(b) Energy - dispersive X - ray spectrum; and (c) Histogram of 
size distribution of Co 30 Fe 70  alloy which was annealed at 
400    ° C for 1   h.  Reproduced with permission from Ref.  [60] ; 
 ©  2006, American Chemical Society.   
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     Figure 13.11     Transmission electron microscopy images of 
CoNi particles prepared by reduction in 1,2 - propanediol with 
various sodium hydroxide concentrations. (a) 0.11    M ; 
(b) 0.135    M ; (c) 0.16    M ; (d) 0.175    M .  Reproduced with 
permission from Ref.  [66] ;  ©  2005, Elsevier .  
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revealed the partial homonuclear segregation of Ni and Co atoms, depending on 
the region of the shaped nanoparticles, but which was most likely representative 
of differences in reactivity between the two metals. Subsequent TEM data indi-
cated that the columnar portion of these nanoparticles consisted predominantly 
of a hcp phase, while the end - caps were comprised of both fcc and hcp phases in 
similar amounts. These differences in phase composition were consistent with 
magnetic measurements. NiCo nanoparticles having hcp atomic ordering exhib-
ited a larger coercivity and higher magnetic remanence to saturation ratios com-
pared to those alloy nanoparticles having fcc ordering  [66] .    

  13.4 
 Summary and Future Perspectives 

 Spherical and anisotropic magnetic alloy nanoparticles continue to be synthesized 
via predominantly chemical methods, utilizing either the decomposition of single -
 source precursors or the metal - ion reduction of dual - source precursor mixtures. 
For the latter syntheses in particular, the choice of capping agent in the reaction 
solution and the control of reaction parameters, such as the order of addition, rate 
of reaction, and choice of precursor(s), have major infl uences on the shape, size, 
and elemental composition of the resultant nanoparticle product. Metal alloy 
nanoparticles with highly anisotropic structures and interesting magnetic proper-
ties have been synthesized by carefully controlling the reaction conditions. The 
controlled nanoparticle growth of metal alloy compositions is a relatively new 
phenomenon, however, and further investigations will be required into the infl u-
ence of capping agent effects and growth kinetics on nanoparticle structure before 
synthesis strategies can be developed for the preparation of shape - specifi c metal 
alloy nanoparticles.  
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  14.1 
 Introduction 

 Functional magnetic nanomaterials represent an attractive option for the mag-
netic - based detection, separation, analysis, and transport of attached materials, 
ranging from catalysts to cells  [1] . Magnetic fi elds and fi eld gradients can exert 
force from a distance, and provide a powerful means by which to manipulate 
nanoscale paramagnetic and superparamagnetic particles. Notably, this approach 
differs fundamentally from optical methods that use nanoscale noble metal  [2, 3]  
and semiconductor particles  [4] . The development of syntheses that defi ne the size 
and shape of magnetic nanoparticles, and which modify the surface chemical 
functionality, have been active areas of research in recent years  [5 – 8] . Chemically 
functional magnetic particles have applications that range from drug delivery and 
chemotherapeutics in biomedicine  [9 – 11]  to magnetic fi eld - induced separations 
and analyses  [12 – 16] . Polyfunctionality than can be built on the surface of mag-
netic nanoparticles will, ultimately, provide opportunities to use these materials 
for complex series of reactions. It is known that the magnetic moments of 
nanoscale magnetic materials depend on both their size and composition  [17] , and 
can be exploited for magnetic - based separation devices, for hyperthermia treat-
ment of malignant cells  [18] , and in  magnetic resonance imaging  ( MRI ) contrast 
agents  [19, 20] . 

 Standard synthetic methods exist with which a wide range of magnetic nanopar-
ticles of desired size and shape, and which are highly crystalline, can be prepared 
 [21 – 27] . Electrostatic and/or steric stabilization of the particles is necessary to 
prevent agglomeration and induce solubility in the solvent system of interest  [28, 
29] . Because aqueous methods for the preparation of magnetic nanoparticles 
provide an electrostatic stabilization of the particles, slight changes in the pH or 
ionic strength of the solution can result in particle agglomeration and precipita-
tion. For some applications, a greater control of the shape and size of the particles 
is required  [30, 31] . For these reasons and others, an alternative synthetic approach 
is high - temperature synthesis  [21 – 27] . A larger and currently very active research 
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area is the development of synthetic methods by which the surface chemistry of 
magnetic particles can be modifi ed, tuned to specifi c applications, and understood 
at the molecular level. Some of the chemical methods used to prepare magnetic 
nanoparticles are briefl y described in this chapter, with attention being focused 
mainly on the approaches developed to render the particles chemically and biologi-
cally functional.  

  14.2 
 Magnetic Nanoparticle Synthesis 

 Common high - temperature synthetic methods utilize the thermal decomposition 
 [21, 24, 26, 27]  or thermal reductive decomposition  [22, 23, 25]  of metal precursors 
in the presence of a stabilizing ligand (or surfactant) to yield metal nanoparticles 
with diameters ranging from 3 to 15   nm. Typical metal precursors include carbonyl 
 [21]  and  acetylacetonate  ( acac )  [25]  complexes (e.g., Fe(CO) 5 , Co(acac) 2  and 
Fe(acac) 3 ). The ligands are generally long - chain carboxylic acids and/or amines 
(e.g., oleic acid and oleylamine). These surfactants are required both to mediate 
growth during the reaction and to prevent agglomeration of the prepared particles. 
Shorter - chain lengths are sometimes employed to facilitate surface modifi cation 
post synthesis  [32] , but generally chains with at least six carbons are necessary to 
provide suffi cient stabilization  [24, 25, 32] . The synthesis and modifi cation of 
magnetic nanoparticles is a vigorously studied fi eld that continues to expand 
rapidly, and the key reports outlined in this chapter are representative of a much 
larger and growing body of work. 

 Modifi cation of the reaction parameters tunes the nanoparticle size and 
shape    –    and therefore the magnetic moment    –    of a nanoparticle sample. The mag-
netic moment is intrinsically related to the composition: the incorporation of 
Co 2+  into an Fe oxide matrix (i.e., CoFe 2 O 4 ) increases the magnetic anisotropy rela-
tive to an Fe 3 O 4  iron oxide nanoparticle of equivalent size. The insertion of Mn 2+  
(i.e., MnFe 2 O 4 ), however, will cause a decrease in the anisotropy  [33] . The  boiling 
point  ( BP ) of the solvent (i.e., the temperature of the reaction), the relative molar 
quantities of metal and ligand, mixing rate, and time each further affect the par-
ticle size and morphology. For example, when synthesizing CoFe 2 O 4  particles, 
changing the solvent from phenyl ether (BP  ∼ 265    ° C, 30   min) to benzyl ether (BP 
 ∼ 298    ° C, 2   h) causes a 7   nm increase in nanoparticle diameter  [25] . It has been 
shown during the synthesis of MnFe 2 O 4  nanoparticles that a surfactant to Fe ratio 
of 3   :   1 yields spherical particles, while a 1   :   3 ratio results in the synthesis of cube -
 like particles  [34] . These examples illustrate that the choice of reaction parameters 
exerts a clear control over the particles ’  size, shape, composition, and magnetic 
properties. 

 Over the past decade, a wide range of magnetic nanoparticle compositions 
and structures has been synthesized. The most common of these materials 
are the Fe oxides (Fe 2 O 3  and Fe 3 O 4 ), known for their potential for biological com-
patibility, and their corresponding ferrites (e.g., MnFe 2 O 4  and CoFe 2 O 4 ). Metals 
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and alloys such as Mn 3 O 4   [35] , Fe  [24] , Co  [36] , Ni  [37] , FePt  [22] , and FePd  [38]  
are less commonly employed, in part because of their rapid oxidation in air and/
or potential cytotoxicity in biomedical applications. Unlike well - known monolayer -
 protected Au clusters  [2, 3] , the preparation methods for magnetic nanoparticles 
do not tolerate the presence of reactive termini on the stabilizing ligands (i.e.,  − Br, 
 − SH, etc.), either because of the thermal instability or the bonding of transition 
metals to the ligands. Consequently, the synthesis of magnetic nanoparticles in 
the presence of functional groups has been largely unsuccessful. As a result, the 
as - prepared particles often must undergo further modifi cations and post - synthetic 
reactions to render them chemically functional.  

  14.3 
 Nanoparticle Functionalization 

 The functionalization and characterization of the surfaces of magnetic nanopar-
ticles continue to be important and challenging tasks. Surface functionalization 
provides the means to add chemical stability,  in situ  and  in vivo  function, and 
specifi c molecular recognition to these materials, allowing advantage to be taken 
of their intrinsic magnetic properties in a wide variety of systems. In this chapter, 
some recent accomplishments in this area are highlighted to provide a sense of 
breadth of the fi eld; however, for additional information more detailed information 
is available, including reviews by Latham and Williams  [39] , Sch ü th  et al.   [40] , and 
Sun  [41] . 

  14.3.1 
 Surface Adsorption 

 Surface adsorption can be considered one of the simplest functionalization strate-
gies. As the fi eld of nanotechnology matures, adsorption continues to be a widely 
used technique for appending a variety of functional molecules to particle surfaces. 
Surface adsorption is defi ned as a process by which ionically stabilized nanopar-
ticles are coated by a functional moiety through either electrostatic interactions or 
via a covalent attachment to the  naked  particle surface. This must be differentiated 
from  ligand exchange , which is the replacement of one covalently attached surface 
coating for another, and will be discussed later in the chapter. 

 Like most nanoparticle functionalization methods, surface adsorption strategies 
derive from routes developed for monolayer formation on  two - dimensional  ( 2 - D ) 
surfaces  [42] , and were followed shortly thereafter by a modifi cation of citrate -
 stabilized Au colloids  [43] . To date, the general method for this approach is to add 
a surfactant or molecule of interest bearing a charge (i.e., ionic), either a  carboxylic 
acid  (  CO2

− )  [44] ,  phosphate  (  PO3
− )  [45] , ammonium (  NR3

+ , where R is either H 
or C)  [46] , or other surface - binding group (e.g., OH  [47]  or SH  [48] ), to a solution 
of ionically stabilized particles. The particles can then be separated by magnetic 
decantation or centrifugation to remove any unassociated material and to yield 
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functional particles. The effectiveness of this approach is dictated by the surface 
charge or zeta potential of the nanoparticles, and the strength of the surface – ligand 
interaction. 

 Many of these methods make use of particles that have been produced by copre-
cipitation, and are most common for metal oxides such as iron oxide. As men-
tioned above, particles produced by this method are often synthesized in the 
presence of hydroxide, leaving the native surface terminated with hydroxyl groups 
and an associated counterion of tetramethylammonium in solution. Lucas  et al.  
have reported detailed investigations into the nature of surface charge density 
under acidic, neutral, and alkaline conditions for iron oxide nanoparticles; from 
zetometry and potentioconductometric titrations, these authors concluded that the 
charge density under basic conditions was larger than those under acidic condi-
tions  [49] . 

 Recently, surface adsorption has been applied to magnetic nanomaterials in a 
variety of forms. Stabilization by simple organic compounds such as sodium 
oleate, citrate with  dimercaptosuccinic acid  ( DMSA )  [50] , biotin with phosphates 
 [51] , have all been used. In the case of citrate and DMSA with citrate, Wilhelm 
and Gazeau showed that iron oxide particles coated with these anionic  “ mono-
mers ”  experienced a more rapid uptake into mammalian cells compared to par-
ticles passivated with dextran or albumin  [51] . Wan and coworkers showed that 
the adsorption of block copolymers of  methyl - terminated polyetheylene glycol  
( MPEG ; molecular weight  ∼ 10 6    g   mol  – 1 ) and oligo - aspartic acid could stabilize iron 
oxide nanoparticles over a broad pH range  [52] . Furthermore, their investigations 
revealed that the MPEG copolymer produced a signifi cantly higher relative cell 
viability compared to that of polyacrylic acid and MPEG – polyacrylic acid. 

 Surface adsorption is also used as a method of biomolecule immobilization. 
Rotello and coworkers have used the surface adsorption of  bovine serum albumin  
( BSA ) under ultrasonication conditions to effectively heat the surrounding aqueous 
solution using alternating applied magnetic fi elds  [53] . Particles such as these have 
potential applications in the localized heating of cells for hypothermia - induced cell 
death  [53] . Ivanisevic  et al.  showed that DNA adsorbed onto cobalt ferrite nanopar-
ticles could still be effectively cleaved using restriction enzymes, even in the pres-
ence of excess CoFe 2 O 4   [54] . Deng and Zhang demonstrated through progressive 
surface adsorption, imine formation, and then reduction, that trypsin could be 
attached effectively to iron oxide particle surfaces while still maintaining its ability 
to digest proteins  [55] . The same group also used these magnetically separable 
enzymatic nanoreactors for rapid mass spectral analysis sample preparation, 
showing that the particle – protein conjugates maintained statistically equivalent 
activity for the fi rst eight digestions, with activity rapidly diminishing thereafter 
 [55] . 

 Surface adsorption has also seen use in the biological materials with nanorods. 
Keating  et al.  have shown that the adsorption of thiolated  single - stranded  ( ss ) DNA 
to segmented nanowires containing magnetic Ni segments provided an effective 
barcode - based visual assay for fl uorescently tagged complementary oligonucle-
otide strands  [56] . The same team also incorporated ssDNA hairpin molecular 
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beacons for more direct analysis. The surface adsorption of proteins to nanowires 
has also been of recent interest, when Meyer and coworkers adsorbed palmitic 
(pentadecanoic) acids onto Ni segments of Au/Ni nanowires to selectively target 
 immunoglobulin G  ( IgG ) to the magnetic segments of the wire by hydrophobic/
hydrophobic interactions  [57] . Here, adsorption was found to take place following 
a classical Langmuir isotherm, with an equilibrium constant on the order of 
10 6     M   − 1   [57] .  

  14.3.2 
 Ligand Exchange 

 Nanoparticles can alternatively be synthesized in the presence of species that 
covalently bind to their surfaces, acting as ligands that passivate the surface 
through ionic or van der Waals interactions. The majority of these surface ligands 
contain little to no chemical functionality for further reactivity or interaction with 
species other than the particle surface. Thus, to impart chemical and/or biological 
functionality, these ligands must be  “ exchanged ”  for other molecules that contain 
some chemically or biologically relevant functionality. While the debate of the exact 
mechanism by which this process occurs is ongoing and beyond the scope of this 
chapter, ligand exchange is broadly classifi ed as the addition of a surfactant or 
molecule which has a favorable covalent interaction at the particle surface which, 
upon addition in excess, eventually reaches an equilibrium state with the existing 
surface moiety. This approach was originally established as a displacement style 
functionalization technique of two - dimensional Au monolayers  [50b, 58] ; the most 
widely recognized studies have been those of Murray and coworkers on small Au 
nanoclusters  [3, 59] . These fundamental investigations of the mechanism of ligand 
exchange on Au, and its use in laying the groundwork for further Au monolayer 
reactivity, are relevant to magnetic particles and should be considered as core 
materials for any investigator considering this approach, even if the mechanisms 
and specifi c chemistries differ. 

 In this chapter, we will highlight some of the more recent uses of ligand 
exchange to form functional  magnetic  nanoparticle systems, noting that there are 
inherent diffi culties in characterizing the products of these reactions. Many of the 
early reports on ligand exchange on Au nanoclusters used  nuclear magnetic reso-
nance  ( NMR ) spectroscopy as the primary characterization tool for confi rming the 
identity and number of the molecules on the surface following exchange. Unfor-
tunately, magnetic nanoparticles do not lend themselves to NMR as a method of 
analysis, because their magnetic core causes inhomogeneities in the magnetic 
fi eld, leading to broadening, large paramagnetic shifts, and/or a loss of signal. 
Although several reports have described the use of NMR spectroscopy to analyze 
magnetic nanoparticles  [60] , these methods must be supported with additional 
analytical evidence of surface attachment versus colocation in solution. Confi rma-
tion of the molecular composition of nanoparticle surfaces poses a signifi cant 
challenge, as most analytical methodologies provide an ensemble average of 
the bulk sample and cannot distinguish between a molecule attached to the 
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nanoparticle surface and those which are free fl oating in solution or physisorbed 
in the solid state. There are, it seems, clear opportunities for future research in 
the realm of surface characterization of functionalized magnetic nanomaterials. 

 Ligand exchange has most often been applied to metal oxide and alloy (e.g., MPt) 
nanoparticles. An early report by Rotello demonstrated that, for iron oxide, the 
ligand geometry, steric bulk, and denticity were signifi cant factors that determined 
the stability of the magnetic nanoparticles, both in solution dispersions and in the 
solid state  [61] . The results of these studies revealed that a bidentate binding motif 
(e.g., using 1,3 - propanediol) provided the best solution stabilization of iron oxide, 
whereas steric bulk was necessary for solid - state stability. The choice of ligand to 
employ on the particle surface is therefore dictated by the desired application of 
the material in the solid or solution state. Recent studies conducted by Xu and 
coworkers have shown that a catechol (i.e., orthohydroxyphenol)  - style binding 
group is extremely effective for both ligand exchange and phase transfer of oxide 
nanoparticles  [62] . Since this fi nding, a series of reports has followed describing 
the use of dopamine - based ligands for applications ranging from biological  [32, 
63] , catalytic  [64] , and fl uorescent labeling  [65] . Although a recent report has ques-
tioned the long - term stability of these materials  [66] , the effectiveness of dopa-
mine - based ligands for surface stabilization and functionalization of magnetic 
oxides is undeniable. 

 The replacement of carboxylic acid - containing surfactants on oxide nanoparticle 
surfaces with other organic acids, hydroxide and polyols, has also been widely 
studied. The exchange of surface acids for strongly ionic compounds has been 
used on several occasions to impart water solubility, for example with citrate  [67] , 
tetramethylammonium hydroxide  [68] , and acetate  [69] . Lattuada and Hatton 
reported the use of retinoic acid as an exchangeable group for further functional-
ization  [70] . The terminal OH group of the acid moiety was used for further 
synthetic reactions that ultimately led to polymerization with acrylic acid  [70] . 
Whilst polymer - coated particles will be discussed later, it is interesting to note that 
together with the ligand exchange methods, this chemistry was leveraged to add 
polymer to only one  side  of particles, forming small Janus - type (i.e., heterogeneity 
between hemispheres) nanoparticle polymer composites  [70] . Baldi and Franchini 
used glycol - terminated cobalt ferrite nanoparticles and exchanged these with alkyl-
phosphonic acids and alkylhydroxamides by leveraging the preferential binding of 
these ligands to the native oxides  [71] , to form both water -  and organic - soluble 
CoFe 2 O 4  nanoparticles  [72] . 

 Thiol - containing ligands have been investigated for the functionalization of 
FePt nanoparticles: following the exchange of amine - containing ligands for the 
thiols, Johnson  et al.  concluded that during this process the Pt − N bond is replaced 
by the Pt − S bond  [73] , and this was exploited to produce water - soluble FePt 
nanoparticles bearing terminal amine or pyridine groups  [74] . In the case of the 
amine - functionalized particles, these were titrated with the molecule fl uores-
camine in a fl uorescence assay to determine the amine content per milligram of 
FePt particles  [74] . The pyridine functionality was analogously analyzed using a 
pH titration  [74] . Rotello  et al.  also have used thiol and carboxylic acid ligand 
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exchange chemistry to functionalize FePt nanoparticles. These particles were 
reacted to form magnetic superstructures by linking with metal ions  [75] , ferritin 
proteins  [76] , and DNA  [77] . This research group has also employed amine – thiol 
and acid – acid exchanges to form superhydrophobic nanoparticles containing per-
fl uorinated ligands  [78] . 

 Several recent reports have described the use of mercaptoalkanoic acids of 
varying lengths as phase - transfer agents for FePt and ferrite nanoparticles. Cheon 
and coworkers used 2,3 - dimercaptosuccinic acid to cap and link MnFe 2 O 4  nanopar-
ticles to virus capsids via covalent linkers  [79] . Tanaka and Maenosono demon-
strated that aminoethane thiol was also an effective aqueous phase - transfer agent 
for FePt particles  [80] , while Chiang  et al.  used mercaptoacetic acid  [81] . Cobalt 
and nickel ferrites have also been successfully transferred to aqueous dispersions 
using 11 - mercaptoundecanoic acid  [79] .  

  14.3.3 
 Silanes and Siloxanes 

 Strong surface bonds can also be achieved via silane or siloxane reaction with 
hydroxyls on the magnetic oxide nanoparticle surfaces. It should be noted that 
here that reference is made only to functional silanes bonded  directly  to the metal 
oxide surface; the related reactions which are used following the introduction of 
a SiO 2  shell are discussed below. While this could fall under the defi nition of 
surface adsorption, it is discussed in this section because of the prevalence with 
which it has been applied to nanoparticles containing existing monolayers. The 
silane/siloxane functionalization of magnetic oxide nanoparticles resembles ligand 
exchange, in that the Si − O − M bond replaces the H − O − M or C − O − M bond at 
the surface. However, unlike ligand exchange, the Si − O − M bond may not be 
removed or further exchanged without etching the particle. These reactions also 
form dense crosslinked networks that are interwoven with the terminal chemical 
functionality. 

 There have been several reports of direct siloxane attachment to nanoparticles 
surfaces  [82] ; a general reaction scheme for this process (on Fe 2 O 3  particles) is 
shown in Figure  14.1 . While the exact reaction conditions vary between reports, 
the general strategy is to add a functional siloxane (e.g.,  aminopropyltriethoxy 
silane ;  APTES ) or the methoxy analogue (APTMS) to nanoparticles that have been 

     Figure 14.1     Reaction of a trimethoxy - alkyl silane with the 
surface hydroxyls of iron oxide nanoparticles to modify the 
surface with alkyl silanes (not to scale).  
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dispersed by sonication (e.g., in ethanol, toluene, water or a combination of these 
under slightly acidic or basic conditions). Following heating for several hours 
(3 – 24   h), the magnetic particles are isolated by magnetic precipitation and washed 
to remove excess siloxane. These procedures typically form densely linked network 
shells with a large number of amine moieties exposed to the solution  [83] .   

 Some research groups have sought to avoid reaction in water, and so have 
explored synthetic alternatives to these reactions. For example, CoFe 2 O 4  nanopar-
ticles produced by high - temperature reduction in organic solvents were dispersed 
in hexanes with 0.01% acetic acid by volume, and then reacted with siloxanes 
that formed covalent bonds to the nanoparticle surfaces  [84] . Siloxanes containing 
NH 2 , COOH, and PEG resulted in particles with the highest solubility and good 
stability. This strategy will likely serve as a starting point for the general use of 
this functionalization strategy on nanoparticle surfaces. In a similar approach, 
Shen and coworkers modifi ed the surface chemistry of iron oxide nanoparticles 
with oleic acid surfactant by reacting these with trichloroalkyl silanes in chloro-
form to attach octadecyl chains  [85] . Whilst HCl is produced during the reaction 
with the surface, this did not dissolve the nanoparticles, although it is known to 
do so in water  [85] . 

 In almost all cases, silane and siloxane chemistry represents a means by which 
to covalently attach a simple pendant chemical functionality such as an amine, 
carboxylic acid, or thiol to the particle surface. This species can ultimately be used 
for further reaction of the nanoparticle monolayer to create more complex and 
multifunctional particles. A common goal here is the attachment of biologically 
relevant species to the particle via imine coupling with aldehydes or amide cou-
pling with carboxylic acids. For example, Katz  et al.  attached microperoxidase - 11 
via an amide bond using  1 - ethyl - 3 - (3 - dimethylaminopropyl) carbodiimide  ( EDC ) 
 [86] . English and coworkers used APTES to coat commercially available 32    ±    18   nm 
diameter magnetic iron oxide nanoparticles with amine termini, and subsequently 
used these to imine - link glutaraldehyde  [87] . The glutaraldehyde - modifi ed parti-
cles were employed to evaluate the on - particle activity of mouse IgG antibodies; 
the study results showed that approximately 34 antibodies could be bound to each 
particle, while retaining  ∼ 50% of their native activity  [92] . Kawamura and Sato used 
crown ether - functionalized siloxanes to modify iron oxide nanoparticle surfaces, 
and demonstrated the use of these structures as magnetically separable phase -
 transfer catalysts  [88] . In simple nucleophilic substitutions, the yields of the reac-
tions were comparable or improved when compared to free crown ether  [88] . Gao 
 et al.  have used siloxane chemistry to conjugate Pd crosscoupling catalysts to the 
surface of magnetic nanoparticles for the synthesis of biaryl products  [89] . Figure 
 14.2  compares the Suzuki reaction on Fe 2 O 3  nanoparticle surfaces to the well -
 known general organic transformation. Using resin - bound starting materials and 
magnetically recoverable imidazole - ligated Pd Suzuki catalysts, reasonable yields 
with excellent purity were achieved for several aromatic products  [89] . Further 
investigations of the effect of particle size on the reaction revealed that smaller 
( ∼ 4   nm diameter) particles provided the best synthetic yields, this being attributed 
to the ability of the resin to incorporate the magnetic particles  [89] .    
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  14.3.4 
 Monolayer Reactions 

 The reactions of molecular monolayers to create functional nanomaterials have an 
enormous variety, yet the available chemistries for magnetic nanoparticles are 
relatively limited. While the intrinsic magnetic properties of magnetic nanomateri-
als have been investigated for some time, there has been only limited interest in 
their chemical functionalization. The chemistries that have been developed are 
rarely generally applicable methodologies. Several have already been discussed in 
previous sections (imine and amide coupling, radical polymerization, ester forma-
tion), and the reader is again referred to the Au monolayer chemistry of Murray 
 [3, 59b, 90] , Fan  [91] , and Williams  [92]  for examples of the breadth of monolayer 
reactions. In this section, we will visit these general methodologies as examples 
of the chemistries that are still untested, but should ultimately be applied for 
magnetic nanoparticle functionalization. 

 Due to its high specifi city and mild conditions, the 1,3 - dipolar cycloaddition 
reaction of azides with alkynes shown in Figure  14.3  has been broadly applied in 

General Suzuki Reaction 

X=Br,I

+
R2

B
OH

OH

Pd-L

R1 R2R1

X

     Figure 14.2     (Top) Pd crosscoupling for the Suzuki reaction of 
Fe 2 O 3  particles, compared to (bottom) the general Suzuki 
reaction (not to scale)  [89] .  Reproduced with permission from 
Ref.  [91] ;  ©  2006, American Chemical Society.   
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     Figure 14.3     General reaction scheme for the 1,3 - cycloaddition 
( “ click chemistry ” ) of an azide (N 3 ) and an alkyne to form a 
triazole ring.  
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materials chemistry, including several reports on the surfaces of magnetic nanopar-
ticles. Originally applied as a functionalization strategy to polymeric nanoparticles 
 [93] , this reaction was adapted to metallic Au nanoparticles by Williams  et al.  for 
the attachment of functional moieties to Au nanoparticles  [92a] . The uncatalyzed 
reaction was feasible for the modifi cation of Au particle surfaces using a variety 
of ligands, although the reaction yields were low, even after stirring for long 
periods of time (up to 96   h)  [92a] . In a later report, infrared spectroscopy was used 
to show that that similar reaction rates were observed for nanoparticle monolayers 
and small molecule analogues in solution  [92b] . These results showed that 
the presence of the nanoparticle had little effect on the effi cacy of the click reac-
tion, and only small steric effects due to crowding of the azides proximity were 
observed  [92b] .   

 Several reports subsequently used Cu +1  catalysts for the click reaction on mag-
netic nanoparticles: Turro and coworkers demonstrated the use of phosphonic 
acid - terminated alkyl azides to covalently attach alkyne - containing polymers and 
small molecules  [60a] . Concurrently, Weissleder  et al.  reported that simple carbox-
ylic acid - terminated alkyl azides and alkynes on magnetic particle surfaces could 
be used to attach biologically active molecules or biomolecular dyes  [94] . The  in 
vivo  function of these materials was examined using optical microscopy. A similar 
chemistry was used to attach 2,4,6 - trinitrophenol to iron oxide nanoparticles 
bearing alkyl azides to demonstrate the use of 1,2 - diols as surface ligands  [95] . 
Similarly, Lin  et al.  have adopted this chemistry for functionalizing iron oxide core/
silica shell particles with biologically active agents and proteins. 

 The pendant groups on as - prepared magnetic nanoparticles have been used to 
functionalize them by using several chemical transformations other than the above 
chemistries. Ponti  et al.  fi rst demonstrated tosylation of the pendant alcohols and 
conversion to thioethers, and then esterifi cation by anhydrides and carbodiimide 
coupling reagents  [96] . In another reaction,  tert  - butyldiphenyl siloxane was shown 
as an effective protecting group for alcohols during ligand exchange which could 
be removed with tetra - butylammonium fl uoride  [97] . By using this synthetic build-
ing block, the deprotected alcohol is esterifi ed to the 2 - bromo - propionate ester, 
with both groups capable of being polymerized on the surface of the particles  [97] . 
Instead of the reaction of the pendant hydroxyls, Lin  et al.  took advantage of the 
double bonds present in oleic acid and reacted these with ozone to form pendant 
aldehydes  [98] . It is hypothesized that the resultant aldehyde - containing particles 
could be used in standard organic reactions to further modify the particle 
monolayers.  

  14.3.5 
 Encapsulation 

 Many of the envisioned applications of functional magnetic nanoparticles involve 
complex environments (e.g., in cells and biological fl uids), and consequently the 
stability of the particle must be considered. The potential for particle decomposi-
tion or metal leaching might have a negative impact on the performance of 
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engineering nanomaterials; for biological systems, the toxicity of nanomaterials 
represents an ongoing and enormous challenge. Many species present in complex 
media may be capable of undergoing ligand exchange reactions on the nanopar-
ticle surfaces, displacing the surface molecules and potentially leading to particle 
insolubility and agglomeration. To address the issue of particle stability, one strat-
egy has been to encapsulate nanoparticles in a complete shell of another material 
(often denoted as core@shell or core – shell). Nanoparticles have been encased in 
a wide range of materials from polymers, noble metals, and glass (these are dis-
cussed below). The composite materials are designed to protect the magnetism of 
the core material and, at the same time, to incorporate an outer shell surface that 
can serve as a robust handle for further chemical modifi cations. In this section, 
each of the major types of shell formation, together with some details of recent 
studies in this area with more exotic materials, will be described. 

  14.3.5.1   Encapsulation: Silica ( SiO 2  ) 
 Probably the most well known and widely applied method of nanoparticle encap-
sulation is the formation of glass or silica shell. Siloxane chemistry (see Section 
 14.3.4 ) provides robust surface bonds to many metal oxide nanoparticles; oxide -
 based materials represent the bulk of the reports describing the encapsulation of 
magnetic particles by silica shells. These core@SiO 2  materials have the added 
advantage of well - known silica surface chemistry, and a wide range of chemically 
functional chlorosilanes and siloxanes are commercially available. However, the 
silica shell thickness can be diffi cult to control and many synthetic techniques do 
not selectively coat individual nanoparticles but instead result in aggregates of 
many particles conjoined by the silica. 

 The synthesis of core@SiO 2  materials is straightforward and, although many 
variations exist, is generally known as the St ö ber process (this is shown schemati-
cally in Figure  14.4 )  [99] . Commercially available  tetraethylorthosilicate  ( TEOS ) is 
combined with a sample of metal oxide nanoparticles that have been dispersed in 
water or water/ethanol. Polymerization is initiated by the addition of aqueous 

     Figure 14.4     General reaction scheme for the St ö ber synthesis, 
during which an alcoholic solution containing water, ammonia 
and an alkyl silicate are reacted to form silica spheres of 
relatively uniform size  [99] .  
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hydroxide (most commonly ammonium hydroxide), and the material is allowed to 
polymerize for several hours, after which it is washed and dried. Yang and cowork-
ers carefully investigated the effect of  tetramethylammonium hydroxide  ( TMAOH ) 
on Fe 2 O 3 @SiO 2  nanoparticles, and showed that the number of particles per silica 
shell decreased with increasing TMAOH concentration  [100] .   

 Often, the addition of an amphiphile that forms reverse micelles can improve 
the quality of these structures; both encapsulating a single particle in a shell and 
the shell thickness are reported to be controllable based on the size of the micelle. 
For example, Korgel and coworkers used Igepal CO - 520 in cyclohexane to individu-
ally and uniformly coat 6   nm - diameter FePt nanoparticles with a 7 to 23   nm - thick 
SiO 2  layer, the thickness of which was controlled by variation of the TEOS   :   FePt 
ratio  [101] .  Transmission electron microscopy  ( TEM ) images of the FePt nanopar-
ticles before and after encapsulation in the SiO 2  shell using this approach are 
shown in Figure  14.5 . However, this method was effective only for larger particles; 
a similar reaction with smaller 2.7   nm - diameter FePt particles resulted in agglom-
erates  [101] . Lee and Lee later demonstrated that Fe 2 O 3 @SiO 2  nanoparticles of 
approximately 30   nm diameter and good size uniformity could also be synthesized 
using this approach. Rossi  et al.  employed polyoxyethylene(5) iso - octylphenyl ether 
emulsions in cyclohexane to produce Fe 3 O 4 @SiO 2  particles which were then 
further functionalized with APTMS and RhCl to produce magnetically recoverable 
nanoparticle hydrogenation catalysts  [102] . Recently, Duran and coworkers inves-
tigated the interplay of the relative amounts of surfactant (Triton X - 100 in 
1 - hexanol), water, and cyclohexane to control silica shell formation on Fe 2 O 3  
nanoparticles  [103] . By varying the amount of total water in the system, it was 
found that the number of particles per core@shell structure could be controlled, 
and the total diameter was tunable between  ∼ 34 and 120   nm  [103] .   

 Methods that were initially developed for noble metal particles suffi ce to encap-
sulating nonoxide magnetic particles, such as cobalt. These techniques can uni-
formly and controllably encapsulate the particles in a silica shell by fi rst using 

(a) (b)

50 nm 100 nm
20 nm
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     Figure 14.5     Transmission electron microscopy images. 
(a) FePt particles before reaction; (b) FePt particles following 
encapsulation in silica; (c) A higher - resolution image of the 
particles in panel (b).  Reproduced with permission from Ref. 
 [101] ;  ©  2006, American Chemical Society.   
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amino silanes as an initial  “ sticky ”  group for the surface from which a shell can 
grow  [104] . Recently, Dravid  et al.  used pure Co nanoparticles prepared by aqueous 
reduction with NaBH 4  and modifi ed their surfaces with APTES as an initial 
binding layer  [105] . This report demonstrated that the Co core size was a function 
of the initial Co/citrate ratio and, more importantly, that the SiO 2  shell thickness 
was determined by the subsequent APTES   :   TEOS ratio  [105] . 

 Ultimately, the goal of these encapsulating procedures is to produce nanopar-
ticles capable of simple functionalization via siloxane reagents. Undoubtedly, the 
majority of these reports involve the use of trialkoxy - aminopropyl silane reagents 
for the attachment of metals salts  [106] , biomolecules  [82d, 83, 107] , or fl uoro-
phores  [108] . However, there have been many reports of alternative applications 
of these materials. Chen and Chen attached octadecyl chains to iron oxide@SiO 2  
as a method of rapidly desalinating DNA samples  [109] . By employing microwave 
heating, these composite particles trapped DNA at concentrations of up to 625 
pmol   mg  – 1  nanoparticles  [109] . Xue and coworkers employed Fe 3 O 4 @SiO 2  particles 
as the substructure for magnetic fl uorescent structures  [110] , where the magnetic 
nanoparticles were fi rst encapsulated with a SiO 2  shell in a reverse micelle, after 
which  quantum dot s ( QD s) were added directly to the silanization solution together 
with additional reactants to form more SiO 2  on the particle surface  [110] . The 
 ∼ 80   nm - diameter composite particles retained the strong QD luminescence (blue 
shift  ∼ 20   nm), although the magnetic moment was reduced to 7% of the pure 
Fe 3 O 4  sample  [110] . 

 Silica shells have also been used as intermediates for subsequent encapsulation 
in other materials. Chen and coworkers reported the use of SiO 2  as an intermedi-
ary for TiO 2  shells that could then be used to break down biological materials 
under  ultraviolet  ( UV ) irradiation  [111] . Sunkara and Misra, on the other hand, 
used TiCl 4  to directly form a titanium oxide shell on the surface of NiFe 2 O 4  
nanoparticles (i.e., NiFe 2 O 4 @TiO 2 )  [112] . Tungsten doping of the TiO 2  shell further 
enhanced the effectiveness of the photocatalyst  [112] . Qian  et al.  recently prepared 
Fe 2 O 3 @SiO 2  particles with an outer shell of lanthanide - doped NaYF 4 , yielding 
magnetic particles with luminescent surfaces that could also be functionalized 
with siloxane chemistry  [113] . Finally, Chen and coworkers recently used a thin 
layer of SiO 2  to coat iron oxide nanoparticles and enable subsequent deposition of 
a shell of Al 2 O 3  using aluminum isopropoxide  [114] .  

  14.3.5.2   Encapsulation: Metallic and Semiconductor Shells 
 Au – thiol monolayer chemistry is arguably the most recognizable method of func-
tionalizing nanoparticles. Signifi cant efforts have therefore been made towards 
encapsulating magnetic nanoparticles in Au, or analogously in Ag. In addition to 
their well - defi ned surface chemistry, noble metal shells are expected to have 
surface plasmon waves with resonant frequencies in the visible to  near - infrared  
( NIR ) region of the spectrum. 

 Encapsulating magnetic nanomaterials in metallic shells can be synthetically 
diffi cult because of the surface energies, lattice matching, and wettability, in addi-
tion to the need to selectively deposit metal on the surface of existing particles 
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rather than the nucleation and growth of new particles in solution. In many 
instances, the reduction potential of a metal salt at an existing surface is lower 
than in solution, but careful control over experimental conditions and extensive 
characterization is required  [115] . Many analytical techniques, such as UV - visible 
absorbance spectroscopy (for plasmon resonance) and powder  X - ray diffraction  
( XRD ), provide an ensemble average of the entire sample, and therefore do not 
conclusively confi rm shell formation. Detailed high - resolution TEM and  energy -
 dispersive X - ray  ( EDX ) measurements, with sampling of many particles and sta-
tistical analysis, are critical to substantiate formation of the shell on the outer 
magnetic particle surface. 

 Despite these challenges, magnetic core@Au or other metallic shells have great 
potential in the fi eld of functional magnetic nanomaterials. While there is no 
standard method of producing Au shells for magnetic nanoparticles, methods can 
be grouped into two categories: (i) those that use Au salts (generally   AuCl4

− ); and 
(ii) those that use Au nanoparticles. Here, we will provide a brief discussion of 
both methods along an extension to other metallic shells and semiconductors. 

 In 2004, Williams  et al.  reported the use of hydroxylamine seeding to form Au 
shells on iron oxide magnetic nanoparticles, confi rmed by both TEM and EDX 
analysis  [116] . In addition, it was observed that Au preferentially deposited on 
 γ  - Fe 2 O 3  versus Fe 3 O 4 , and that the Au shell did not affect the individual particle 
magnetic moment  [116] . Additional methods of producing Au shells have emerged 
for iron oxide and other magnetic nanoparticles. For example, Tarr and coworkers 
fi rst deposited amorphous TiO 2  shells on iron oxide nanoparticles, after which the 
TiO 2  served as a photocatalyst for the surface reduction of   AuCl4

−   [117] . The 
quality of the Au shell was seen to be directly correlated with Au concentration, 
with roughly shaped aggregates forming at low levels of Au  [117] . Inverse micelles 
prepared from  cetyl trimethylammonium bromide  ( CTAB ) were reported to 
produce Fe 2 O 3 @Au  [118] . Based on a comparison of the properties of these materi-
als with particles coated in MPEG and starch, it was determined that the Au - coated 
particles had the best long - term stability  [118] . Pal  et al.  also used the inverse 
micelle approach with glucose to prepare Fe 3 O 4 @Au nanoparticles, which were 
later used for the bioelectrochemical detection of DNA, antibody capture, and 
horseradish peroxidase  [119] . 

 In contrast, Sun  et al.  used oleylamine -  and oleic acid - stabilized iron oxide par-
ticles with excess amine in chloroform as a reducing agent for Au 3+  ions to pref-
erentially deposit Au on the particle surfaces  [120] . A continued deposition of Au 
or Ag while in the CTAB micelle was used to increase and control the thickness 
of the outer metal shell, effectively controlling the resonant plasmon wave absor-
bance band over a 60   nm wavelength range  [120] . Majectich and coworkers dem-
onstrated the use of a covalent linkage to attach small Au clusters ( ∼ 2   nm diameter) 
to iron oxide nanoparticles as surfaces with which to initiate further Au shell 
growth  [121] . The oleic acid and oleylamine surfactants were fi rst stripped from 
the magnetic particle surface using TMAOH, and the particles stabilized with 
11 - mercaptoundecanoic acid. The terminal thiol groups were used to capture 
added Au particles, and these were subsequently used as nucleation points for 
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further tetrachloroaurate reduction by formaldehyde  [121] . Small attached Au 
particles have also been used as the source of the shell by heating them to cause 
coalescence, thereby producing a highly uniform Au shell around the iron oxide 
nanoparticles  [122] . Detail of these studies, together with descriptions of other Au 
shells on iron oxide particles, are provided in a recent review  [123] . 

 Several types of magnetic nanoparticle coated with Au shells that have cores 
made from materials other than iron oxide have been described. Wei  et al.  dem-
onstrated the encapsulation of FePt nanoparticles with Au by the reduction of Au 
acetate  [124] , while Wang and coworkers reported the preparation of both FeCo@
Au and FeCo@Ag particles by magnetron sputtering, a technique that produced 
particles that were spherical and cubical, with very thin Au or Ag shells  [125] . Co@
Au particles have been prepared in solution by using a displacement reaction 
between the Co nanoparticle core and dissolved   AuCl4

−  according to the reaction 
 [126] :
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    (14.1)   

 This method was reported to be capable of carefully controlling the thickness of 
the Au layer, although due to the removal of Co atoms during the reaction the 
magnetic particle size (and therefore the magnetic properties) was decreased as 
additional Au was deposited on the surface  [126] . 

 Using this range of methods, several other types of metallic shells on magnetic 
particles have recently been reported. Ag shells are of particular interest for their 
plasmonic properties and lower cost relative to Au. Inglesias - Silva  et al.  produced 
Ag - coated iron oxide nanoparticles by glucose reduction of AgNO 3  in a microemul-
sion  [127] , while Poddar and Srinath used a displacement reaction analogous to 
that in Equation  14.1  to produce Co@Ag nanoparticles  [126, 128] . Encasing par-
ticles in a Pt shell has been of interest for generating magnetically recyclable 
catalysis: Cheon and coworkers showed that Co@Pt particles could be prepared 
by using cobalt nanoparticles as  “ seeds ”  for the preferential deposition of ther-
mally decomposed Pt(hfac) 2  (hexafl uoroacetylacetonate)  [129] . More recently, Co@
Pt particles were used for the catalytic reduction of alkenes under hydrogen, and 
recovered magnetically from the solution following the reaction  [130] . Core@shell 
Ni@Pt nanoparticles were reported to be produced by the addition of KBH 4  to a 
solution of 1,2 - propane diol containing Ni acetate and oleic acid  [131] . The boro-
hydride caused nucleation and growth of small Ni particles, after which H 2 PtCl 6  
was added to the hot reducing environment to form the reduced Pt on the outer 
surface of the Ni particles  [131] . 

 In addition, several groups have reported the deposition of luminescent semi-
conductor shells, building on the studies of concentric shell formation and encap-
sulation in semiconductors and QDs  [132] , although this discussion is limited to 
recent reports of magnetic particle cores with semiconductor shells. It is important 
to distinguish these methods from those that incorporate QDs with magnetic 
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particles in oxide or polymeric materials  [103, 133] . For example, a recent report 
described a method by which FePt@CdSe or FePt@CdS nanoparticles were 
formed in a single step, although the products contained both particles with the 
desired core – shell structure and interconnected agglomerates  [134] . The use of 
CdO as the initial shell surface precursor enabled the controlled formation of the 
core – shell nanoparticle; the CdO layer was subsequently converted to the semi-
conductor by the addition of Se or S  [134] . Parak and coworkers performed a 
detailed investigation of a variety of semiconductor shells on FePt nanoparticles 
 [135] , and showed that by beginning with a sulfurous layer on the particle surface, 
CdS, CdSe, ZnS, and PbS could all be layered onto FePt surfaces to produce FePt@
shell structures. Further heating of these structures caused a de - wetting of the 
surface and the spontaneous formation of discrete heterodimer particles of FePt -
 semi - conductors  [135] .  

  14.3.5.3   Encapsulation: Polymeric and Carbon Shells 
 By far the largest class of functional magnetic nanomaterials is the core@polymer 
structures. Although these materials warrant a full review in their own right, for 
reasons of limited space we will attempt here simply to provide a broad overview 
of recent data. A summary of core/polymer combinations is provided in Table 
 14.1 , for quick reference. The polymeric shells are generally formed by applying 
the methods described in Sections  14.3.3  and  14.3.4  (surface adsorption, synthesis 
in polymeric media, surface - initiated polymerization). Surface adsorption and  in 
situ  synthesis represent the bulk of reports on this topic. In addition, the types of 
polymer that have been coated onto magnetic nanoparticle surfaces fall into three 
categories, namely naturally occurring biopolymers (e.g., polysaccharides), syn-
thetic polymers, and block copolymers.   

  14.3.5.3.1   Biopolymers     Several reports exist of the use of polysaccharides to coat 
magnetic nanoparticles. For example, dextran (see Figure  14.6a ) was reacted in 
the presence of urea and iron oxide nanoparticles to form dextran - coated magnetic 
nanoparticles  [136] . Fern á ndez - Lafl uente  et al.  showed that dextran could be 
attached to the surface of carboxyl - terminated iron oxide particles using EDC and 
butylenediamine, and that these nanomaterials could be used as solid supports 
for the PCR amplifi cation of DNA  [137] . The combination of on - particle PCR with 
ELISA enabled the detection of 10  − 19    g target DNA in the presence of excess non-
complementary oligonucleotides  [137] .   

 Alternatively, Chen and coworkers used EDC to directly attach carboxymethyl 
chitosan (an aminated polysaccharide; see Figure  14.6b ) to iron oxide nanoparticle 
surfaces  [138] . The chitosan was crosslinked by glutaraldehyde to form a polymeric 
shell. Crosslinked chitosan shells have been used by Zhang  et al.  to link the 
enzyme papain to magnetic nanoparticles; an increased hydrolysis rate of casein 
and longer stability was observed when the enzyme was conjugated to the sugar -
 coated particles  [139] . Imine crosslinking between a chitosan shell and alcohol 
dehydrogenase was also used to link the enzyme to magnetic particles; this resulted 
in an improvement of the enzyme ’ s stability but a reduction in its activity  [140] . 



 14.3 Nanoparticle Functionalization  523

 Table 14.1     Compilation of nanoparticle - polymer materials, between 2006 and 2008. 

   Particle     Polymer     Particle     Polymer  

  Iron oxide    Maleimide - PEG -  b  - poly( D , L  -
 lactide)  [152]   

  Fe 3 O 4     Biotin - PNIPAAm/PNIPAAm  

  Iron oxide    Gum arabic  [162]     Fe 3 O 4     PS (COOH, SO 3 H, SH, S - ) 
 [163]   

  Iron oxide    PEG - oligo(aspartic acid)  [52]     Fe 3 O 4     3,4 - ECMC  [164]   

  Iron oxide    PVC  [165]     Fe 3 O 4     Poly(MAPTMS - r - PEGMEMA -
 r - NAOS)  [166]   

  Iron oxide    PS -  b  - PBD -  b  - PS  [168]     Fe 3 O 4     PAAm  [168]   

  Iron oxide    Polyaspartate  [146]     Fe 3 O 4      N  - vinylcaprolactam -  co  -
 AAEMA -  co  - Vim  [151]   

  Iron oxide    Gum arabic  [169]     Fe 3 O 4     PNIPAAm  [170]   

  Iron oxide    PDMS  [171]     Fe 3 O 4     PMAA  [145]   

  Iron oxide    Poly(maleic acid - alt - 1 -
 octadecene)  [156]   

  Fe 3 O 4     Poly(MAA -  co  -  N , N  ′  -
 methylene - bis - (AAm))  [172]   

   γ  - Fe 2 O 3 /Fe 3 O 4     PVP  [173]     Fe 3 O 4     Poly(1 - VIm -  co  - acrolein 
oxime -  co  - AA)  [174]   

   γ  - Fe 2 O 3 /Fe 3 O 4     PS -  b  - PAa  [132a]     Fe 3 O 4     Dextran - g - PNIPAAm -  co  -  N , N  -
 DMAAm)  [175]   

   γ  - Fe 2 O 3     PN(2 - CC) -  b  - PN  [152]     Fe 3 O 4     Carboxymethyl chitosan  [138]   

   γ  - Fe 2 O 3     PS/PPy  [176]     Fe 3 O 4     Alginate [142]   

   γ  - Fe 2 O 3     PNIPAAm  [177]     Fe 3 O 4     Poly(butyl 
acrylate - styrene) [178]   

   γ  - Fe 2 O 3     PIB/PEO  [179]     Fe 3 O 4     PS  [180]   

   γ  - Fe 2 O 3     PA - 6  [181]     Fe 3 O 4     Poly(ethyl - 2 - cyanoacrylate) 
 [182]   

   γ  - Fe 2 O 3     Poly( N  - isopropyl -  co  -  tert  -
 butylacrylamide)  [183]   

  Fe 3 O 4     Poly(butylcyanoacrylate)  [182]   

   γ  - Fe 2 O 3     PS -  b  - PAA  [184]     Fe 3 O 4     Poly(hexylcyanoacrylate)  [182]   
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   Particle     Polymer     Particle     Polymer  

   γ  - Fe 2 O 3     Styrene/Sipomer PAM200  [185]     Fe 3 O 4     Poly(octylcyanoacrylate)  [182]   

   γ  - Fe 2 O 3     Poly(hydroxyethyl methacrylate) 
 [186]   

  Fe 3 O 4     PVP  [187]   

   γ  - Fe 2 O 3     PTEEMS -  b  - PAAm  [188]     Fe 3 O 4     PPy  [189]   

   γ  - Fe 2 O 3     PPy  [190]     Fe 3 O 4     Pyrene/polyacrylamide  [191]   

   γ  - Fe 2 O 3     PMMA/Chitosan  [192]     Fe 3 O 4     PVAL  [193]   

   γ  - Fe 2 O 3     PEI  [194]     Fe 3 O 4     PNIPAAm  [195]   

   γ  - Fe 2 O 3     Poly(divinylbenzene)  [196]     Fe 3 O 4     PAAm -  co  - PEGDMA  [197]   

  Fe 3 O 4     PMMA  [198]     Fe 3 O 4     PVAL  [150b]   

  Fe 3 O 4     Poly( D , L  - lactide) -  b  - PEG  [199]     Fe 3 O 4     Trithiol - terminated PMAA 
 [200]   

  Fe 3 O 4     PS  [201]     Fe 3 O 4     PEG methyl ether 
monomethacrylate  [202]   

  Fe 3 O 4     PAA  [182]     Fe 3 O 4     Poly(acrylic acid) -  b  -
 PNIPAAm  [203]   

  Fe 3 O 4     Poly(2 - methoxyethyl 
methacrylate)  [146]   

  Fe 3 O 4     PAA -  b  - PNIPAAm -  b  -
 poly(acrylate methoxy PEO) 
 [203]   

  Fe 3 O 4     PS  [202]     Fe 3 O 4     PtBA -  b  - PEA -  b  - PMAA  [204]   

  Fe 3 O 4     Poly(3 - vinylpyridine)  [183]     Fe 3 O 4     Folate - PEG -  b  - poly( ε  -
 caprolactone)  [205]   

  Fe 3 O 4     PAAm  [206]     Fe 3 O 4      N  - succinyl -  O  -
 carboxymethychitosan  [141]   

  Fe 3 O 4     PVAL  [207]     Fe 3 O 4     Chitosan  [140]   

  Fe 3 O 4     Poly(2 - vinyl -  N  -
 methylpyridinium iodide)  [208]   

  Co    PS - TOPO  [209]   

  Fe 3 O 4     PNIPAAm  [210]     Co    PS - NH 2   [209]   

  Fe 3 O 4     Poly( L  - lactic acid)  [211]     Co    PS  [212]   

  Fe 3 O 4     PMMA -  co  - acrylic acid  [213]     Co    PAN  [212]   

Table 14.1 Continued
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   Particle     Polymer     Particle     Polymer  

  Fe 3 O 4     Styrene/Sodium 
p - styrenesulfonate  [214]   

  Co    PS - DOPO  [153]   

  Fe 3 O 4     Poly(3,4 -
 ethylenedioxythiophene)  [215]   

  Co    PS - COOH  [153]   

  Fe 3 O 4     PEO -  b  - PUR -  b  - PEO  [216]     Co    PS - NH 2   [153]   

  Fe 3 O 4     P(EO/PO) -  b  - PUR -  b  - P(EO/PO) 
 [192]   

  Co    Poly( N  - isopropyl -  co  -  tert  -
 butylacrylamide)  [171]   

  Fe 3 O 4     PEO -  b  - PPO -  b  - PUR -  b  - PEO -  b  -
 PPO  [192]   

  Co    Poly( ε  - caprolactone)  [149]   

  Fe 3 O 4     PPy  [217]     CoFe 2 O 4     Polyaniline  [218]   

  Fe 3 O 4     Poly((PEG) monomethacrylate) 
 [219]   

  Ni wire     Chitosan/
Carboxymethylpullulan  [144]   

   Zn 0.6 Cu 0.4 Cr 0.5 
Fe 1.5 O 4   

   PAA  [220]      Zn 0.6 Cu 0.4 
Cr 0.5 Fe 1.5 O 4   

   Polyaniline  

   PN(2 - CC)   =   Poly(norbornene 2 - carboxylic acid 2 - cyanoethyl ester).  
  PN   =   Poly(norborene).  
  PBD   =   Polybutadiene.  
  PAA   =   Poly(acrylic acid).  
  PAAm   =   Poly(acryl amide).  
  PTEEMS   =   Poly(trimethylammonium ethylacrylate methyl sulfate).  
  PEI   =   Polyethylenimine.  
  3,4 - ECMC   =   3,4 - Epoxycyclohexylmethyl - 3 ′ ,4 ′  - epoxycyclohexanecarboxylate.  
  MAPTMS   =   3 - (trimethoxysilyl)propyl methacrylate.  
  NAOS   =    N  - acryloxysuccinimde.  
  AAEMA   =   Acetoacetoxy methacrylate.  
  PMAA   =   Poly(methacrylic acid).  
  AAm   =   Acrylamide.  
  MAA   =   Methacrylic acid.  
  AA   =   Acrylic acid.  
  PEG   =   Polyethylene glycol.  
  PPO   =   Polypropylene oxide.  
  PEO   =   Poly(ethylene oxide).  
  EO   =   Ethylene oxide.  
  PO   =   Propylene oxide.  
  PVP   =   Polyvinylpyrrolidone.  
  PVAL   =   Polyvinyl alcohol.  
  PVC   =   Polyvinyl chloride.  
  PNIPAAm   =   Poly( N  - isopropylacrylamide).  
  PPy   =   Polypyrrole.  
  PEGDMA   =   Poly(ethylene glycol dimethacrylate).  
  PtBA   =   Poly( tert  - butyl acrylate).  
  PEA   =   Poly(ethyl acrylate).  
  PEGMEMA   =   Poly(ethylene glycol) methyl ether methacrylate.  
  VIm   =   Vinylimidizole.  
  DMAAm   =   Dimethylacrylamide.  
  PAN   =   Polyacrylonitrile.   

Table 14.1 Continued
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All of these magnetic nanoparticle conjugates have applications in biological 
systems, and Zhu  et al.  recently investigated their cytotoxicity. Using succinic acid -
 terminated chitosan shells on iron oxide nanoparticles, no increased toxicity rela-
tive to the free polymer was observed over a 72   h period; however, the long - term 
 in vitro  cell viability was not studied  [141] . 

 A number of other biopolymer shells have been attached to magnetic nanopar-
ticles. Iron oxide particles with polyaspartate acid shells were prepared by adsorp-
tion of the ionically charged polymer to the particle surface  [142] . Compared to 
polymethyl dextran, the iron oxide@polyaspartate particles were found to have a 
better uptake in cancer cells and leukocytes, and did not inhibit cell growth  [142] . 
Alginate - protected iron oxide nanoparticles were produced by coprecipitation of 
the iron salts, immediately followed by the addition of alginate  [143] . A layer - by -
 layer assembly was used for the sequential deposition of carboxymethylpullulan 
and chitosan on the surface of magnetic Ni nanowires, so as to increase solubility 
and biocompatibility  [144] .  

  14.3.5.3.2   Synthetic Polymers     As a vast body of literature exists relating to the 
encapsulation of magnetic nanoparticles with synthetic polymer shells, only recent 
key examples have been selected here representing this broad area of research. 

 The  surface adsorption  of polymers to magnetic nanoparticle surfaces represents 
a major strategy for the formation of polymeric shells. As an example, the trifunc-
tional copolymer shown in Figure  14.7  was used to link to the surfaces of iron 
oxide nanoparticles  [145] . The dopamine groups in the copolymer reacted with the 
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     Figure 14.6     Structures of (a) branched polysaccharide dextran 
and (b) polysaccharide chitosan.  
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hydroxyls on the surface of the iron oxide to form covalent linkages; other species 
present in the polymer provided fl uorescent (for imaging) and amine groups  [145] . 
The free amine groups in the polymeric shell were reacted using amide coupling 
chemistry (with EDC) to attach  double - stranded  ( ds )RNA - polyinosinic - polycytidyl 
acid to enable particle localization at the cell wall of Caki - 1 cells  [145] . Yao  et al.  
used methylacrylic acid and  N , N  ′  - methylene - bis - acrylamide to coat magnetic 
nanoparticles in a polyacrylate shell for  α  - chymotrypsin immobilization, which 
was determined to have 82.7% of its native activity  [146] .   

 The  surface - initiated polymerization  of magnetic nanoparticles to form polymer 
shells is an alternative and effective route. As a representative example, iron oxide 
nanoparticles were coated in thermally responsive  poly(2 - methoxyethyl methacry-
late)  ( PMEMA ) using surface  atom transfer radical polymerization  ( ATRP )  [147] . 
The Fe 2 O 3 @PMEMA particles remained soluble in 50    ° C methanol, but were com-
pletely precipitated when the temperature was lowered to 20    ° C  [147] . Solubility was 
impacted upon at a critical temperature that was inversely related to the chain 
length, this effect being attributed to the steric inhibition of chain coiling  [147] . 
More recently, Schmidt and coworkers used surface - initiated ATRP to coat cobalt 

     Figure 14.7     Copolymer modifi cation of an 
iron oxide nanoparticle surface by attachment 
through dopamine(s). The polymer also 
contains multiple dopamine substituents (x), 
a fl uorescent monomer piperazinyl - 4 - chloro - 7 -

 nitrobenzofurazane (y), and amine terminated 
monomer (z) for protein conjugation. 
 Reproduced with permission from Ref.  [145] ; 
 ©  2008, Wiley-VCH Verlag GmbH & Co. 
KGaA.   
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nanoparticles with poly -  ε  - caprolactone  [148]  These particles were subsequently 
used to heat solutions under an AC magnetic fi eld; as the thickness of the polymer 
coating increased, the AC susceptibility of the nanomaterials decreased due to the 
weaker interparticle magnetic coupling  [148] . Takahara  et al.  investigated both 
surface - initiated ATRP and  nitroxide - mediated radical polymerization  ( NMRP ) on 
iron oxide nanoparticle surfaces  [149] . Here, the surface initiators were bound 
through siloxane or phosphate groups to the nanoparticle surfaces, and subse-
quently polymerized with styrene or 3 - vinylpyridine  [149] . The effi ciencies of the 
surface radical initiation processes varied between 10 and 30%, and the resultant 
solubilities of the nanoparticle were a direct result of the type of polymer shell  [149] . 

  Solution synthesis  of nanoparticles in the presence of polymers is the fi nal route 
for preparing core@polymer materials. Gedanken and coworkers have used sono-
chemical methods to produce iron oxide nanoparticles in the presence of polyvinyl 
alcohol  [150] . These nanoparticles were then functionalized with APTMS, to 
produce spherical particles with a fi nal particle diameter of approximately 11   nm 
and amine termini  [150b] . Following the attachment of anti - PKC α , the particles 
were loaded into sperm cells, after which the antibody was shown to remain 
active  [150b] . 

 Microgels encapsulating magnetic iron oxide nanoparticles were synthesized by 
iron coprecipitation in the presence of a copolymer containing  N  - vinylcaprolactam, 
acetoacetoxyethyl methacrylate, and vinylimidizole  [151] . The resultant gel - coated 
magnetic particles were shown to have smaller hydrodynamic radii than the pure 
polymer, this effect being a function of pH (see Figure  14.8 ). The critical tempera-
ture of these responses was also dependent on the presence of magnetic nanoma-

     Figure 14.8     The effect of temperature on the 
hydrodynamic radii ( R  h ) of iron oxide 
nanoparticles coated with  N  - vinylcaprolactam -
  co  - acetoacetoxyethyl methacrylate -  co  -
 vinylimidizole copolymer hydrogels under 
neutral (white) and acidic (black) conditions. 

Circles and squares indicate gels with and 
without magnetic particles, respectively. 
 Reproduced with permission from Ref.  [151] ; 
 ©  2007, Wiley-VCH Verlag GmbH & Co. 
KGaA.   
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terials  [151] . Another interesting nanoparticle composite material was described 
by Pyun and coworkers, who developed a method to form long chains of Co 
nanoparticles  [153] . Here, the thermal decomposition of Co 2 (CO) 8  in the presence 
of a polymer mixture containing amino phosphine oxide, alkyl phosphine oxide, 
amine, and/or carboxylic acid binding groups, caused the particles to self - assemble 
into linear structures  [153] .   

 In some cases, multifunctional nanoparticles have been used during polymer 
synthesis (i.e., as monomeric building blocks) to form crosslinked dense networks. 
As an example, when Park and coworkers used dopamine as the surface binding 
group and crosslinking agent for polydimethylsiloxane  [154] , there was a clear 
impact on the overall mechanical properties of the elastomer, with the particle 
composite being almost twice as rigid and slightly harder  [154] .  

  14.3.5.3.3   Block Copolymers     Several recent reports have referred to block copo-
lymers being used for the formation of shells and the encapsulation of magnetic 
nanoparticles. These types of material are advantageous because of the intrinsic 
and controllable structure of the polymer blocks, this property being especially 
useful for promoting particle interactions, solubility and    –    potentially    –    a uniform 
shape of the core@shell nanocomposite. Kim and Taton have used block copoly-
mers to encapsulate iron oxide, CdSe@ZnS, and Au nanoparticles into multipar-
ticle composites with polyfunctionality  [133] . For this, a polystyrene – polyacrylic 
acid block copolymer was mixed with hydrophobic nanoparticles to form a micro-
emulsion in water, and a crosslinker then added  [152, 133] . The coencapsulation 
of QDs with iron oxide nanoparticles was found to cause a signifi cant reduction 
in the quantum yield of the semiconductors  [133] . When Gao  et al.  encapsulated 
iron oxide nanoparticles with doxorubicin (an anti - cancer agent) in block copoly-
mer shells of maleimide - poly(ethylene glycol) - block - poly( D , L  lactide)  [155] , the 
external surface was functionalized with  cyclic Arg - Gly - Asp peptide  ( cRGD ) to 
specifi cally target  α  v  β  3  endothelial integrins and promote cellular uptake  [155] . 
Subsequent doxorubicin release from the polymer was found to be increased at a 
higher pH  [155] . 

 In another example, Belfi eld and Zhang used  ring - opening metathesis polym-
erization  ( ROMP ) to form di - block copolymers for the synthesis and stabilization 
of iron oxide nanoparticles  [156] . The block copolymers were synthesized from 
norbornene and the 2 - cyanoethyl ester of norbornene carboxylic acid, with more 
stable and crystalline iron oxide particles being observed when the cyano ester 
block was larger than the norbornene  [156] . Very recently Svergun, Bronstein and 
coworkers produced magnetic iron oxide core@block copolymer shell nanoparti-
cles with a good size monodispersity  [157] . These iron oxide nanoparticles were 
produced via a standard high - temperature reduction route with oleic acid to yield 
highly uniform magnetic nanoparticle sizes  [157] . When poly(maleic anhydride - alt - 
1 - octadecene) was added, the hydrophobic chains of the octadecene block were 
able to interpenetrate the surface - bound oleic acid ligands  [157] . An analysis using 
 small - angle X - ray scattering  ( SAXS ) showed that 99.9% of the polymeric shells 
contained only a single nanoparticle  [157] .   
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  14.3.5.4   Encapsulation: Carbon Shells 
 Today, there is growing interest in the use of carbonaceous shells to encapsulate 
magnetic nanoparticles. These materials are attractive fi rst, because the carbon 
should be biocompatible, and second because many different chemical approaches 
can be used to functionalize the carbon surfaces  [158] . For example, Ni@C 
nanoparticles were prepared by laser - induced metal complex heating and then 
functionalized by oxidizing with sulfuric and nitric acids to produce a carboxylic 
acid - terminated surface  [159] . The carboxylic acids were then used for acid chloride 
condensation with amines to form amide surface bonds. Alternatively, the carbon 
shell has been functionalized via radical addition to peroxides to form acid termini 
 [160] . In this study, Hu and coworkers used the base - catalyzed reduction of KPtCl 4  
to form small Pt nanoparticles on the carbon shell surface; the Pt particles were 
then used as hydrogenation catalysts on a magnetically recyclable particle  [160] . 
Recently, Wei  et al.  described the use of sugar dehydration to form carbonaceous 
shells on Ni and FeNi nanoparticles  [161] . Here, the resultant carbon shells were 
shown to be approximately 8   nm thick (total particle diameters 28 – 65   nm) and to 
contain both hydroxyl and carboxylic acid functional groups  [161] .   

  14.3.6 
 Lipids and Dendrimers 

 Nanoparticle surfaces have been modifi ed with both dendrimers and phospholip-
ids, which should be grouped into a separate category for the purposes of organiza-
tion, as neither can be considered polymeric. The long aliphatic chain of 
phospholipids will insert into the hydrophobic molecular monolayer on nanopar-
ticle surfaces, forming a micelle - like structure without the formation of any direct 
bonds or electrostatic attraction to the particle. Dendrimers have also been used 
to encapsulate nanoparticles and to serve as a template for their synthesis. 

  14.3.6.1   Lipids 
 The encapsulation of magnetic nanoparticles by lipids or phospholipids has been 
explored mainly by the biological community, based on their potential relevance 
in this area. Phospholipids are commercially available with a large assortment of 
appended fl uorescent dyes, chain termini (e.g., amine, carboxylic acid, biotin, His -
 tags), PEG chains, and ionic charges  [221] . The incorporation of phospholipids on 
magnetic particles is used so that a host of biocompatible functionalization 
methods can be applied. The encapsulation by phospholipids is straightforward, 
and relies on favorable van der Waals interactions between the lipid alkyl chains 
and the particle monolayer. Using the methodology originally applied to QDs, 
chloroform solutions of phospholipid are added and stirred with magnetic parti-
cles bearing long - chain alkyl ligands  [222] . The solutions are then evaporated, 
suspended in warm water, and purifi ed using standard methods  [13] . The general 
arrangement of phospholipids on the surface of a magnetic particle is shown in 
Figure  14.9 ; here, the PEG (molecular weight 3000   Da) termini promote solubility 
in aqueous solutions. A recent report has provided an in - depth discussion of the 
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lipid chemistry of magnetic nanoparticles  [223] , some details of which will now 
be discussed.   

 The use of phospholipids or lipid bilayers has been valuable for functional 
materials, separations and microfl uidics, and the ease with which these highly 
crystalline, monodisperse nanoparticles may be functionalized and rendered 
water - soluble has been widely exploited. For example, Held and coworkers used 
phospholipids which terminated in either single - stranded oligonucleotide DNA or 
biotin on MnFe 2 O 4  and Fe 2 O 3  particles to pattern these onto surfaces containing 
complementary DNA or streptavidin  [222b] . Chung  et al.  used functional phospho-
lipids containing either PEG or  Ni - nitrilotriacetic acid  ( Ni - NTA ) complexes to 
separate proteins  [224] , relying on the preferential binding of the Ni for His - tagged 
proteins  [225] . The PEG lipids served to suppress any nonspecifi c adsorption and 
thus to improve the selectivity of the nanoparticle capture agent  [225] . Due to the 
increased surface - to - volume ratio, the magnetic nanoparticles were almost two 
orders of magnitude more effective at capturing His - tagged protein than were 
commercially available beads  [225] . 

 Honda and associates developed a method to form complex lipid bilayers 
on iron oxide nanoparticle surfaces, the aim being to use these particles in 
the hypothermic treatment of melanoma  [226] . For this, iron oxide nanoparticles 
of 10   nm diameter were coated in a bilayer containing the chemotherapeutic 
agent, 4 -  S  - cysteaminylphenol, together with three lipid materials, namely 
( N  - ( α  - trimethylammonioacetyl) - didodecyl -  D  - glutamate chloride, dioleoylphospha-
tidylethanolamine, and dilauroylphosphatidylcholine  [226] . Encapsulation of the 
nanoparticles in the lipid bilayers allowed a controlled release of the chemothera-
peutic drug, while alternating an applied magnetic fi eld caused localized heating 

Lipid Intercalation Layer 

PEG 3000

Magnetic Nanoparticle 

     Figure 14.9     Schematic representation of a PEG - phospholipid -
 encapsulated nanoparticle (not to scale).  Reproduced in part 
with permission from Ref.  [39] ;  ©  2008, American 
Chemical Society.   
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that induced cell death  [226] . Williams, Hancock, and coworkers used biotin - 
terminated PEG - phospholipids on large CoFe 2 O 4  (15   nm - diameter) nanoparticles 
for the magnetic labelling of microtubules, the transport of which over kinesin -
 covered surfaces could be magnetically manipulated  [227] . In these studies, either 
streptavidin or neutravidin was used as a linker unit between the nanoparticle and 
the biotinylated microtubule  [227b] .  

  14.3.6.2   Dendrimers 
 Recently,  dendrimers  have been considered as functional groups for modifying the 
surface chemistry of magnetic nanoparticles. Dendrimers are highly branched, 
generational macromolecules with defi ned  three - dimensional  ( 3 - D ) structures 
 [228, 229]  and synthetically controlled terminal reactive groups (i.e., surface chem-
istry). One major challenge for the functional nanoparticle community is to deter-
mine and control the exact number of surface molecules and reactive groups per 
particle. As nanoparticle samples have a size distribution, so too will there be a 
distribution in the number of attached molecules. The use of dendrimers to func-
tionalize nanoparticles would circumvent the issue of population dispersity, 
however, as only a fi nite number of the macromolecules will stabilize a single 
nanoparticle. Particles synthesized in the interior of a dendrimer template (i.e., 
one particle in one dendrimer) have an exactly known number of functional 
groups that is dictated by the chemical constitution of the macromolecule. 

 Crooks and coworkers have pioneered the use of dendrimers to encapsulate 
nanoparticles  [230] . In one study, Ni nanoparticles were synthesized in the interior 
of sixth generation  poly(amidoamine)  ( PAMAM ) dendrimers by adding Ni 2+  and 
sodium triethylborohydride as the reducing agent  [230a] . The size of the resultant 
nanoparticles was seen to depend on the molar ratio of Ni 2+  to dendrimer, and 
they were also protected from oxidation by the dendrimer shell  [230a] . Subse-
quently, Atwater and coworkers demonstrated the use of amine - terminated, 
fi fth - generation PAMAM dendrimers for Co nanoparticle synthesis  [231] , while 
Chandler  et al.  synthesized NiAu nanoparticles in hydroxyl - terminated, fi fth - 
generation PAMAM dendrimers  [232] . 

 The ligand exchange of dendrimers has also been recently investigated. Carboxyl -
 terminated, third - generation dendrimers which were adsorbed to stabilize iron 
oxide nanoparticles were characterized by a variety of techniques, including  poly-
acrylamide gel electrophoresis  ( PAGE ), to measure the binding strength of the 
ligand and the ionic charge of the particles  [233] . Among the several different den-
drimers tested, the PAGE results showed those bearing folic acid and succinic acid 
termini to be the most effective  [233] . Banaszak, Holl and Orr used fi fth - generation 
PAMAM dendrimers terminating in folic acid and fl uorescent dyes to phase -
 transfer iron oxide nanoparticles from organic solvents into water, and then char-
acterized their interaction with human KB cells  [234] . In these experiments the folic 
acid acted as both a nanoparticle surface ligand and as a substrate for the cell sur-
faces. When X - ray fl uorescence was used to monitor the iron content of KB cells 
(which possess folic acid receptors) and UM - SCC - 38 cells (which were folic acid 
knock - outs), a signifi cant nanoparticle uptake was seen only in the KB cells  [234] .    
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  14.4 
 Conclusions 

 In this chapter, we have attempted to describe the most recent and important 
contributions to the chemical and biological functionalization of magnetic nano-
materials. The wide range of surface chemistries developed will undoubtedly 
continue to expand, leading ultimately to applications in nanomedicine, in the 
manipulation and separation of target analytes, in separations, and in sensor 
devices. A continued expansion of these synthetic tools will be necessary if such 
materials are to be fully exploited. Coupled to this is the ongoing challenge to 
quantify and understand the surface chemistry of paramagnetic and superpara-
magnetic particles. In addition, little is known regarding the bioactivity of nanoscale 
particles in nature, and extensive characterization will be required of the fate and 
reactivity of both the surfactant/shell and the nanoparticle core in complex natural 
environments. Clearly, chemically functional nanomaterials hold great promise 
for the creation of single nanoparticle vehicles capable of analyte targeting and 
delivery, while their intrinsic magnetic properties will enable directed transport 
and diagnostic imaging.  
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 Characterization of Magnetic Nanoparticles Using Magnetic 
Force Microscopy  
  Gunjan   Agarwal         

15

  15.1 
 Introduction 

 The aim of this chapter is to provide an overview of the  magnetic force microscopy  
( MFM ) technique and its application for the characterization of  magnetic nano-
particle s ( MNP s). The chapter also serves as a user ’ s guide to MFM, without 
unnecessary repetition of previously published information, and without excessive 
mathematical detail. The reader is introduced to physical principals of MFM, the 
properties of MFM probes, probe calibration, methods of MFM detection, and 
application of MFM for MNPs. The goal is not to provide a detailed overview of 
MFM and hardware design, as several excellent texts (cited in the references) are 
available for this purpose. Rather, the special considerations and challenges 
required for MFM studies of MNPs, especially in biological samples, are high-
lighted. The chapter concludes with some details of the recent developments and 
future trends in MFM of MNPs for the life sciences.  

  15.2 
 Development of  MFM  

 Understanding the nature of magnetism at the nanometer - length scale is of inter-
est from a fundamental perspective, as well as for the development of next genera-
tion of MNPs for the life sciences. The study of MNPs involves special challenges 
since, below a critical dimension, the competition between magnetostatic energy 
and exchange energy is predicted to suppress magnetic domain formation, leading 
to single - domain structures. These single - domain MNPs not only possess low 
magnetization values, as compared to bulk material, but may also have lower 
coercivity or a superparamagnetic character at temperatures conducive to living 
systems. Thus, specialized techniques are needed to understand and characterize 
the magnetic nature of MNPs. 
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 Magnetic force microscopy is used widely for investigating magnetic systems. 
The ease of use, a large number of commercially available models, and a low cost 
of operation make the magnetic force microscope an instrument of choice for 
many scientists studying magnetic systems. The technique of MFM has evolved 
from  atomic force microscopy  ( AFM ) as a special method of studying magnetic 
materials and their properties  [1] . MFM is a scanned probe technique based the 
mechanical detection of the magnetostatic interaction of the microscope probe and 
the magnetic sample (Figure  15.1 ). During the MFM experiment, magnetic mate-
rial in the sample interacts, through magnetic dipolar interaction, with the apex 
of the cantilever tip (or probe) coated with a magnetic material. As for most scan-
ning probe microscopes, the signals in MFM are governed by the probe charac-
teristics, the tip – sample interaction, and the detection system used.   

 Martin and Wickramasinghe  [3]  were the fi rst to build a magnetic force micro-
scope, by using a 25    μ m - diameter iron wire as the cantilever with its end as the 
magnetic tip. The tip was formed by electrochemically etching the end of the iron 
wire down to a 50   nm radius. The wire was bent at a sharp right - angle near its 
end, such that the tip axis was aligned perpendicular to the cantilever (the rest of 
the wire). These authors measured the defl ection of the cantilever, and therefore 
the force exerted on it, with an optical interferometer. Saenz  et al.  developed 
another early magnetic force microscope by using tunneling to measure the defl ec-
tion of a thin nickel foil used as a cantilever and tip  [4] . The lateral resolution of 
these fi rst instruments was 100   nm    –    a substantial improvement over any magnetic 
imaging technique available at that time. 

 Since its inception, the MFM technique has undergone several improvements 
to make it a widely used procedure that is available on modern AFM machines. 

Phase 
contrast

External 
field B=0

MFM

Superparamagnetic nanoparticles

     Figure 15.1     Detecting nanomagnets by MFM  [2] . Using 
external magnetic fi elds and magnetic atomic force 
microscope tips, it is possible to characterize the dipolar 
nature of magnetic nanoparticles in ambient air. These 
approaches could help localize magnetic nanoparticles in 
biological samples.  Reproduced with permission from Ref.  [2] .   
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These include the use of thin - fi lm - coated MFM probes with a wide variety of 
magnetic and mechanical properties (see Section 15.6.2), the use of split photo -
 diodes to detect cantilever defl ection  [5 – 7] , and the use of dynamic mode AFM to 
enhance the force sensitivity of the MFM technique (see Section 15.4.2). As a 
result, in recent years a spatial resolution of 20 – 30   nm has been achieved with 
MFM, making it an attractive technique for the characterization of MNPs. With 
further advances in the fi eld, it is envisaged that MFM may achieve its theoretical 
limit of resolution (5 – 10   nm). 

 MFM has found numerous applications in fundamental research and in the data 
storage industry. MFM serves as a useful tool for disk - failure analysis, and to 
analyze magneto - optical media and corresponding read/write processes, which 
usually require a micron - scale spatial resolution. More recent, nonstandard appli-
cations of MFM include magnetic dissipation imaging  [8]  to investigate magnetiza-
tion dynamics through studying the energy transfer between the cantilever and 
the magnetic sample, and low - temperature measurements to investigate magnetic 
vortices  [9]  or local variations in the magnetic penetration length in superconduc-
tors and colossal magnetoresistance materials  [10] . The application of MFM to 
characterize nanoscale magnetic domains has not yet been completely explored, 
mainly because special considerations need to be given to MFM experimental 
conditions, sample preparation and probe characterization to enable the qualitative 
and quantitative detection of MNPs.  

  15.3 
 Comparison of  MFM  to Other Techniques 

 Despite the emerging interest of the life sciences community in the use of MNPs, 
there is a clear absence of a detection technique for their localization and charac-
terization at the single - particle level. The techniques currently being used to detect 
MNPs can broadly be classifi ed as invasive or noninvasive. The limitation in reso-
lution and/or sensitivity of these techniques as compared to MFM is discussed 
here. 

  15.3.1 
 Invasive Imaging 

  Superconducting quantum interference device  ( SQUID ) magnetometry is conven-
tionally used to characterize the bulk magnetic properties of materials, including 
samples of MNPs with masses of several micrograms. In the recently developed 
scanning SQUID microscopy technique, the pick - up coil is scanned over the 
surface of the sample where it picks up the stray magnetic fi eld of the magnetic 
moments in the sample  [11] . As a result, the spatial resolution of the method is 
defi ned by the dimensions of this coil. The highest demonstrated resolution to 
date is approximately 10    μ m which is insuffi cient for studying systems of MNPs 
 [12] . Similarly, the  scanning Hall probe microscope  ( SHPM ) suffers from low 
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spatial resolution ( > 1    μ m) as compared to MFM, and requires the use of very low 
temperatures (typically liquid helium)  [13] . However, like the magnetic force 
microscope, both the scanning SQUID microscope and the SHPM are capable of 
obtaining information from below the surface due to the long - range aspect of 
magnetic interactions. In recent years, arrays of SQUID sensors have been used 
to probe the fi elds generated by the human heart or brain  [14] . However, these 
applications have been limited to a macroscopic scale. 

 Conventional  in vitro  microscopic analyses can provide enhanced spatial resolu-
tion. However, unlike the magnetic force microscope, SQUID or SHPM, these 
instruments cannot characterize magnetic behavior but only provide an insight 
into the presence of elements, such as iron. For instance, Perl ’ s iron staining 
technique is popularly used in histology to identify the presence of iron at a spatial 
resolution limited to  ∼ 200   nm. High - resolution techniques, such as  transmission 
electron microscopy  ( TEM ) coupled with  X - ray diffraction  ( XRD ) microanalysis 
can enable the localization of iron deposits and nanoparticles which are  < 100   nm 
in size. However, very limited reports exist on the use of TEM/XRD for ultrastruc-
tural studies of iron deposits in diseased tissues at the subcellular level  [15 – 17] , 
possibly due to the involved sample preparation, the sophisticated instrumenta-
tion, and the damage caused to the tissue in XRD. Recently, off - axis electron 
holography has been demonstrated to provide insight into magnetic phenomena 
on the nanoscale  [18] . Compared to electron beam techniques, such as electron 
holography, Lorentz microscopy,  scanning electron microscopy with polarization 
analysis  ( SEMPA ) and  X - ray photoelectron microscopy  ( XPEEM )  [19] , MFM has 
the advantages of simpler sample preparation, ease of operation, easier access to 
low temperatures, and lower cost. Furthermore, a fundamental advantage of MFM 
over electron beam techniques is that, with MFM, one can apply much larger fi elds 
 in situ , which is very important for the study of those samples with a paramagnetic 
character.  

  15.3.2 
 Noninvasive Imaging 

 Among the noninvasive techniques, the well - developed  magnetic resonance 
imaging  ( MRI ) relies on the indirect detection of MNPs through their effect on 
the proton relaxation time in the vicinity of MNPs (  T2

* effects) visible as a negative 
contrast  [20 – 22] . This effect, however, is not easily quantifi able and cannot be used 
to qualify or quantify iron content with any degree of certainty. Other imaging 
techniques such as synchrotron - based micro -  computed tomography  ( CT ) imaging 
(with a voxel resolution of 2    μ m), synchrotron - based  X - ray fl uorescence  micro-
scopy ( XRF )  [23]  and  position emission tomography  ( PET )  [24] , have been used to 
localize, identify, and quantitate iron deposits and regions of intraplaque hemor-
rhage in mouse tissue. In general, however, these studies lack spatial resolution 
and ability to speciate iron at a level below approximately 5.6    ×    10  − 18    g   mm  − 2  cor-
responding to a spatial resolution of 0.5    μ m.  
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  15.3.3 
 Magnetic Resonance Force Microscopy 

 Among the upcoming techniques which may match the capabilities of MFM, 
 magnetic resonance force microscopy  ( MRFM ) is the most promising 
scanned probe technique based on the mechanical detection of magnetic 
resonance. MRFM was proposed as a method to overcome the sensitivity 
limitations of inductively detected MRI, and to push the spatial resolution of 
MRI into the nanometer and, ultimately, the atomic scale. MRFM methods have 
steadily improved since the fi rst demonstrations, with signifi cant advances in 
both electron spin and nuclear spin detection. Recently, the detection of magnetic 
resonance on a single electron spin has been demonstrated  [25] . MRFM uses 
a magnetic tip and an ultrasensitive cantilever to sense the dipolar magnetic 
force between the tip and spins in a sample. In this sense, the MRFM arrangement 
is similar to that of MFM, and in fact the MRFM and MFM data are collected 
simultaneously in a MRFM experiment. Unlike MFM, where the static magnetic 
force is detected, the sensitivity of MRFM is enhanced through dynamic manipula-
tion of the sample magnetic moments at the mechanical resonant frequency 
of the MRFM cantilever. In general, due to the detection of a dynamic magnetic 
force, MRFM can deliver sensitivity greater than that of MFM. For example, it 
has recently been demonstrated that MRFM is capable of  two - dimensional  
( 2 - D )  nuclear magnetic resonance  ( NMR ) imaging with 90   nm spatial resolution 
 [26] . However, MRFM relies on the capability to manipulate magnetic moments 
in the sample, which in turn is heavily dependent on the sample magnetic 
properties such as the shape, saturation magnetization, ferromagnetic resonance 
linewidth, and so on, which would make interpretation of the obtained 
results more diffi cult. Whilst the MRFM technique holds great promise for the 
investigation of individual nanoparticles, it is still a work - in progress and requires 
sophisticated and specialized equipment and experimental conditions    –    unlike 
the MFM technique, which is available on most commercial atomic force 
microscopes.   

  15.4 
 Physical Principals of  MFM  

  15.4.1 
 Static Mode 

 For a magnetic force microscope cantilever, the force  F  (which is experienced 
normal to the cantilever) can result in a static defl ection  x  of the cantilever, in 
accordance with Hooke ’ s law, given by:

   F kx= −     (15.1)  
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where  k  is the spring constant of the magnetic force microscope cantilever. It is 
evident from Equation  15.1  that stiffer cantilevers (with higher  k  - values) would 
result in a smaller cantilever defl ection as compared to softer cantilevers. The 
minimum force detectable by the magnetic force microscope cantilever is also 
dependent on the sensitivity of the defl ection sensor used (i.e.,  Δ  x  is typically 
0.01   nm), which is usually ascertained using AFM force spectroscopy. For a mag-
netic force microscope cantilever with  k  ranging from 0.1 to 1   N   m  − 1 , the minimum 
detectable force is in the  piconewton  ( pN ) range, or higher. For long - range weak 
forces, such as in MFM, and  F     <    pN, the cantilever defl ection ( < 10  − 4    nm) is below 
the defl ection sensitivity of most sensors  [27] . Therefore, the dynamic method 
involving measurement of force gradients instead of forces acting on the cantilever 
is more in - vogue for MFM.  

  15.4.2 
 Dynamic Mode 

 An alternate, and more commonly used, method to measure long - range forces as 
in MFM is by oscillating the cantilever at its resonant frequency,  ω   c  , given by:

   ωc k m=     (15.2)  

where  m  is the mass of the cantilever. As the probe is scanned in a 2 - D spatial 
raster pattern over the sample surface, the force gradient  F ′   experienced by the 
cantilever normal to its plane, modifi es the effective spring constant ( k  eff ) of the 
cantilever. This results in a shift,  δ  ω , in the cantilever resonant frequency given 
by:

   δω ω= ′
c

F

k2
    (15.3)   

 For most MFM experiments, the cantilever is almost parallel to the sample 
surface and, assuming that the magnetic interaction is primarily along the vertical 
 z  direction, then  F  ′    =   d F  z /d z . It is worth noting that, in this dynamic mode, the 
cantilevers used are with much higher  k  - values as compared to the static mode 
(Table  15.1 ), and therefore the cantilever defl ection for MFM is usually 
negligible.   

 Magnetic data can be recorded either as variations in amplitude, phase, or fre-
quency of the cantilever oscillation  [27] .  Amplitude modulation  ( AM ) is the method 
more commonly available on commercial equipments to estimate  F  ′ , where the 
change in amplitude or phase of the vibrating cantilever is measured at a fi xed 
 drive  frequency  ω   D  . The drive frequency is selected as the frequency where the 
amplitude  A  of the cantilever has the steepest slope, and is given by:

   ω ωD c Q= ±( )1 1 8     (15.4)  



 15.4 Physical Principals of MFM  557

where  Q  is the quality factor of the cantilever. Under this condition, the 
amplitude change  δ  A , at  ω   D   arising due to change in resonance frequency is given 
by:

   δA
A Q

k
F= ( ) ′

2

3 3
0     (15.5)  

and the change in phase is given by:

   δΦ = ′
Q

k
F     (15.6)  

where  A  o  is the amplitude of the cantilever when  ω   c     =    ω   D   (in Equation  15.5 ). Figure 
 15.2  shows the MFM amplitude and phase images of a magnetic tape acquired 
using the AM technique on a commercial magnetic force microscope  [28] . One of 
the limitations of the AM method is that changes in amplitude do not occur 
instantaneously with a change in the tip – sample interactions, but rather on a time 
scale of  t  AM     <    2 Q/  ω   c    [7] .   

 An alternative method to estimate  F  ′  is to directly measure  δ  ω  via the  frequency 
modulation  ( FM ) technique  [27] . This involves changes in the instrument 
design to incorporate a phase - lock loop and a frequency counter. Additionally, the 
amplitude of the cantilever is kept constant by means of an amplifi er with auto-
matic gain control and positive feedback loop using the signal from the cantilever 
defl ection. The FM technique has the advantage that very high -  Q  cantilevers can 

 Table 15.1     Examples of commercially available magnetic force 
microscope cantilevers/probes used in dynamic mode. 

   Probe name     Company      H c   (Oe)      k  (N   m  − 1 )     Magnetic coating  

  NSC18    MicroMasch    240 – 310    3.5    Co − Cr (60   nm)  

  MFMR    Nanoworld and 
nanosensors  

  300 – 400    1 – 5    Cobalt alloy (40   nm)  

  MESP    Veeco     < 10 to 400    2 – 3    Co − Cr alloy of various 
thickness  

   –     Seiko instruments    650    20    Cobalt – platinum – chromium 
alloy  

   ASYMFM     Asylum      < 10 to  > 5000     1 – 2     30   nm permalloy to Co - alloys 
of various thickness  
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     Figure 15.2     Identifi cation of bit patterns in a 
magnetic tape using MFM  [28] . (a) Phase -
 contrast images in lift - mode on a magnetic 
tape sample using (left) a nonmagnetic and 
(right) a magnetic atomic force microscope 
tip. The lift - heights for each image are 
indicated at the top right. Only images 
obtained using a magnetic tip show contrast 

in the written bit pattern, even at a lift - height 
of 150   nm. The scale bar applies to all images; 
(b) Plot of phase angle ( Φ     ° ) versus lift - height 
(nm) for a section of magnetic tape using 
a magnetic atomic force microscope tip, 
showing an exponential decay.  Reproduced 
with permission from Ref.  [28] .   
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be used to achieve high sensitivity, and therefore is especially useful for MFM in 
a vacuum. Additionally, in this method the delay in detecting changes in  F  ′  can 
be reduced to  t  FM     <    1/ ω   c    [7, 29] . Phase detection and FM produce the best results, 
giving good contrast even when the amplitude signal fails to show detailed 
information.  

  15.4.3 
 Forces Due to Magnetic Interaction 

 For a point – dipole tip, the force  F  acting on the tip by a magnetic sample is given 
by:

   F m Ht s= ∇( ),     (15.7)  

where  m t   is the magnetic moment of the tip and  H s   is the fi eld from the sample. 
As is evident from Equation  15.7 ,  F  will be greater at those points where the gradi-
ent of the magnetic fi eld is higher, such as at magnetic poles or at regions where 
the magnetization is changing rapidly. In other words, the magnetic force micro-
scope cannot sense homogeneous magnetic fi elds, but can only detect gradients 
in magnetic fi elds. 

 For MNPs, which generally possess a single magnetic domain, the magnetic 
fi eld at the tip experienced due to a small sample magnetic particle,  m s   at a distance 
 r  from the tip is given by  [27] :

   H r
r r m m

r
s

s s( ) = ⋅( ) −3
3

    (15.8)   

 Therefore the force  F  experienced by the magnetic force microscope tip is given 
by:

   F
m r m r m m

r

t s t s= ∇
⋅( ) ⋅( ) −⎛

⎝⎜
⎞

⎠⎟
3 � � .

3
    (15.9)   

 If both the dipoles ( m s   and  m t  ) point in the  z  - direction and  r  is also in the 
 z  - direction, then:

   F m m zt s= −6 4     (15.10)  

and the force gradient  F  ′  is given by  [27, 30] :

   ′ = ∂ ∂ =F F z m m zt s24 5     (15.11)  

which can also be valid for multidomain magnetic particles, provided that all the 
domains are oriented along the  z  - direction.   
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  15.5 
 Noise in  MFM  

  15.5.1 
 Thermal Noise 

 The force gradient detection in MFM is limited by the noise sources in the detec-
tion system. These include noise from the defl ection sensor, acoustic noise, and 
thermal oscillations of the cantilever. For cantilevers with small spring constants, 
noise from the defl ection sensor is usually negligible. Acoustic noise can often be 
blocked out or fi ltered out from MFM images. The predominant limitation is the 
rms amplitude arising from thermal oscillations, given by (in accordance with 
equipartition theorem)  [27] :

   A k T kT B=     (15.12)  

where  T  is the temperature and  k B   is Boltzmann ’ s constant. However, when the 
defl ection of the cantilever as measured by an optical beam defl ection system is 
taken into account, the cantilever measures a change in inclination instead of a 
vertical movement. Butt and Jaschke  [31]  showed that the mean  “ virtual ”  vertical 
defl ection of a free cantilever, when measured using beam defl ection, is given by:

   A k T kT B= 4 3     (15.13)  

which at a temperature of 22    ° C amounts to:

   A nm kT = ( )0 074. for diving board cantilever     (15.14)  

   and for V-shaped board cantileverA nm kT = ( )0 056.     (15.15)   

 Thus, although V - shaped cantilevers are predicted to have a lower thermal oscil-
lation amplitude as compared to diving board cantilevers, the spring constant of 
V - shaped cantilevers is generally much lower, resulting in higher values for  A T  . 
Further, it can be seen that for the static mode of MFM, where the use of V - shaped 
cantilevers is more common, defl ection due to thermal oscillation can be much 
larger than that due to magnetic interaction. 

 It is mainly in the dynamic or noncontact mode, where the cantilever is driven 
at amplitudes much larger than  A T  , that the changes in amplitude, and so on, 
arising due to magnetic interactions can be ascertained. The  force sensitivity  in 
MFM is thus defi ned as the minimum detectable force gradient despite the 
thermal oscillations and other noise. The force sensitivity has been derived from 
force spectral density (probability distribution of force noise over a range of fre-
quencies) as  [29] :

   ′ =F
A

kk TB

w Q
B

c
min

1 2
for AM     (15.16)  
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where  A  is the mean - square amplitude of the driven cantilever vibration and  B  is 
the detection bandwidth  [30] . In FM mode, the force sensitivity is limited not only 
by the cantilever thermal motion, but may also be affected by electronic noise 
arising from the cantilever defl ection sensor, photodiode shot noise, and Johnson 
noise. 

 Thus, we can see that the spring constant of a cantilever is a critical 
factor in determining how sensitive a cantilever is    –    that is, how small a force 
can be measured. Interatomic force constants in solids are in the range from 
10 to about 100   N   m  − 1 , and in biological samples they can be as small as 
0.1   N   m  − 1 . Thus, typical values for  k  in the static mode  [33]  are 0.01 to 5   N   m  − 1 . 
In the dynamic mode, if the cantilever is soft (small  k ), the point at which 
the gradient of the interaction force becomes equal to  k  is reached earlier than 
for a stiff cantilever. At that point, the tip jumps into contact to the sample 
surface (called  “ snap - down ” ), and the defl ection of the cantilever is coupled to 
its deformation. Thus, the useful range of  k  for MFM is restricted to  > 0.1   N   m  − 1  
(Table  15.1 ). On the other hand, it is also necessary to maintain a high 
resonant frequency to decrease sensitivity to mechanical disturbances and 
track the sample surface more rapidly in dynamic mode. These confl icting require-
ments are generally solved by reducing the mass of the cantilever ( m ), so that 
the ratio  k / m  is as large as possible. Further, as discussed above in dynamic 
mode, a high quality factor of the cantilever  Q  is preferred to reduce thermal noise. 
While increasing  Q  reduces the cantilever ’ s sensitivity and reduces the noise  [34] , 
it also increases the response time  t  AM  and thus restricts the bandwidth of the 
system.  

  15.5.2 
 Magnetic Versus Topographic Signals 

 Besides thermal noise, various probe – sample interactions such as electrostatic 
forces (proportional to 1/ z 2  ), van der Waals forces (proportional to 1/ z 7  ), damping 
and capillary forces can contribute to the force derivative. These nonmagnetic 
interactions are also present in topographic AFM imaging, and can give rise 
to changes in cantilever defl ection (in static mode) or amplitude, phase and 
frequency changes in the vibrating cantilever (in dynamic mode). In MFM, it 
is important to separate the long - range magnetostatic coupling between probe 
and sample from the contribution of other (topographic) interactions. This 
is especially important when the tip is brought very close to the sample (in order 
to improve MFM resolution), as the nonmagnetic forces become increasingly 
stronger. A number of factors in cantilever design and/or selection and in 
experimental conditions are employed to distinguish between MFM and topo-
graphic imaging. 

 The primary solution to this problem is to keep the topography infl uence con-
stant by letting the tip follow the sample height profi le at a user - specifi ed distance 
above the sample, commonly called the  “ lift height ”   [27] . This mode is typically 
called the  “ constant distance mode ” , and involves measuring the topography on 
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each scan line in a fi rst scan, and then performing the second scan of the same 
line at the specifi ed lift - height. During the second (magnetic) scan line, the feed-
back is turned off. In theory, the topographic contributions should be eliminated 
in the second image. This method, although widely used, places higher demands 
on instrument stability, because it is sensitive to drift, especially with increasing 
lift heights. 

 Another verifi cation for distinguishing between topographic or magnetic fea-
tures (especially for MNPs) is to vary the strength of the magnetic interaction. This 
can be achieved by either changing the polarity of tip - magnetization or by using 
nonmagnetic tips. By using nonmagnetic cantilevers with a similar spring con-
stant,  Q  and probe geometry as magnetic cantilevers, one can    –    to a close approxi-
mation    –    estimate the contributions of nonmagnetic probe – sample interactions as 
a function of lift height. These can then be subtracted from the signals obtained 
using magnetic cantilevers to delineate the magnetic versus topographic signals. 
By using well - calibrated magnetic cantilevers, it is also possible to ascertain, quan-
titatively, the sample magnetization (see Section 15.7). Alternatively, the sample 
magnetic properties may also be varied, especially for superparamagnetic or para-
magnetic samples, by the use and manipulation of external magnetic fi elds. 
However, in these cases one would need to carefully understand if    –    and how    –    the 
magnetic properties of the magnetic force microscope would be affected by an 
application of the external magnetic fi elds. More specialized techniques, such as 
the application of a sinusoidal voltage to the magnetic force microscope tip or 
eddy - current MFM  [35] , have also been employed to distinguish between topo-
graphy and magnetic signals.   

  15.6 
  MFM  Cantilevers and Probes 

 As in AFM imaging, the mechanical characteristics of the cantilever and magnetic 
properties of the probe have a large impact on the tip – sample interaction, and play 
an important role in contrast formation due to the long - range nature of magnetic 
forces. As described above, the cantilever properties important for the magnetic 
force microscope are its quality factor  Q , resonance frequency, and the spring 
constant, which can be determined experimentally using the thermal tuning or 
other methods  [36, 37] , often available on modern AFM instruments. The ideal 
MFM probe would consist of the minimum probe size, but have suffi cient  m t   to 
detect tip – sample magnetic interactions. Magnetic force microscope probes have 
evolved from simple wire apexes to commercially available thin - fi lm - coated silicon 
probes. Highly specialized probes, achieved by  focused ion beam  ( FIB ) milling or 
attaching fullerene carbon multiwalled nanotubes to microfabricated Si cantilever 
tips, have improved MFM resolution to less than 20   nm. The batch fabrication and 
calibration of such advanced magnetic force microscope probes, however, are not 
within easy reach. 
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  15.6.1 
 Wire Probes 

 The early magnetic force microscope probes were composed of solid metallic wires 
with tapered ends (Figure  15.3 a)  [38] . For MFM studies in ambient air, Ni wires 
have been preferred as Fe wires can become oxidized. Such tips yield a larger tip -
 volume and hence a larger tip magnetic moment  m t  ; this in turn will result in a 
larger tip – sample interaction signal, but compromise on spatial resolution. Fur-
thermore, each probe must be calibrated individually, and the reproducibility of 
an identical probe is diffi cult.    

  15.6.2 
 Thin - Film - Coated  Si  Probes 

 Due to the widespread use of AFM, cantilevers with integrated sharp tips are 
fabricated today in large numbers from silicon - based materials. A typical magnetic 
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     Figure 15.3     Evolution of magnetic force 
microscope probes. (a) Optical micrograph of 
a Ni cantilever/probe used in early magnetic 
force microscopes  [38]  ; (b) Electron 
microscope image of a modern MESP - type 
magnetic force microscope tip, displaying the 
small fl exible cantilever of about 200   mm 
length and the actual tip, which is shown 
further magnifi ed within the upper - right 

section  [39] ; (c) SEM image of a single 
as - grown carbon - nano - cap (CNC) probe on a 
tipless cantilever. Inset: high - magnifi cation 
SEM image of the CNC tip  [40] ; (d) SEM 
image of a cross - section of a conical hole 
produced by focused ion beam milling with 
a nanotube attached inside the hole  [41] . 
 Reproduced with permission from Refs 
 [38 – 41] , as indicated.   
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force microscope probe consists of a micromechanical cantilever with a conical or 
pyramidal tip at its end (Figure  15.3 b)  [39] . These probes, with a well - defi ned 
physical geometry, resonance frequency and  Q  - factor, are then coated with a thin 
(typically 60 – 100   nm) layer of magnetic material for the purpose of MFM observa-
tions. The probes are then magnetized by use of an external magnetic fi eld. Inte-
grated magnetic force microscope tips have a much lower stray fi eld arising from 
the tip ( H z  ) as compared to wire tips, because of their smaller magnetic volume 
(confi ned to the tip apex) leading to less total magnetic moment. Although this 
small stray fi eld is advantageous in MFM applications, the force gradient sensitiv-
ity ( 2  H z  / ∂  z  2 ) of the integrated magnetic force microscope tips is slightly lower than 
that of wire tips. Thin - fi lm tips offer the fl exibility of tailoring their magnetic 
properties by changing the probe and cantilever geometry, thickness, and/or the 
magnetic material used for coating. The saturation magnetization and coercivity 
of the material used for tip - coating infl uences the ultimate magnetic properties of 
the magnetic force microscope probe. The different types of magnetic coating for 
probes have been recently reviewed by Yacoot  et al .  [7] ; these include coating with 
conventional high - coercivity materials such as CoCr and CoPtCr, or low - coercivity 
ferromagnetic materials such as Co, NiFe, or iron. Other nonconventional coatings 
include superparamagnetic granular Fe(SiO 2 ) fi lms, diamagnetic platinum, and 
antiferromagnetic (CoCrPt/Ru/CoCrPt) or multilayer coatings of ferromagnetic 
materials  [7] .  

  15.6.3 
  FIB  Probes 

 Focused ion beam (FIB) milled probes can be produced from conventional 
probes consisting of a standard cantilever with a probe coated with a 50 – 100   nm -
 thick magnetic fi lm. The cantilever is transferred into a scanning electron 
microscope and the electron beam is focused onto the tip apex. Due to cracking 
of the residual hydrocarbons by the electron beam, a tiny carbon probe is 
deposited right at the tip apex. This carbon tip is then used as an etch mask 
during the ArC iron milling of the probe. The etching time and ion fl ux are 
adjusted such that the exposed magnetic material is completely removed from the 
probe while the carbon tip is not completely etched away. This prevents the 
magnetic coating underneath the carbon tip from being attacked. The result of 
the whole procedure is a cantilever that exposes a tiny magnetic particle at the 
probe ’ s apex, rather than the complete magnetic coating  [42] . The lower limit 
for the dimension of magnetic particle arises as an ultra - small particle becomes 
superparamagnetic. 

 Occasionally, a high - aspect ratio magnetic structure is fabricated onto a non-
magnetic tip to result in what is known as a  “ monopole magnetic tip ” . For instance, 
instead of coating the probe with a thin magnetic fi lm, a high - moment magnetic 
particle may be attached directly to the cantilever tip (or to a tipless cantilever). 
Typically, this is achieved by gluing a magnetic material onto the atomic force 
microscope probe, and then etching off the excess material by FIB milling. Fer-
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romagnetic particles (NdFeB) attached to commercial cantilevers  [43]  offer the 
strongest sensitivity, as these particles have both a high magnetization and high 
coercivity values. The magnetic fi eld emanating from the particle on the magnetic 
force microscope probe can therefore be very strong ( > 400   G   m  − 1 ). These tips have 
an advantage in imaging paramagnetic particles, as they can have a high force 
sensitivity of the detection cantilever and can maximize the magnetic force between 
the tip and the sample. However, the physical dimensions of these probes are 
generally several hundreds of nanometers, which limits their spatial resolution. 
FIB - milled probes are generally diffi cult to replicate identically, and/or to mass 
produce.  

  15.6.4 
  CNT  Probes 

  Carbon nanocone  ( CNC )  [40]  tips (Figure  15.3 c) or  carbon nanotube  ( CNT )  [41]  
probes (Figure  15.3 d) offer a higher resolution because the magnetic material on 
the CNT probe (Figure  15.3 d) is contained within a narrow cylinder, in contrast 
to standard pyramidal probes  [44] . The smaller volume of magnetic material that 
contributes to the signal results in a higher spatial resolution ( < 20   nm). The 
sharper tip radius of the CNT also allows a better topographic scan, which yields 
a more accurate height profi le for the tip to follow. CNT probes are less invasive 
than commercially available probes, because a smaller amount of magnetic mate-
rial is brought into close proximity with the sample. Finally, the magnetic material 
is distributed on the probe along an easy - to - model straight cylinder, a feature 
which may help in more quantitative MFM studies. For studying MFM in biologi-
cal samples which usually have low coercivity, CNT MFM probes offer a useful 
alternative.   

  15.7 
 Probe Calibration 

 Although the physical dimensions of the probe can be ascertained using  scanning 
electron microscopy  ( SEM ), the characterization and calibration of its magnetic 
properties requires special considerations. These include the tip hysteresis loop 
and coercivity, as well as the magnetization distribution of the tip. In particular 
for the latter, one does not know how this differs from tip to tip, and how much 
magnetic material of the tip - coating is used in the imaging process, even when 
considering the simplest possible homogeneous magnetization distribution of the 
tip. Sophisticated techniques such as electron holography  [45]  or vibrating canti-
lever magnetometry  [44]  have been used to characterize the magnetic force micro-
scope tips through both theoretical and analytical models. Use of the magnetic 
force microscope as a microscopic magnetometer to calibrate the tips remains 
the most popular method. A quick method of verifying (qualitatively) the tips is 
to image magnetic tapes. These samples usually have a longitudinal magnetic 
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recording    –    that is, the magnetization is parallel to the sample surface. In MFM 
images, the magnetic transitions appear as dark or bright stripes corresponding 
to attractive or repulsive phase gradients (Figure  15.2 ). However, a quantitative 
characterization of the magnetic force microscope probe is especially desirable 
when there is a need to ascertain the magnetic properties of the sample. 

  15.7.1 
 Quantitative Calibration of the Magnetic Force Microscope Probe 

 Several calibration functions have been defi ned using the magnetic force micro-
scope, with differences in variables such as probe properties, measurement mode, 
stray - fi eld geometry, and so on. Among the theoretical models, we  [2]  and others 
 [46]  have developed a model for the spatial distribution of a magnetic force micro-
scope tip. Transfer - function approaches have also been used to calculate the force 
on a tip exerted by a sample with perpendicular magnetization  [47, 48] . In numer-
ous experimental studies, the rather simple point probe model  [49]  has proven to 
be quite successful in the understanding of MFM image formation. The point –
 probe approximation idealizes a more or less complicated tip magnetization dis-
tribution by either an effective magnetic dipole moment  m , or a magnetic monopole 
moment  q , located at an imaginary position  δ  from the apex of the atomic force 
microscope tip (Figure  15.4 )  [39] . For an oscillating cantilever, the phase shift  Δ  Φ  
is proportional to the force gradient acting on the tip (Equation  15.6 ), which results 
from the fi rst and second derivatives of the magnetic fi eld felt by the tip (Equations 
 15.7  and  15.9 ). Based on experimental validation by SQUID  [50] , in almost all 
models of tip calibration, it is considered that the easy axis of magnetization of 
the magnetic coating lies within the plane of the coating. Thus, for a pyramidal -
 shaped tip, the tip primarily has a magnetization in the  z  - direction with only a 
small (10%)  y  - component, resulting in  m x     =    m y     =   0 and  [39] :
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 which can be used to determine the tip dipole moment  q  or the monopole moment 
 m z   from experimentally measured phase shifts, once the analytical expression for 
the stray fi eld of the calibration sample are known. For a phase shift measured in 
degrees:
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 By treating the magnetic force microscope tip as a point probe, the analysis of 
the image contrast as a function of both the magnetic fi eld strength and the tip 
lift - height allows one to quantitatively determine the effective magnetic dipole and 
monopole moments of the tip, as well as their imaginary locations within the real 
physical tip. The fi t to experimental data is expected to lead to identical results 
with either the monopole or the dipole description of the tip  [39] . For commercially 
available tips arising from the same wafer, the values for  m z  ,  q ,  δ  m  or  δ  q  have been 
found to deviate by approximately 20% from average values  [39] .  

  15.7.2 
 Calibration Samples 

 The use of a calibrated magnetic force microscope tip for sample magnetometry 
is often restricted to samples which have the same stray fi eld geometry as the cali-
bration sample. Samples with various stray fi eld geometries such as hard disk 
transitions, current strips, current rings and magnetotactic bacteria, have been 
used to characterize tips (for a review, see Ref.  [39] ). Kebe and Carl  [39]  used 
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     Figure 15.4     Calibration of magnetic force 
microscope tip using the point - probe model 
 [39] . Schematic representation of the 
cross - section of a set of parallel wires and 
a magnetic force microscope tip, which is 
located above the parallel wires. The tip 
is idealized within the point - probe 
approximation by an imaginary point - dipole 
with dipole moment  m , or by an imaginary 

point - monopole with monopole - moment  q , 
where the point probe is located at some 
position within the real tip at a distance  d  
measured from the tip apex or, respectively, 
at a position  z    =    d    +    δ  measured from the 
substrate plane.  d  is the experimentally 
controllable tip lift - height.  Reproduced with 
permission from Ref.  [39] .   
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various geometrical confi gurations of current - carrying parallel wires to analyze the 
resulting magnetic contrast by MFM at various lift - heights. This calibration pro-
duces detailed information, such as the magnetization loop of the tip and its 
coercivity. Gomez  et al .  [51]  demonstrated a method that yielded a quantitative 
value of the magnetic moment of the tip using a combination of electrostatic and 
magnetic forces between the tip and a current - carrying conductor. 

 For MNP studies, it is desirable to calibrate the magnetic force microscope tips 
with a stray fi eld geometry similar to that of MNPs, such as are found in current -
 carrying rings or artifi cially patterned hard magnetic fi lms  [52]  or permalloy dots 
 [53] . Both, current - carrying rings and single - domain dots of radius  R , have been 
found to reveal the same characteristic decay length  ξ  of the magnetic fi eld in  z  -
 direction; that is,  ξ    =    R  is valid and results in the calibration  [53] :

   m Rz = × ⋅−1 7 10 2 2.     (15.20)  

   and δ = × ⋅−7 65 10 1. R     (15.21)   

 Finally, it is also possible to characterize the response of the tip in the presence 
of an external magnetic fi eld. Babcock  et al .  [54]  used a current strip in conjunction 
with an applied fi eld to measure the hysteretic properties of a series of magnetic 
force microscope tips. Such an approach may be especially desirable when analyz-
ing superparamagnetic samples (such as MNPs) by MFM, where an external 
magnetic fi eld is required to induce sample magnetization.   

  15.8 
 Resolution in  MFM  

 The spatial resolution in MFM is related to both the magnetized part of the probe, 
which is exposed to the sample stray fi eld, and to the probe – sample distance. In 
order to improve the resolution, it is necessary to decrease the magnetically sensi-
tive part of the probe to the smallest possible size and geometry, and to operate 
the probe in close proximity to the sample surface. 

  15.8.1 
 Lateral Resolution 

 The lateral resolution in MFM can be characterized by either its  “ point response ”  
in real space or by its spatial frequency response in Fourier space. Various simula-
tion approaches using point spread functions have confi rmed that the cylindrical 
tip with a spheroidal tip - end having a large ellipticity is ideal for high - resolution 
MFM imaging  [55] . Further lower tip - heights are preferred, as the effective tip 
volume will be increased by lowering the tip  [39] . It is also important to consider 
the single -  versus multidomain magnetic nature of the magnetic force microscope 
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tip. Ideally, the tip should consist of a single - domain magnetic particle/layer with 
a high magnetic moment. The presence of multiple domains can lead to fi ne 
structures in MFM traces which can make image interpretation more complex. 
The resolution in MFM is also dependent on the spatial confi nement of the sample 
stray fi eld. The theoretical limit for MFM resolution in ambient air is 5 – 10   nm; 
however, experimentally in recent years a resolution of only 20 – 30   nm has been 
achieved. Further improvement in MFM resolution can only be made by exploiting 
the short - range magnetic exchange forces, as is used in the MRFM technique.  

  15.8.2 
 Vertical Resolution 

 The vertical resolution in MFM is dependent on the tip – sample interaction force 
( F  or  F  ′ ), the tip – sample distance ( z ), and the signal - to - noise ratio. The decay of 
long - range interactions such as magnetic forces can be estimated using an expo-
nential approximation  [56] , where:

   ′( ) ∝ −( )F z e z Λ     (15.22)  

where  Λ  is the decay length of the interaction, and can be estimated using Equa-
tion  15.11  and the force sensitivity of the magnetic force microscope. For a change 
in  δ  z  in the tip position,  F  ′ ( z ) will change to  F  ′ ( z    +    δ  z ), resulting in:

   δz
s

=
−( )Λ ln
1

1
    (15.23)  

where  s    =    F  ′  min / F  ′ ( z ). Therefore, a high vertical resolution (low  δ  z ) in MFM will 
depend on the decay length of the magnetic interaction and the force sensitivity 
of the magnetic force microscope.   

  15.9 
  MFM  for Magnetic Nanoparticles 

 MFM has proved to be a useful technique to localize and characterize macroscale 
magnetic domains in materials and, more recently, also for ferromagnetic nanopar-
ticles. A number of studies have been reported on the MFM imaging and analysis 
of nanoscale magnetic materials of diameters ranging from few tens of nanome-
ters to millimeter and of thicknesses less than 50   nm (Table  15.2 ). The magnetic 
materials studied range from ferromagnetics such as Co and iron dots  [57 – 63] , to 
superparamagnetic nanoparticles  [2, 28]  or MNPs isolated from biological systems 
 [46, 64] . Whilst MFM can reliably detect the presence of nanoscale magnetic 
domains, it capability to quantitatively analyze a particle ’ s magnetic moment and 
agglomeration status remains to be determined.   
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 Table 15.2     Dynamic mode  MFM  studies in ambient air performed on magnetic nanomaterials. 

   Sample type     Sample dimensions     Reference  

  Ferromagnetics          

     Permalloy dots    1   mm diameter with 50   nm thickness     [57]   

     La 0.7 Sr 0.3 MnO 3  (LSMO) 
grown on SrTiO 3  
surfaces  

  500   nm diameter patterned islands     [58]   

      γ  - Fe 2 O 3  particles    Prolate ellipsoids, 300   nm    ×    65   nm     [59]   

     Co dots    140    ×    250   nm laterally with 7   nm thickness     [60]   

     Fe dots    40 – 120   nm in diameter, with 40   nm 
thickness  

   [61]   

      α  - MnAs quantum dots    Single - domain ferromagnets  ∼ 50   nm in 
diameter  

   [62]   

      ε  - Co    12   nm particles     [63]   

  Superparamagnetic/
biological MNPs  

        

     MNPs from bacteria    Chain of 10 particles, each 70   nm in size     [64]   

     Magnetostatic bacteria    17.5   nm in diameter with 50   nm thickness     [46]   

     EPR spin probe    Prolate ellipsoids, 1    μ m    ×    100   nm     [28]   

      Iron oxide particles     10   nm iron - oxide cores, surrounded by 
dextran matrix  

    [2]   

   EPR   =   electron paramagnetic resonance.   

  15.9.1 
 Ferromagnetic Nanoparticles 

 MFM has been used to study the domain structure of 500   nm islands of 
La 0.7 Sr 0.3 MnO 3  (LSMO) grown on SrTiO 3  surfaces  [58] . For structures with in - plane 
magnetization, these stray fi elds emanate from the domain walls, instead of the 
domains themselves. MFM images demonstrate that, for LSMO islands on 
(110) - oriented SrTiO 3  substrates, the domain pattern varies depending on the 
shape of the island (Figure  15.5 A). Calculations based on the magnetostatic energy, 
the anisotropy energy, and the domain wall energy, support these fi ndings and 
predict that for diameters  > 50   nm the fl ux closure or vortex domain is the energeti-
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cally favorable confi guration for all shapes studied. Thus, MFM has been used to 
show how ferromagnetic domain patterns can be controlled by varying the shape 
and size of the islands, the fi lm thickness, and the relative magnitudes of the 
magnetocrystalline and magnetoelastic energies.   

 In another study, individual ferromagnetic  quantum dot s ( QD s) of  α  - MnAs 
which were approximately 50   nm in size have been imaged using MFM in ambient 
air  [62] . The MFM studies revealed that a magnetic fi eld as low as 60 Oe could 
switch the polarization of the magnetic domain in these dots (Figure  15.5 B). Low -
 moment, Co - coated magnetic force microscope probes were used for this study so 
as to minimize perturbation of the sample by the magnetic fi eld of the tip. The 
analysis of the MFM signal, along with electron microscopy studies, could be 
utilized to ascertain that the remanant magnetization of the QD was perpendicular 
to its NW [0001] growth axis. Additionally, variable - temperature MFM studies were 
conducted to analyze the temperature dependence of the  α  - MnAs QDs and to 
establish the Curie temperature  T c   of the QDs (Figure  15.5 C). The MFM images 
were acquired at temperature increments of 5   K. While the magnetic contrast in 
the MFM images remained constant up to 308   K, it disappeared abruptly at 313   K 
and remained absent at higher temperatures. Upon returning the sample tem-
perature to room temperature, the magnetic contrast reappeared. The  T c   deter-
mined using these MFM studies was between 308 to 313   K, which is very close to 
the  T c   of bulk  α  - MnAs at 318   K. 

 One of the smallest particles analyzed using MFM has been the 12   nm  ε  - cobalt 
nanoparticles, by Puntes  et al .  [63] . These authors compared the absolute value of 
the average magnetic moment as a function of particle density by using high -
 magnetic moment (thicker CoCr coating) magnetic force microscope tips and 
samples consisting of noninteracting monodisperse particles or small particle 
agglomerates (Figure  15.5 D). In these samples, the individual particles are not 
resolved and the agglomerates behave as single dipoles. As expected for single 
dipoles, the magnetic signal consists of two blobs of opposite sign, localized at the 
extremities, and with no magnetic structure in between. The agglomerates point 
roughly in the same direction, possibly because they are magnetized by the tip 
during the AFM scan. Initially, an increase in magnetic moment with particle 
density was observed, after which the magnetic signal started to decreasing as the 
dipolar interactions brought the magnetic dipoles in - plane. A change in the slope 
indicated the concentration when the dipolar interaction between particles began 
to compete successfully with the tip interaction. It is understood that in disordered 
systems, such as an agglomeration of nanoparticles, dipolar interactions would 
tend to reduce the coercivity  [59] .  

  15.9.2 
 Superparamagnetic or Paramagnetic Nanoparticles 

 One of the key challenges in detecting superparamagnetic particles by MFM is 
that these particles will possess a magnetic moment only in the presence of a 
magnetic fi eld. Another factor to consider when studying MNPs is that, in most 
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cases, the MNPs are soft magnetic materials    –    namely, that they have low remanent 
magnetization and low coercivity. As a result, the tip or sample stray fi elds ( H T   or 
 H S  ) may be mutually affected if the stray fi eld exceeds the anisotropy fi elds ( H K  ). 
For nondestructive MFM imaging  [27] :

   H H H HT K
S

S K
T< <and   

 One way to minimize this effect is to use a large tip – sample separation distance 
(though this may limit lateral resolution) and a careful selection of the magnetic 
force microscope probe. 

 In recent studies  [2, 28] , we have demonstrated the feasibility of detecting super-
paramagnetic MNPs via the MFM technique in ambient air. The SQUID studies 
confi rmed the superparamagnetic nature of the MNPs, and revealed that an exter-
nal magnetic fi eld of a few tens of milliTesla is suffi cient to induce a stable mag-
netic dipole in MNPs, even at room temperature  [2] . As a result, a perpendicular 
or in - plane magnetic fi eld of this magnitude range was applied to the sample at 
room temperature to induce a stable magnetic moment in MNPs. The MFM 
experiments revealed that the presence of an external magnetic fi eld and a mag-
netic probe was essential to detect and distinguish an MFM signal from MNPs. 
By applying a magnetic fi eld perpendicular to the sample (Figure  15.6 a), mono-
poles of MNPs were detected as a negative phase contrast dependent on lift - height, 
and by applying an in - plane magnetic fi eld (Figure  15.6 b) the in - plane dipole 
moment of MNPs was seen as a combination of a positive and negative phase 
contrast. It is interesting to note that some particles in the AFM images did not 
show any MFM phase contrast at all, suggesting that the particle composition in 

     Figure 15.5     MFM of ferromagnetic 
nanoparticles. (A) Schematic of the domain 
pattern, AFM image and MFM image of 
500   nm - diameter islands on (110) - oriented 
STO substrates with (a) square, (b) diamond, 
and (c) circular shapes. The La 0.7 Sr 0.3 MnO 3  
(LSMO) fi lms have been aligned with the 
magnetically easy [001] direction pointing 
horizontally  [58] ; (B) Single QD ( ∼ 50   nm) 
switching in an external magnetic fi eld  [62] . 
(a) Topography image; (b) MFM image of the 
MnAs QD in an applied fi eld of 40 Oe that 
opposes the QD magnetization. Thus, the QD 
magnetization is stable at small opposing 
fi elds; (c) MFM image of the switched QD. 
The streaks in the image indicate that the 
stray fi eld of the tip competes with the 
applied fi eld, causing the QD to switch back 
for some tip – sample confi gurations. All 
images are 400    ×    185   nm 2  in size; 
(C) Variable - temperature MFM determination 

of the QD Curie temperature  [62] . 
(a) Topography image of MnAs/InAs - QD/
NW; (b – d) MFM phase images of the QD at 
the indicated temperatures, showing that the 
magnetic fi eld - dependent phase contrast is 
approximately constant between 298 and 
308   K, and the contrast disappears at 313   K; 
(e) The phase, which is approximately 
proportional to the magnetization, is plotted 
as a function of temperature. The phase 
drops abruptly to zero around the bulk Curie 
temperature of 313   K, consistent with a 
fi rst - order phase transformation, as is seen in 
bulk MnAs. All images are 300    ×    300   nm 2  in 
size;. (D) Topography and magnetic structure 
of 12 - nm Co nanoparticle islands  [63] . 
(a) AFM and (b) MFM images of scan sizes 
3    ×    3    μ m. Vertical scales: 20   nm and 2    °  
respectively.  Reproduced with permission 
from Refs  [58, 62, 63] , as indicated.   
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     Figure 15.6     MFM of superparamagnetic 
nanoparticles  [2] . (A) Tapping mode height 
(fi rst row) and phase images (rows 2 to 4) of 
MNPs consisting of 10   nm iron oxide cores, 
obtained in lift - mode using a nonmagnetic or 
magnetic atomic force microscope probe 
with/without the presence of an externally 
applied vertical magnetic fi eld, as indicated. 
In each series of images the amplitude of 
cantilever oscillations was kept constant for 
various lift - heights. The lift - height for each 
row of images is indicated at top left in 
column 3. The grayscale for phase values and 
scale bar for image size is shown as inset in 

bottom left, and applies to all panels; 
(b) MFM experiment on MNPs using an 
external, in - plane magnetic fi eld; (B) A 
topographic AFM image of MNPs on mica; 
(b) MFM phase image when the same region 
was scanned using a horizontal fi eld. Note 
the location of a bright phase contrast on the 
left and a dark phase on the right of each 
particle; (c) When the direction of the external 
fi eld is reversed, the phase contrast also 
reverses. The nonmagnetic contaminant in 
the lower left corner shows no magnetic 
contrast.  Reproduced with permission from 
Ref.  [2] .   

these cases may be partially or completely nonmagnetic in nature. This is expli-
cable, as the MNPs used in this study are known to be coated with a dextran matrix, 
which is nonmagnetic in nature. Some of the particulate material on the samples 
might have arisen from the disintegrated dextran matrix.   

 An analysis of the phase shifts for the MFM data (Figure  15.7 ) revealed that the 
probe – sample interaction follows the interaction of single - domain magnetic 
particle(s) with a magnetic force microscope probe magnet, as defi ned in Equation 
 15.11 . By using this equation, the magnetic moment of the MNPs analyzed in the 
MFM experiments was estimated at 3.7    ×    10  − 17    Am 2 , which suggested that the 
observed MFM signals were arising from an agglomerate of approximately 150 
individual MNPs each 10   nm in diameter. It is interesting to note that electron 
microscopy imaging of MNP samples prepared in a similar manner as for AFM, 
revealed that the majority of MNPs were clusters of several tens of 10   nm iron 
oxide cores. The numerical simulations further (Figure  15.8 ) confi rmed that super-
paramagnetic iron oxide particles of sizes  > 20   nm are readily detectable using 
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     Figure 15.7     Quantitative analysis of MFM 
data  [2] . Phase - shift values obtained in MFM 
experiments on MNPs as described in Figure 
 15.6 . (a) Phase shift versus lift - height values 
for the three experimental conditions, as 
indicated. The strength of the probe – sample 
interaction (and therefore the phase shift) is 
largest when the magnetic force microscope 
probe interacts with polarized MNPs (kept in 
the presence of an external magnetic fi eld). At 
lift heights  ∼ 20   nm, only the probe with 
polarized MNPs shows signifi cant phase -
 contrast values, while interaction of the probe 
with unpolarized particles is similar to that of 
a nonmagnetic probe; (b) Plot of phase - shift 
data as a function of lift - height for the 

experiment with a magnetic force microscope 
probe and polarized MNPs (same as in panel 
a) of average height  ∼ 20.0   nm, corrected for 
phase shift due to background interaction 
obtained as an average phase shift observed 
at a given lift - height in the experiment with 
the magnetic force microscope probe on 
unpolarized particles. The fi t of these data 
(solid line) using Equation  15.11  gives an 
effective magnetic moment of the particles 
studied as m s    =   3.7    ×    10  − 17    Am 2 ; (inset in (b)) 
A TEM image of MNP samples show that the 
majority of the particles are clusters or 
aggregates of several 10   nm iron oxide 
nanoparticles.  Reproduced with permission 
from Ref.  [2] .   
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MFM in ambient air with commercially available magnetic force microscope 
probes at lift - heights of 20 – 40   nm, while the force gradient falls below the thermal 
noise for particles of size  < 10   nm. However, particles of sizes 10   nm or less may 
be detectable using MFM for cases when  m t   or  m s   are signifi cantly higher. Other 
groups have carried out similar analyses, and reported that particles  < 15   nm in 
size may be below the detection limit of MFM in ambient air, when using com-
mercially available thin - fi lm probes  [30] . In another report, MFM has been utilized 
to distinguish magnetic versus gold – nanoparticle conjugates to DNA strands  [65] . 
Consistent with our results, in this study MFM was unable to show contrast for 
lift - heights greater than 30   nm in detecting MNPs in ambient air. Thus, under 
appropriate experimental conditions, the MFM technique can detect and identify 
the magnetic interaction of superparamagnetic MNPs with the magnetic force 
microscope probe in ambient air.     

  15.10 
 The Application of  MFM  in the Life Sciences 

 The magnetic particles that occur naturally in living systems are understood to be 
nanoscale paramagnetic or superparamagnetic particles, composed mostly of mag-

     Figure 15.8     Estimation of force sensitivity of 
MFM  [2] . Simulated amplitude shifts, δ A  (in 
nm), as a function of probe sample distance 
(lift - height, in nm) resulting from a magnetic 
probe interacting with four different - sized 
MNPs (5, 10, 15, and 20   nm diameter) when 
polarized in the presence of an external 

magnetic fi eld. The fl at lines indicate the 
noise fl oor ( A  n ) arising due to thermally 
induced cantilever oscillations for a bandwidth 
of 1.5   kHz or the experimental phase noise, as 
described by Equation  15.16 .  Reproduced with 
permission from Ref.  [2] .   
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netite. A diverse range of particle sizes for magnetite have been reported in biologi-
cal systems, from single particles of  < 50   nm to clumps of 50 – 100   nm, or larger 
particles between 200 and 600   nm  [2] . The magnetic moment for a magnetotactic 
bacterium containing 22 magnetite particles, each 50   nm in diameter, was reported 
as 1.3    ×    10  − 15    Am 2 . This value is consistent with the material magnetite, which has 
a saturation magnetization of 4.8    ×    10 5    A   m  − 1   [66] . Bacterial magnetic particles are 
also reported to be single nanocrystals (50 – 100   nm) having a single magnetic 
domain, and exhibiting a ferrimagnetic character with excellent dispersion in 
aqueous solutions imparted by the lipid membrane covering them  [67] . The mag-
netic deposits in mammalian tissue are more complex, consisting of a mixture of 
ferromagnetic, superparamagnetic, and paramagnetic particles. For instance, the 
human brain is estimated to contain at least 5    ×    10 6  single - domain iron crystals 
per gram of tissue, in clumps of between 50 to 100 particles  [68] . Understanding 
the particle size and magnetic nature of these nanocrystals requires specialized 
techniques that combine high spatial resolution with optimal force sensitivity. 

 A number of investigations using MFM have been conducted aimed at the 
qualitative detection of such particles in biological systems. These include the 
detection of iron compounds in neurological disorders  [69] , magnetic domains in 
magnetotactic bacteria  [46] , and iron deposits in hepatitis B - diseased livers  [70] . 
The technique has also been used to detect endogenously occurring nanoscale 
magnetic domains present in trout tissues  [71]  (Figure  15.9 ). Limited studies have 
also been performed on localizing and detecting MNPs in cell - based systems, such 
as  antisense oligonucleotide  ( ASO ) - coupled  silica - coated magnetic iron oxide 
nanoparticle s ( SMNP s) internalized into human leukemia (HL - 60) cells  [72] . Bac-
terial MNPs conjugated to biotin have also been used as magnetic markers for 
detecting bound streptavidin, using MFM, but without the application of external 
magnetic fi elds  [73] . In this study, magnetic force microscope tips with lower 
coercivity in ambient air enabled the identifi cation of monopoles, while higher -
 coercivity tips in a vacuum enabled the detection of magnetic dipoles in individual 
MNPs.    

  15.11 
 Limitations in  MFM  

 A true quantitative interpretation of MFM images is still diffi cult, and may only 
be achieved in special cases after careful calibration of the magnetic force micro-
scope tip and understanding the sample stray fi elds. The main weakness of this 
AFM - based technique is that the point at which motion is detected by the detection 
system is not the point that probes the surface. The length of the tip, which could 
be between 6 and 10    μ m, and its movement, which includes rotation due to torsion 
and bending due to lateral forces as well as unknown change of the length by tip 
wear, is beyond our present measurement capabilities. It is important to point out 
that, at the present state of development, a typical commercial MFM instrument 
is capable of providing mostly qualitative information about the sample under 
investigation. The resulting image provides information about the existence of the 
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(a) (b) (c) (d)

     Figure 15.9     MFM of MNP in a biological 
system  [71] . The MFM images show the 
response of a putative single magnetic 
particle (within trout tissue) in the presence 
of an applied fi eld. The magnetic fi eld applied 
in the plane of the sample was +1.4, +150, 
 − 150, and +130   mT for images (a) to (d), 
respectively. MFM images (75   nm squares) 
are shown above, with a representation of 
the magnetic force microscope tip and 
magnetization of the particle underneath. 
The tip (inverted triangle) is permanently 
magnetized with a coercivity of +500   mT at 
right - angles (arrow in inverted triangle) to the 
applied fi eld. The small arrows within each 
circle under the tip represent the alignment of 
the individual magnetic dipole moments that 
might act as the fi eld source. (a) The image 
shows a dark patch at the location of the 

particle, which indicates an attractive reaction 
between the tip and sample, consistent with 
the magnetic fi eld from the magnetic force 
microscope tip weakly magnetizing the 
particle and causing an attractive interaction. 
(b – d) MFM images showing the near - dipolar 
responses of the magnetic particle under a 
strong applied magnetic fi eld. These are 
consistent with an MFM image of a 
single - domain particle magnetized along the 
direction of the applied fi eld. Note that the 
reversal of the fi eld and dipolar response 
in (c) are consistent with the particle 
magnetization fl ipping in the reversed applied 
fi eld. In images (b) to (d), the applied fi eld 
was large enough to completely align the 
magnetic moment of the crystals within the 
fi eld.  Reproduced with permission from Ref. 
 [71] .   

magnetic moments in the sample, but does not supply enough information for a 
convenient quantitative analysis of the data with the purpose of characterizing the 
magnetic properties of MNPs. The quantitative MFM analysis of MNPs forms an 
active area of current research by several groups.  

  15.12 
 Recent Developments in  MFM  

  15.12.1 
 Non - Optical Methods for Cantilever Detection 

 Non - optical methods to detect the defl ection of the cantilever are based on self -
 sensing capabilities of the cantilever, and do not require alignment and refl ection 
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of a laser beam from the reverse side of the cantilever. This is a particularly attrac-
tive approach when the MFM instrument is operated in a vacuum environment, 
especially at low temperatures, where optical adjustments are diffi cult. Among the 
non - optical methods for MFM are piezoresistive cantilevers  [74, 75] , piezoelectric 
cantilevers  [76, 77] , and tuning fork - based cantilevers. In the latter case, a com-
mercial magnetic cantilever tip can be attached to one prong of the tuning fork to 
realize shear - mode MFM operation  [78] . While the resonance frequency of a 
tuning fork is similar to that of a cantilever, the quality factor  Q  and the spring 
constant  k  of a tuning fork are typically 102 -  and 104 - fold larger than those of the 
cantilever, respectively. Hence, the force sensitivity of tuning fork - based MFM is 
less than that of cantilever - based MFM by a factor of 10. In another advancement, 
a  scanning magnetoresistance microscope  ( SMRM ) has been developed, that is 
equipped with a microfabricated cantilever on which a  spin - valve  ( SV )  - type MR 
sensor element is mounted  [79] . These non - optical cantilevers lend themselves 
well to multiple cantilever applications. However, further challenges lie ahead with 
the need to servo control all of the cantilevers independently.  

  15.12.2 
 Application of External Magnetic Fields 

 When examining MNPs with MFM, innovative techniques must be selected and 
developed to apply external magnetic fi elds to the sample, while minimally affect-
ing the magnetic moment of the magnetic force microscope probe. One confi gura-
tion for application of magnetic fi eld is by placing an electromagnet (e.g., a 
Helmholtz coil) very close to the sample. This technique can be used to apply fi elds 
of up to a few hundred Oe. Increasing the fi eld beyond this value is known to heat 
the sample and cause drifts in the probe. Another technique for applying a higher 
magnetic fi eld to the sample, without sample heating, relies on a rare - earth magnet 
mounted on a rotating cylinder  [80] . In this case, fl ux from the magnet is shunted 
through either the sample or the cylinder faces, depending on the angular position 
of the rotating armature. In recent years, hardware accessories to enable the appli-
cation of external magnetic fi elds have become available for commercial AFM 
instrumentation.  

  15.12.3 
 Technique Developments for  MFM  

  High - frequency MFM  ( HF - MFM ) is one of the most promising current develop-
ments in MFM. In this procedure, the cantilever is oscillated by the piezoelement 
 and  the HF magnetic fi eld applied to the sample, leading to an overlap of the two 
oscillations. This technique ensures HF - MFM images also in situations where the 
standard amplitude modulation technique fails  [81] , and offers several parameters 
to increase the achieved HF - MFM signal strength. Moreover, recent model calcula-
tions  [82]  have shown that the HF - MFM technique indeed measures the emerging 
stray fi elds, and not the fi eld gradients as in conventional MFM. The HF - MFM 
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technique has been used mainly to study hard disk write heads. By using super -
 sharp tips, Koblishcka  et al .  [83] , have shown that HF - MFM enables a higher reso-
lution (20   nm) than standard MFM. As with conventional MFM, the selection of 
probe parameters such as thickness and the type of magnetic coating for HF - MFM 
requires special consideration  [84, 85] . 

 Other upcoming MFM techniques include  magnetic exchange force microscopy , 
which has been proposed to achieve atomic resolution by revealing the arrange-
ment of both surface atoms and their spins simultaneously, using an external 
magnetic fi eld to align the magnetic polarization at the tip apex  [86] . In recent 
advances, individual atoms have been chemically identifi ed using AFM  [87] . 
Another novel method proposes the combination of three - dimensional electron 
spin resonance imaging by  magnetic resonance force microscopy  ( MRFM ) and 
topographic imaging of the sample surface by surface force magnetometry  [88] . 
 Eddy current microscopy  may also be developed to serve as another alternative for 
the high - resolution imaging of MNPs  [89] .   

  15.13 
 Summary and Future Perspectives 

 The scope for MFM lies in detecting the presence of magnetic particles and/or 
spatially localizing magnetic dipoles in naturally occurring superparamagnetic or 
ferromagnetic particles, especially when these are of nanoscale dimensions. In 
biological samples, it is likely that such magnetic nanoparticles occur in clusters 
or aggregates, are embedded in a biological matrix to different depths, and are 
surrounded by biomolecules of heterogeneous composition. The localization of 
such embedded nanoparticles would also involve a careful understanding of the 
 “ shielding ”  effect of the biological matrices. Even greater challenges lie in develop-
ing MFM for the detection of magnetic particles in fl uids, as the damping forces 
on the cantilever are several - fold greater in a fl uid environment. Nevertheless, the 
development and application of MFM for detecting superparamagnetic nanopar-
ticles holds great promise in biology for several applications, including the study 
of biomagnetism, the use of MNPs for labeling cells and tissues, and for the detec-
tion of endogenous magnetic deposits in tissues. An ability to spatially localize 
magnetic plaques at nanometer resolution under ambient atmospheric conditions 
will provide a better understanding of the mechanism of nanoparticle and iron 
uptake by cells and tissues.  
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  16.1 
 Introduction 

 Magnetic materials encompass a wide variety of materials, which have a diversity 
of applications. Based on their compositional nature, magnetic materials can be 
categorized as three major groups: (i) metal and metal alloys, such as Fe, Co, Ni, 
FePt, FeCo, and NdFeB; (ii) metal ferrites, such as CoFe 2 O 4  and Fe 3 O 4 ; and (iii) 
 dilute magnetic semiconductor  ( DMS ), such as ZnO or TiO 2  doped with Mn, Fe, 
and Co. These materials have paramount applications including data storage 
devices, in the generation of electricity, as electronic devices, and spintronics    –    
indeed, it is diffi cult to imagine a world without magnetic materials! The tele-
communications and  integrated circuit s ( IC ) industries are constantly striving for 
faster data transmission and miniaturization of devices, both of which require the 
revolution of new advanced magnetic materials  [1] . 

 With the advent of burgeoning developments in nanoscience and nanotechnol-
ogy during the past decade, extensive research into the synthesis and applications 
of myriad types of magnetic nanomaterials, with dimensions at least in the nano-
meter range, has been a major trust area hitherto. In the near future, nanoscale 
magnetic particles will clearly become the key components in the  “ nanotechnology 
revolution ”  for magnetic recording, biologics, electronics, and catalysis. 

 In the nanometer - sized regime, the small particles possess short - range struc-
tures that mimic their counterpart bulk materials. However, compared to bulk 
materials, nanoscale materials exhibit distinct thermal, optical, mechanical, mag-
netic and electronic properties due to their small size and high surface - to - volume 
ratio. In the case of magnetic particles, fi ne - particle systems are composed of a 
collection of different - sized single - domain particles. As the particle size decreases 
towards a critical particle diameter, the formation of domain walls becomes ener-
getically unfavorable and the particles become single domain. However, as the 
particle size continues to decrease below the single - domain value, the spins are 
increasingly affected by thermal fl uctuations and the system becomes super-
paramagnetic when the temperature is above the blocking temperature. Such 
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individual nanoparticles have a large constant magnetic moment and behave like 
a giant paramagnetic atom with a fast response to applied magnetic fi elds and 
negligible residual magnetism and coercivity  [2] . 

 In this chapter, we will discuss the magnetic properties and synthesis of cobalt -
 based nanoparticles, and also provide a brief summary of the characterization 
techniques commonly involved in the study of nanoparticles. An exhaustive review 
on synthesis of cobalt - based nanoparticles is then provided, together with a discus-
sion and summary of the magnetic properties of cobalt - based nanoparticles.  

  16.2 
 The Characterization of  Co  Nanoparticles 

 Nanoparticles    –    and in particular magnetic nanoparticles such Co - based nano-
particles    –    have been characterized by a variety of techniques. The shape, size, and 
microstructure of the Co - based nanoparticles can be monitored using both  trans-
mission electron microscopy  ( TEM ) and  scanning electron microscopy  ( SEM ), 
while the crystalline structure can be determined using  X - ray diffraction  ( XRD ) 
and  selected area electron diffraction  ( SAED ) in conjunction with TEM. The bulk 
magnetic properties may be measured using  alternating gradient magnetometry  
( AGM ),  vibrating sample magnetometry  ( VSM ) and  superconducting quantum 
interference device  ( SQUID ) magnetometry. The particle morphology can be 
determined using  scanning probe microscopy  ( SPM ), including  atomic force 
microscopy  ( AFM ), while the oxidation or chemical states of the nanoparticles 
may be investigated using  X - ray photoelectron spectroscopy  ( XPS ), which is also 
referred to as  electron spectroscopy for chemical analysis  ( ESCA ). In some research 
studies on the chemical synthesis of nanoparticles,  Fourier - transform infrared  
( FTIR ) spectroscopy may also be used to verify the presence of molecules of spe-
cifi c functional groups by monitoring the vibration frequencies of the functional 
groups in the FTIR spectrum. Although, in addition to the above - mentioned tech-
niques, many other methods are currently also used to characterize Co - based 
nanoparticles, only the more frequently used techniques will be highlighted here. 

  16.2.1 
 Shape, Size, and Microstructure 

  16.2.1.1   Transmission Electron Microscopy 
 The transmission electron microscope operates on the same basic principles as 
the light microscope, but uses electrons instead of light as a  “ light source ” . Con-
sequently, the much lower wavelength of electrons makes it possible to achieve a 
resolution which is 1000 - fold better than with a light microscope (in the order of 
a few  Å ngstroms). 

 In the transmission electron microscope, a fi eld emission gun at the top of the 
microscope emits electrons which travel through a vacuum in the column of the 
microscope. In the same way that a light microscope uses glass lenses for focusing, 
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the transmission electron microscope uses various electromagnetic lenses to focus 
the electrons into a very fi ne beam (as shown in Figure  16.1 ). The electron beam 
then travels through the specimen under investigation. Depending on the density 
of the material present, some of the electrons are scattered and disappear from 
the path of beam. At the bottom of the microscope, the unscattered electrons hit 
a fl uorescent screen, which give rise to a  “ shadow image ”  of the specimen, with 
the different parts being displayed in varied darkness according to their density. 
The image can be studied directly by the operator using a phosphor screen, or 
photographed with a camera. The darker areas of the image represent those areas 
of the sample that fewer electrons were transmitted through (i.e., they are thicker 
or denser), whereas the lighter areas represent those areas of the sample that more 
electrons were transmitted through (i.e., they are thinner or less dense).   

 Other than imaging, the transmission electron microscope is also used to carry 
out SAED. This is achieved by adjusting the magnetic lenses such that, when the 
back focal plane of the lens is placed on the imaging apparatus, a diffraction 
pattern can be generated. For crystalline samples, this produces an image that 
consists of a series of dots in the case of a single crystal, or a series of rings in the 

     Figure 16.1     The schematic diagram of a transmission electron microscope.  
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case of a polycrystalline material. For the single crystal case, the diffraction pattern 
is dependent upon the orientation of the specimen, and the resultant image is a 
 lattice image . This image provides the operator with information about the space 
group symmetries in the crystal and its orientation to the beam path; however, 
this is typically done without utilizing any information, but the position at which 
the diffraction spots appear. Any further analysis of this image is complex, as the 
image is sensitive to a number of factors including the specimen thickness 
and orientation, objective lens defocus, and spherical and chromatic aberration. 
Although quantitative interpretation of the contrast shown in lattice images is 
possible, it is inherently complicated and may require extensive computer simula-
tion and analysis.  

  16.2.1.2   Scanning Electron Microscopy 
 In the scanning electron microscope, a fi eld emission  “ gun ”  at the top of the 
microscope emits electrons which travel through vacuum with energies from 
10 2    eV to 10 4    eV. The gun is focused at the surface of the specimen and scanned 
across it in a  “ raster ”  pattern (see Figure  16.2 ). A number of phenomena occur at 
the surface under the impact of electron beam, and a  “ signal ”  or radiation can be 
collected for every position of the incident electron beam.   

     Figure 16.2     The schematic diagram of a scanning electron microscope.  
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 When accelerated electrons enter a sample, they are scattered both elastically 
(by electronic static interaction with atomic nuclei) and inelastically (by interaction 
with atomic electrons). The various types of electrons and photons emitted as a 
result of the incident electron beam interacting with the sample are shown in 
Figure  16.3 .   

 The backscattered electrons are caused by an incident electron colliding with an 
atom in the specimen which is nearly normal to the incident ’ s path. The incident 
electron is then scattered  “ backwards ”  by 180    ° . The production of backscattered 
electrons varies directly with the specimen ’ s atomic number; this differing produc-
tion rate causes higher atomic number elements to appear brighter than lower 
atomic number elements. This interaction is utilized in SEM to differentiate parts 
of the specimen that have a different average atomic number, and hence is able 
to show variations in the chemical composition of a specimen. 

 On the other hand, the secondary electrons are caused by an incident electron 
passing  “ near ”  an atom in the specimen    –    that is, near enough to impart some of 
its energy to a lower energy electron (usually in the K - shell). This causes a slight 
energy loss and path change in the incident electron and ionization of the electron 
in the specimen atom. This ionized electron then leaves the atom with a very small 
kinetic energy of about 5   eV; this is then termed a  “  secondary electron  ” . Each 
incident electron can produce several secondary electrons. The production of 
secondary electrons is highly topography - related. Due to their low energy (5   eV), 
only secondary electrons that are very near the surface (typically  < 10   nm) can exit 
the sample and be examined. Any changes in topography in the sample that are 
larger than this sampling depth will change the yield of secondary electrons due 
to collection effi ciencies. Hence, they are used in SEM to derive the properties 
of the surface structure (topography) of the specimen rather than any underlying 
structures. 

     Figure 16.3     Schematic diagram showing the various types of 
electrons and photons emitting from the sample upon 
irradiation with an electron beam.  
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  Auger electrons  are caused by the de - excitation of the specimen atom after a 
secondary electron is produced (Figure  16.4 ). As a lower - energy (usually K - shell) 
electron was emitted from the atom during the secondary electron process, an 
inner (lower energy) shell now has a vacancy. A higher energy electron from the 
same atom can  “ fall ”  to a lower energy, fi lling the vacancy, and this creates an 
energy surplus in the atom which can be corrected by emitting an outer (lower 
energy) electron; this is known as an Auger electron. Auger electrons have a char-
acteristic energy which is unique to each element from which the electron was 
emitted. The Auger electrons are collected and sorted according to energy to 
provide compositional information about the specimen. A more extensive discus-
sion on Auger electrons is provided in later section.   

  X - rays  are caused by de - excitation of the specimen atom after a secondary elec-
tron has been produced. As a lower - energy (usually K - shell) electron was emitted 
from the atom during the secondary electron process, an inner (lower energy) shell 
now has a vacancy. A higher - energy electron can  “ fall ”  into the lower energy shell, 
fi lling the vacancy. As the electron  “ falls ”  it emits energy, usually in the form of 
X - rays to balance the total energy of the atom. X - rays or light emitted from the 
atom will have a characteristic energy which is unique to the element from which 
it originated.   

     Figure 16.4     Schematic diagram showing the regions in the 
interaction volume from which various types of electrons and 
photons originate upon irradiation with an electron beam.  
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  16.2.2 
 Magnetic Properties 

 The magnetic properties (bulk) of the Co - based nanoparticles are usually charac-
terized using VSM or AGM. In AGM (see Figure  16.5 a), the sample is mounted 
on a piezoelectric transducer which oscillates when the sample is subjected to an 
alternating magnetic fi eld gradient superimposed on the  direct current  ( DC ) fi eld 
of an electromagnet. The force exerted on the magnetized sample in a magnetic 
fi eld gradient can be measured. The AGM has a low noise fl oor of 10  − 8    emu, and 
the piezoelectric reed sample holder of the magnetometer must be operated at the 
resonance frequency of the sample holder, which depends on the mass of the 
sample/substrate combination. Hence, every new sample requires re - tuning to its 

     Figure 16.5     Schematic diagrams of (a) an alternating gradient 
magnetometer and (b) a vibrating sample magnetometer.  
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resonance frequency. If its magnetic moment is low, automatic tuning will be 
ineffective and manual tuning will be required. As a result of the involvement of 
human judgment in tuning, even with careful manual tuning of a low moment 
sample the saturation moment was found to vary by more than  ± 5% over 10 con-
secutive measurements. This limits the use of AGM to low - moment samples. In 
addition, the measured moment is very sensitive to sample placement due to the 
gradient fi eld, and therefore care must be taken to ensure that the sample and the 
calibration standard are identical in mass and size in order to obtain a calibrated 
reading. When measuring low - coercivity samples ( ∼ 100 Oe or smaller), it is neces-
sary to reduce the magnitude of the gradient fi eld in order to maintain accuracy. 
This, in turn, in reduces the sensitivity of the AGM procedure (compared to VSM) 
and also severely limits the suitability of AGM for measuring low coercivities, as 
the alternating fi eld cycles through part of the hysteresis loop. Similarly, the gradi-
ent fi eld limits the accuracy of remanence measurements, as the fi eld is cycling 
through a minor loop around remanence.   

 In VSM (Figure  16.5 b), the sample is vibrated in the magnetic fi eld using a 
vibrator mechanism. The magnetizing fi eld (DC) is provided by an electromagnet 
driven by a DC bipolar power supply, while the signal voltage is generated in the 
detection coils due to the changing fl ux emanating from the vibrating sample. The 
output measurement displays the magnetic moment ( M ) as a function of the fi eld 
( H ). In this stepped - fi eld mode, the magnetic fi eld was changed in selected step 
sizes and the magnetic moment measured with the fi eld held stationary. The 
advantage of the stepped - fi eld system is that the fi eld between measurement points 
can be changed at a very high rate ( > 2   kOe   s  − 1 ), and consequently passing through 
all the fi eld points does not take very much time. In fact, more time is spent at 
each measurement fi eld to measure the signal several times and average the result 
(digital signal averaging), which leads to a signifi cant noise reduction if the noise 
is uncorrelated. However, the noise fl oor for VSM is 10  − 6    emu, which is two orders 
of magnitude higher than that for AGM. In addition to AGM and VSM, SQUID 
magnetometry is also frequently used to determine the magnetic properties of 
Co - based nanoparticles, and in particular low - temperature studies of magnetic 
nanoparticles. However, details of this technique will not be provided at this point.  

  16.2.3 
 Morphology 

 Atomic force microscopy is commonly used to study the morphology of materials. 
The atomic force microscope consists of a microscale cantilever with a sharp tip 
(probe) at its end that is used to scan the specimen surface (see Figure  16.6 ). The 
cantilever is typically silicon or silicon nitride, and has a tip radius of curvature on 
the order of nanometers. When the tip is brought into the proximity of a sample 
surface, forces between the tip and the sample lead to a defl ection of the cantilever, 
according to Hooke ’ s law. Depending on the situation, the forces measured in 
AFM include mechanical contact force, van der Waals forces, capillary forces, 
chemical bonding, electrostatic forces, magnetic forces (see  magnetic force micros-
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copy ;  MFM ), Casimir forces, and solvation forces. As well as force, additional 
quantities may simultaneously be measured through the use of specialized types 
of probe. Typically, the defl ection is measured using a laser spot which is refl ected 
from the top of the cantilever into an array of photodiodes. A plot of the laser 
defl ection versus tip position on the sample surface provides the resolution of the 
 “ hills ”  and  “ valleys ”  that constitute the topography of the surface. The atomic force 
microscope can function in two ways: (i) with the tip touching the sample ( “ contact 
mode ” ); or (ii) with the tip tapping across the surface ( “ tapping mode ” ).   

 The two main advantages of AFM over SEM is that the atomic force microscope 
can function in ambient air or a liquid environment, whereas the electron micro-
scope requires that all probes be undertaken in a vacuum. In addition, in AFM a 
 three - dimensional  ( 3 - D ) image is plotted, whereas in SEM only a  two - dimensional  
( 2 - D ) image or projection of a sample is provided. 

 A major drawback of the atomic force microscope, however, is the limited area 
that it can scan and the image resolution that it can generate; typically, an electron 
microscope can scan an area measured in millimeters, but an atomic force micro-
scope can scan only micrometers. From this perspective, it is easy to see why an 
electron microscope can scan a wider area faster than can an atomic force 
microscope.  

     Figure 16.6     Schematic diagram showing details of the atomic force microscope.  
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  16.2.4 
 Elemental and Chemical Analysis 

  16.2.4.1   Auger Electron Spectroscopy 
  Auger electron spectroscopy  ( AES ) is an analytical technique which is based on 
measurement of the kinetic energy of electrons ejected from an atom, usually 
following the bombardment of that atom by high - energy electrons. When an atom 
is struck by a high - energy electron (typically in the range 1 to 25   keV), there is 
some probability of a core - level electron being ejected. The atom is then in an 
energetic ionic state with an electron missing from a core level. One mechanism 
by which the atom can relax into a lower energy state is for another electron, from 
the same atom, to fi ll the core level hole with the release of energy. This energy 
can then cause the emission of another electron (the Auger electron) (Figure 
 16.7 a). AES may be used to determine the type of elements present in magnetic 
nanoparticles, the relative quantity of each element, and also occasionally the 
chemical state of the elements present.    

  16.2.4.2    X  - Ray Photoelectron Spectroscopy ( XPS ) 
 XPS is based upon a  “ single photon in and an electron out ”  process and, in many 
ways the underlying process is a much simpler phenomenon than the Auger 
process described previously. The energy of an X - ray photon is given by the 
Einstein relationship:

   E hv=     (16.1)  

     Figure 16.7     Schematic diagrams showing mechanisms of 
(a) Auger electron spectroscopy (AES) and (b) X - ray 
photoelectron spectroscopy (XPS).  
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where  h  is the Planck ’ s constant (6.62    ×    10  − 34    J) and  v  is frequency (Hz) of the 
radiation. 

 In XPS, the X - ray photon is absorbed by an atom in a molecule or solid, leading 
to ionization and the emission of a core (inner shell) electron or photoelectron 
(Figure  16.7 b). The kinetic energy distribution of the emitted photoelectrons (i.e., 
the number of emitted photoelectrons as a function of their kinetic energy) can 
be measured using any appropriate electron energy analyzer, and a photoelectron 
spectrum can thus be recorded. As the electron ’ s energy is present solely as  kinetic 
energy  ( KE ), this can be rearranged to give the following expression for the KE of 
the photoelectron:

   KE = − +( ) − ( )( )hv E A E A     (16.2)   

 Here, the ( E ( A +)    −     E ( A )) term represents the difference in energy between the 
ionized and neutral atoms, and is generally known as the  binding energy  ( BE ) of 
the electron; this then leads to the following commonly quoted equation:

   KE BE= −hv     (16.3)  

   BE KE= −hv     (16.4)   

 Equation  16.4  is obtained by rearrangement of Equation  16.3 . 
 Hence, with XPS analysis, the oxidation state or chemical state of the element 

in the magnetic nanoparticles can be determined. This is very useful, especially 
to determine if the magnetic material of the magnetic nanoparticles has under-
gone oxidation (which will degrade the nanoparticles ’  magnetic properties).   

  16.2.5 
 Fourier Transform Infrared ( FTIR ) Spectroscopy 

 Infrared spectroscopy exploits the fact that molecules have specifi c frequencies at 
which they rotate or vibrate corresponding to discrete energy levels (vibrational 
modes). These resonant frequencies are determined by the shape of the molecular 
potential energy surfaces, the masses of the atoms, and by the associated vibronic 
coupling. In order for a vibrational mode in a molecule to be  infra - red  ( IR ) active, 
it must be associated with changes in the permanent dipole. Simple diatomic 
molecules have only one bond, which may stretch, whereas more complex mole-
cules have many bonds and the vibrations can be conjugated, leading to IR absorp-
tions at characteristic frequencies that may be related to chemical groups. 

 The IR spectrum of a sample is collected by passing a beam of IR light through 
it; a subsequent examination of the transmitted light reveals how much energy 
was absorbed at each wavelength. This can be achieved using a monochromatic 
beam, which changes in wavelength over time, or by using a Fourier transform 
instrument to measure all wavelengths at once. From this, a transmittance or 
absorbance spectrum can be produced, showing at which IR wavelengths the 
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sample absorbs. An analysis of these absorption characteristics then reveals details 
about the molecular structure of the sample.  

  16.2.6 
 The Crystal Structure:  X  - Ray Diffraction ( XRD ) 

 X - ray diffraction, which is a form of X - ray crystallography, is a method for deter-
mining the arrangement of atoms within a crystal. In this process a beam of X - rays 
strikes a crystal and scatters into many different directions; based on the angles 
and intensities of the scattered beams, a crystallographer can then produce 
a 3 - D picture of the density of electrons within the crystal. From this electron 
density, the mean positions of the atoms in the crystal can be determined, as well 
as their chemical bonds, their disorder, and other information. 

  Powder diffraction XRD  is a technique used to characterize the crystallographic 
structure, crystallite size (grain size), and preferred orientation in polycrystalline 
or powdered solid samples. Powder diffraction is commonly used to identify 
unknown substances, by comparing diffraction data against a database. It may also 
be used to characterize heterogeneous solid mixtures to determine the relative 
abundance of crystalline compounds. Powder diffraction is also commonly used 
to determine strains in crystalline materials. Alternative techniques such as thin 
fi lm diffraction and grazing incidence X - ray diffraction may also be used to 
characterize the crystallographic structure and preferred orientation of substrate -
 anchored thin fi lms. X - ray rocking curve analysis is used to quantify grain size 
and mosaic spread in crystalline materials. 

 In the XRD set - up, the sample is mounted on a goniometer and gradually 
rotated while being bombarded with X - rays; this produces a diffraction pattern of 
regularly spaced spots known as  “ refl ections ” . The 2 - D images taken at different 
rotations are converted into a 3 - D model of the density of electrons within the 
crystal by using the mathematical method of Fourier transforms, combined with 
chemical data known for the sample.   

  16.3 
 Synthesis of Cobalt - Based Nanoparticles 

  16.3.1 
 Introduction 

 In this section, the synthesis of cobalt - based nanomaterials will be outlined, based 
on their notable magnetic characteristics compared to Fe and Ni, as indicated 
in Table  16.1 . Recently, cobalt nanocrystal has received more attention than Fe 
and Ni due to its unique properties and stronger oxidation - resistance. In addition 
to its magnetic use, cobalt nanoparticles can be used in a variety of applications, 
including as the catalyst for the Fischer – Tropsch reaction, as functional coatings, 
for electroplating, and for biomedical assays. In terms of its crystal structure, cobalt 
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is known to have two crystal phases:  hexagonal close - packed  ( hcp ) and  face - 
centered cubic  ( fcc ) (see Figure  16.8 ). Although both phases can coexist at room 
temperature, the fcc structure is thermodynamically preferred above 450    ° C while 
the hcp phase is favored at lower temperatures. More recently, a new metastable 
 ε  - phase cobalt, which is less dense than both the hcp and fcc structures, was dis-
covered by Dinge and Banwendi during the synthetic process of cobalt nano-
particles  [3] . This structure is cubic (space group P4 1 32) with a unit cell parameter 
 a    =   6.097    Å . The unit cell structure is similar to that of b - manganese (a high -
 temperature phase of manganese). It contains 20 cobalt atoms, which are divided 
into two types: 12 atoms of  Type I and eight atoms of Type II. Generally, this 
cobalt phase has only been generated by solution - phase approaches instead of 
other common techniques, such as varying temperature and pressure.      

  16.3.2 
 Stabilization of Nanomaterials 

 The nanosized metallic cobalt particle can bring about superior and facilitating 
properties due to its very high surface - to - volume ratio. On the other hand, this 
special hallmark could induce an unfavorable tendency for nanoparticles to 

 Table 16.1     Magnetic properties of ferromagnetic elements of Co, Fe and Ni. 

   Element      n  B       σ  s  at 0   K (Am 2    kg  − 1 )      σ  s  at 293   K (Am 2    kg  − 1 )      T  c  (K)  

  Co    1.72    162    161    1388  
  Fe    2.22    222    218    1043  

   Ni     0.62     57     54     627  

     Figure 16.8     The cobalt crystal structures of the fcc and hcp phases.  
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agglomerate together, which would lead to decrease or even loss of any associated 
properties. Therefore, an understanding of the colloidal stabilization mechanism 
is crucial to the design and synthesis of these nanoparticles in a well - defi ned 
way. The preservation of long - term stability, without agglomeration or precipita-
tion, would be the primary prerequisite for any application related to magnetic 
nanoparticles. 

 Derjaguin, Landau, Verwey, and Overbeek developed the DLVO theory in 1940s 
to explain the stability mechanism of colloids in suspension. Their theory sug-
gested that the balance between two opposing forces    –    that is, electrostatic repulsion 
and van der Waals attraction    –    would determine whether the particles agglomerated 
together or were separated from each other. This theory is also extendable for the 
interpretation and formulation of nanosized nanoparticles. In general, three major 
approaches have been discussed for the stabilization of nanoparticles in terms of 
the stabilizers used: (i) electrostatic repulsion; (ii) steric stabilization; and (iii) elec-
trosteric stabilization. The scheme is shown in Figure  16.9 .   

 Nanoparticles dispersed in an aqueous solution are able to generate an elec-
trostatic repulsion due to the positively or negatively charged surfaces, while 
uncharged particles are free to form colloids and to aggregate. In solution, the 
presence of a net charge on a particle will affect the distribution of ions surround-
ing that particle, and result in an electrical stern layer and diffuse double - layer 
around the particles. When a particle moves due to either gravity or to an applied 
electric fi eld, ions within the boundary will move with it accordingly. However, a 
boundary remains where ions do not travel with the particle    –    this is termed the 
 “ surface of hydrodynamic shear ”  or the  “ slipping plane ” . The potential that exists 
at this boundary is known as the  “ zeta potential ” ; this is a critical parameter to 
determine the stability of a colloidal suspension. When all of the particles have a 
large negative or positive potential, they will repel each other to keep suspension 
stable, whereas fl occulation happens with a low potential value. The ionic strength, 
temperature, pH value, or the addition of an electrolyte would each affect the zeta 
potential and, in turn, the stability of the particles. 

 In the case of steric stabilization, bulky functional organic molecules or poly-
mers are adsorbed onto the particle surface so as to form a protective layer among 
nanoparticles, and thus prevent the particle surfaces from coming into close 

 (c)(a) (b)

     Figure 16.9     Schematic representation of (a) electrostatic 
repulsion; (b) steric stabilization; and (c) electrosteric 
stabilization of colloidal nanoparticles.  
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contact with each other. The thickness of the coating was suffi cient to keep par-
ticles separated by steric repulsions between the organic molecules or polymer 
layers, and the van der Waals attract forces were too weak to cause the particles to 
adhere at this stage. In contrast to electrostatic repulsion in aqueous media, this 
type of stabilization could be extended both in organic media and aqueous solution 
 [4] . With regards to the electrosteric stabilization (which is in combination of 
electrostatic and steric stabilization), ionic surfactants containing ionizable groups 
such as polycarboxylic acid, zwitterionic molecules or polyelectrolyte have been 
widely investigated for this process  [5] . These dispersants are able to be adsorbed 
onto the surface of nanoparticles with opposite charges so as to generate an electric 
repulsive and steric layer. The electrosteric stabilization can be also achieved with 
polymetaloxoanions such as the couple ammonium   Bu N P W Nb O4 2 15 3 62

9+ −   [6] . 
Whilst not directly indicated in the following section, these stabilization methods 
have been effectively utilized to guide the controlled synthesis of cobalt 
nanoparticles.  

  16.3.3 
 Synthesis of Cobalt Nanomaterials 

 The preparation of well - defi ned nanoparticles with sizes ranging from 1 to 100   nm 
is essential in order to conduct studies capable of distinguishing truly novel prop-
erties inherent to nanoscale structures from those associated with structural 
heterogeneities or polydispersity. To date, many comprehensive reviews have 
been prepared on the synthesis, characterization, and application of myriad 
nanoparticles  [7] , and so in this chapter attention will be focused specifi cally on 
the synthesis of cobalt nanomaterials. Based on the conversion process used, the 
synthetic methodologies can be categorized as physical methods,  chemical vapor 
deposition  ( CVD ), and liquid - phase chemical precipitations. 

  16.3.3.1   Physical Methods 
 Traditionally,  molecular beam epitaxy  ( MBE ) growth, sputtering and laser irradia-
tion methods are commonly used to deposit cobalt nanoparticle and fi lms at 
desired substrates. MBE was developed during the early 1970s as a means of 
growing high - purity epitaxial layers of semiconductor compounds, since when it 
has been further extended to fabrication of different types of material. The most 
important feature of MBE is its slow deposition rate (on the order of a few  Å    s  − 1 ), 
which allows the fi lms to grow epitaxially. It is critical that the material sources 
should be extremely pure and the entire process carried out in an ultra - high 
vacuum (10  − 8    Pa) environment in order to produce high - purity layers. Single cobalt 
atoms and nanoparticles were deposited in ultra - high vacuum by MBE on a Pt 
(111) single crystal surface. Isolated adatoms were obtained by depositing minute 
amounts of Co, while 2 - D and monlayer larger particles were obtained by statistical 
growth and diffusion - controlled aggregation. Those atoms and particles showed 
giant magnetic anisotropy energy, which was found to be dependent on single -
 atom coordination changes  [8] . 
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  Sputtering  is another widely employed process for thin fi lm deposition and IC 
technology, whereby atoms are ejected from a solid target material due to bom-
bardment of the target by energetic ions. The fabrication of individual cobalt 
nanoparticles on different substrates such as SiO 2 /Si (001)  [9] , AlN  [10] , and silicon 
nitride  [11] , have been realized by sputtering technology. The particle growth 
kinetic, topographic and magnetic properties were studied, while the magnetic 
behavior was seen to depend signifi cantly on the Co layer thickness. In addition, 
a nanosized PtCo alloy with L1 0  phase has been prepared via a two - stage fabrica-
tion process by combining conventional sputtering and thermal processing tech-
nologies. This method can be used for ultra - high - density perpendicular magnetic 
recording  [12] . Very recently, Xu and Wang demonstrated a general method for 
the direct gas - phase synthesis of multicomponent nanoparticles with distinctively 
different heterostructures via magnetron sputtering. The relationship between the 
composition distribution in the nanoparticles and their thermal history in the 
nanocluster source enabled the control and design of heterostructures in the gas 
phase. Au coated with a cobalt shell and a cobalt core coated with a multilayered 
shell could be readily obtained by optimizing the experimental conditions  [13] . 

  Laser irradiation  represents an effi cient approach to produce cobalt nanoparticle 
for magnetic applications. Here, nonvolatile memory devices have been fabricated 
by embedding  ∼ 5   nm cobalt nanoparticles into a  metal/oxide/semiconductor  
( MOS ) capacitor through a laser irradiation approach. Capacitance – voltage electri-
cal measurements of the fabricated device indicated charging and discharging 
behavior in MOS structure due to the charging effect in the Co nanoparticles. 
Furthermore, a structural analysis confi rmed the deposition of cobalt nanoparti-
cles inside the gate oxide  [14] . These promising results have demonstrated that 
the laser irradiation process might represent a potential candidate for the fabrica-
tion of nanocrystal memory devices.  

  16.3.3.2   Chemical Vapor Deposition 
 Chemical vapor deposition is a chemical process which transforms a volatile pre-
cursor into thin fi lm or powder on the surface of a wafer substrate. In a typical 
CVD process, precursors are introduced into CVD chamber by carrier gases, which 
either decompose on their own or react with other gases/vapors on the substrate 
surface at elevated temperature. The CVD process consists of three steps: (i) the 
mass transport of reactants by diffusion from the location where gases are supplied 
to the surface where deposition must occur; (ii) the chemical reactions on the 
growth surface; and (iii) the removal of volatile byproducts by gas fl ow through 
the reaction chamber. 

 Different volatile cobalt complexes have been exploited as sources for the deposi-
tion of cobalt thin fi lms on solid substrates. Cobalt carbonyl, cobalt (II, III) acety-
lacetonate, cobaltocene and Co(C 5 H 5 )(CO) 2  and Co(CO) 3 (NO) have each indicated 
their feasibilities as precursors for the generation of Co fi lms, and typical spherical 
nanoparticles were produced in most cases. Unfortunately, several serious draw-
backs were apparent, such as complicated reaction pathways in the gas phase, 
a low thermal stability, a low vapor pressure, a high deposition temperature, or 
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contaminated fi lms  [15] . Volatile and thermally stable cobalt (I) hydride complexes 
HCo [P(OR) 3 ] 4  (where R   =   methyl, ethyl,  iso  - propyl, or  n  - propyl) were synthesized 
and used as precursors in CVD, and smooth and dense cobalt thin fi lms with 
variable grain size were fabricated on Si at temperatures as low as 300    ° C with-
out employing hydrogen  [16] . In addition, a highly conformal pure Co fi lm was 
deposited on either SiO 2  - coated or trench - patterned wafers by using Co 2 (CO) 8  
or C 12 H 10 O 6 (Co) 2  (dicobalt hexacarbonyl  tert  - butylacetylene) as the Co precursor, 
which would be quite promising for the production of advanced electronic devices 
 [17] . Recently,  pulsed - spray evaporation CVD  has been adopted to grow metallic 
cobalt and Co 2 C fi lms on solid substrates. For this, alcoholic solutions of cobalt 
acetylacetonate were loaded as a liquid feedstock, in which alcohol acted as both 
solvent and reducing agent. Different types of alcohols, pulse width and frequency, 
and starting concentrations of the loading precursor determined the growth rate, 
size, crystallinity, and thickness of metallic fi lms  [18] .  

  16.3.3.3   Liquid - Phase Chemical Precipitation 

  16.3.3.3.1   Microemulsion Approach      Microemulsions  are thermodynamically 
stable, isotropic dispersions of oil and water with a thin fi lm of surfactant mole-
cules adsorbed at the water/oil interface.  Surfactants  are amphiphilic molecules 
which have a polar hydrophilic (water - loving)  “ head ”  and a nonpolar hydrophobic 
(water - hating)  “ tail ” . By varying the  hydrophile – lipophile balance  ( HLB ) value of 
the surfactants and the continuous/dispersed phase, both oil - in - water (direct or 
water - borne) microemulsions and water - in - oil microemulsions can be produced. 
The latter type, which is also referred to as an  “ inversed microemulsion ” , is gener-
ally exploited in the preparation of inorganic oxide, semiconductor and metal 
nanoparticles, and so on. 

 Typically, surfactants may be classifi ed as: (i) anionic, such as sodium bis(2 -
 ethylhexyl)sulfosuccinate, usually called AOT; (ii) cationic, such as tetra - alkyl qua-
ternary ammoniums; and (iii) nonionic, such as  tert  - octylphenoxy - polyethoxyethanol 
(Triton X - 100). The inverse micelle is explained in terms of the water - surfactant 
molar ratio  w  [H 2 O]/[surfactant]), which determines the droplet size. Due to its 
small dispersion sizes (which usually are 5 – 20   nm in diameter), the microemul-
sion will be either transparent or translucent. In contrast to the colloidal approach, 
the micellar reagent may act as a physical boundary rather than as a true surface -
 capping agent. Besides its variable size, cylindrical, lamellar and hexagonal shapes 
of droplets can be obtained by adding cosurfactants together with normal surfac-
tants; thus, the fi nal nanostructure was dependent on the micellar morphology 
 [7c, 19] . 

 Pileni and coworkers reported the synthesis of monodispersed cobalt nanopar-
ticles by using AOT as surfactant and Co (AOT) 2  as the starting materials. The 
diameter of the droplets was controlled by the volume of water, and varied from 
0.5 to 18   nm  [20] . The uniform cobalt nanoparticles could be self - organized into 
either 2 - D  [21, 22]  or 3 - D superlattices  [23]  by extracting cobalt nanoparticle with 
lauric acid or triphosphine oxide from reverse micelles, and then re - dispersed into 
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pyridine or other nonpolar solvents such as hexane. These 2 - D and 3 - D super-
lattices of cobalt nanocrystals coated with lauric acid chains were found to be 
highly stable, with samples exposed to air appearing not to be oxidized even after 
a period of several weeks. 

 Furthermore, ordered fcc  “ supercrytals ”  or disordered 3 - D assemblies consisting 
of 7.5   nm cobalt nanoparticles were produced by the slow evaporation of a colloidal 
solution on a  highly oriented pyrolitic graphite  ( HOPG ) substrate and optimiza-
tion of the substrate temperature and evaporation rate  [24, 25] .  Grazing incidence 
small - angle X - ray scattering  ( GISAXS ) diffractograms were used to study the dif-
ference between the ordered and disordered structures and magnetic properties 
of well - characterized disordered and fcc - ordered 3 - D assemblies were also inves-
tigated. Signifi cant differences were seen to arise from the mesoscopic order, due 
to the differences in anisotropy and distribution of dipolar interaction energies in 
the two systems. Moreover, the soft annealing of fcc cobalt nanoparticles at 125    ° C 
induced the structural transition into ferromagnetic hcp cobalt nanocrystals 
without changing the size, size distribution, and passivating layer  [26] . 

 In addition to anionic AOT - assisted surfactant, the control of cobalt nanoparticle 
production of sizes ranging about 4   nm to 9   nm has been achieved using a germ -
 growth method during inverse micelle synthesis with the cationic surfactant, 
didodecyldimethylammonium bromide  [27] . Mixed platinum – cobalt nanoparticles 
with an average size of 3 – 4   nm were prepared by using nonionic Triton X - 100 as 
surfactant and 2 - propanol as cosurfactant  [28] . Haeiwa  et al . reported an approach 
to encapsulate Co nanoparticles with SiO 2  capsule based on a reverse micellar 
technique. For this,  cationic tetra - alkyl ammonium bromide  ( CTAB ) was used as 
the surfactant to prepare cobalt ion micelles, after which the reductant was added 
to form cobalt nanoparticles, followed by the addition of  tetraethylorthosilicate  
( TEOS ). The hydrolysis and polymerization of silane occurred in water droplets 
and then formed a hollow silica shell. The water content was shown to affect the 
reduction of cobalt salt as well as the hydrolysis rate of TEOS, and thus to control 
the thickness of the shell  [29] . Ganguli  et al . prepared cobalt oxalate nanorods by 
fi rst using a reverse micellar process, and then decomposing the rods thermally 
to cobalt in a H 2  atmosphere  [30] .  

  16.3.3.3.2   Chemical Reduction in Aqueous Solution     The reduction of inorganic 
cobalt salts in aqueous solution with powerful reducing reagents (e.g., borohy-
drides, such as NaBH 4  or KBH 4 ) is a simple, convenient and cost - effective approach 
for the preparation of cobalt nanoparticles. For this, cobalt ions were reduced to 
metallic cobalt by borohydride, according to the following two - step reaction:

   2 4 9 12 5 32
4 2 2 2 3Co BH H O Co B H B OH+ −+ + → + + ( ).  

   4 3 8 22 2 2 3Co B O Co B O+ → +   

 When cobalt salts (e.g., cobalt chloride) were mixed rapidly with NaBH 4 , ultra-
fi ne particles of Co 2 B would fi rst be formed, and these would react further with 
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oxygen; thus, the boron would be oxidized and the cobalt is reduced to its desirable 
metallic form  [31] . The challenge of this method would be fi rst, to avoid the gen-
eration of unwanted cobalt byproducts, and second, to prevent the oxidation in 
open air of the as - formed cobalt nanoparticles after the reaction. 

 Recently, a homogeneous silica shell was coated onto as - prepared amorphous 
cobalt nanoparticle by combining a normal reduction and the St ö ber synthesis. In 
this reaction, citrate ions were added to the whole solution, as this considered to 
prevent further growth through a double - layer repulsion between the negatively 
charged cobalt nanoparticles. The cobalt/silica core – shell particles formed had a 
tunable shell thickness, and could subsequently be transformed into independent 
and crystalline nanoparticles after annealing; these were stable in air for long 
periods of time  [32] . A similar approach was investigated for the preparation 
of silica - coated cobalt nanoparticles which could be assembled to form  one - 
dimensional  ( 1 - D ) structures, with the reaction being driven by a weak external 
magnetic fi eld and strong dipole – dipole magnetic interactions. The opposite struc-
tures of cobalt - coated silica spheres were also prepared by using the layer - by - layer 
self - assembly technique  [33] . The mechanism of self - assembly into 1 - D and mag-
netic pearl necklaces was stimulated by molecular dynamics simulation  [34] . Fur-
thermore, the synthesis of larger cobalt nanoparticle with an average size of 95   nm 
and with a thin layer of silica has been demonstrated, where the core – shell nano-
structure showed superparamagnetic behavior as the uniform cobalt core nano-
spheres were composed of many metallic Co nanoclusters  [35] . Alternatively, Co 
nanoparticles of 1 – 2   nm diameter were synthesized and located inside the super-
cages of faujasite zeolite or in the mesopores generated during the reduction 
process, and exhibited higher catalytic activities in Fischer – Tropsch syntheses  [36] . 
Most recently, waterborne - synthesized cobalt nanoparticles were exploited as sac-
rifi cial templates in the generation of gold nanotubes  [37]  or for forming a protec-
tive layer on gold surfaces to improve  surface - enhanced Raman scattering  ( SERS ) 
effects  [38] . 

 Co 30 Fe 70  nanoparticles with mean particle size of approximately 8   nm were suc-
cessfully synthesized by the chemical reduction of cobalt chloride and iron chlo-
ride, with borohydride as a reducing agent, in aqueous solution. Here, the uniform 
Co 30 Fe 70  nanoparticles exhibited an excellent soft magnetic behavior, such as high 
permeability, negligible coercivity, and a high saturation magnetization similar to 
that of the Co 30 Fe 70  bulk  [39] . In a series of similar experiments, mesoporous sili-
cates containing PtCo nanoparticles with size of 2 – 3   nm  [40]  and silica - coated CoPt 
nanoparticles have also been investigated  [41] . For this, the particles were immo-
bilized inside the porous walls or cavities and prevented from coalescence during 
calcinations. The replacement of water with different types of polar solvent, such 
as alcohol  [42]  and dimethylformamide  [43]  has also attracted more attention for 
the synthesis of well - dispersed Co nanoparticles via an analogous chemical reduc-
tion technology.  

  16.3.3.3.3   Polymer - Assisted Approach     Due to its advantages of superior mechan-
ical properties and excellent ability to form thin fi lms, polymers have been pro-
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actively employed as effi cient stabilizers for the controlled synthesis of cobalt 
nanoparticles. The as - synthesized polymer nanocomposites consisting of inor-
ganic nanoparticles and organic polymers, often exhibit a host of mechanical, 
electrical, optical and magnetic properties, which are far superior to those of the 
individual components. These desirable properties are derived from a synergistic 
and hybrid interaction between the inorganic and organic interfaces that separate 
the building blocks. Many reviews have been produced describing the role of 
polymer stabilizers and polymer - supported magnetic nanocomposites  [44] . 

 Currently, the  in situ  synthesis of cobalt nanostructures in polymer matrix has 
been widely utilized, where the polymer material and cobalt source are mixed in 
solution, after which a reducing agent is added to reduce the cobalt ions to metallic 
cobalt. A seminal study reported the synthesis of well - defi ned cobalt colloids by 
using random poly(methyl methacrylate – ethyl acrylate –  N  - vinyl - pyrrolidone) ter-
polymers as stabilizers, with Co 2 CO 8  being decomposed in refl uxing toluene and 
the particle size readily controlled by varying the cobalt to surfactant loading ratio 
 [45] . Subsequently, a variety of polymers with functional groups such as  – COOH, 
 – NH 2  and  – SO 3 H have been used to produce polymer - supported cobalt nano-
composites. As an example, a perfl uorinated sulfo - cation membrane (MF - 4SK), 
prepared using an ion - exchange method, was used to create superparamagnetic, 
self - aggregated cobalt nanoparticles, the magnetic properties of which indicated 
that such nanoparticles exhibited superparamagnetic properties above the block-
ing temperature ( T  B )  [46] . Most recently, water - soluble cobalt spherical nanopar-
ticles and nanorods have been produced using alkyl thioether end - functionalized 
poly(methacrylic acid) as ligands, where the dispersion was stable for approxi-
mately two months and could, potentially, be used for biomolecular conjugation 
due to its carboxylic functional groups  [47] . Polymers spheres such as polystyrene 
were used as sacrifi cial templates for other air - stable cobalt nanoparticles where, 
through a single - step swelling process, the cobalt precursors diffused into uni-
form polystyrene microspheres, followed by a decomposition of the polymer - 
encapsulated metal complexes under an inert atmosphere at 600    ° C. Ultimately, 
the carbon and metal oxide formed a thin shell which protected the core of the 
cobalt nanoparticles against further oxidation  [48] . 

 Pyun and coworkers have recently prepared phosphine oxide and amine - 
functionalized styrenic polymers, and used these as surfactants to mediate the 
growth of ferromagnetic cobalt nanoparticles  [49] . The polymer moiety was capable 
of encapsulating the nanoparticle to form a shell, and of imparting long - term col-
loidal stability to the magnetic dispersions in solution, such that the 1 - D structure 
of the assembled nanoparticles could be formed in the solid state. In addition, 
functionalized cobalt nanoparticles have been used as the macroinitiators for 
surface - initiated polymerizations when preparing magnetic polymer brush shells 
with an adjustable thickness  [50] . 

 Most recently,  polyvinyl pyrrolidone  ( PVP ) has been demonstrated as one of 
the most effective stabilizers and modifi ers to prevent the agglomeration of 
metal nanoparticles, and to provide an elaborate control of the growth of metal 
nanocrystals in chemical solution synthesis, such as Ag  [51] , Au  [52] , Pd  [53] , and 
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Pt  [54] . In chemical terms, the metal – PVP complex would form a coordinative 
bonding between the metal ions and the amide functional group in PVP. Schaaek 
 et al . were the fi rst to describe a one - pot synthesis of superparamagnetic 
CoPt hollow spheres when using PVP as template, and also studied the kinetic 
growth of hollow spheres. These hollow nanospheres, which had average 
diameters ranging from 10 to 50   nm, displayed single - phase fcc structures 
and were thermally stable up to 300    ° C on a copper grid. Subsequent SQUID 
magnetometry measurements demonstrated ferromagnetic properties with a 
hysteresis loop at 5   K and with a coercivity of 980 Oe. Higher - temperature 
magnetic measurements indicated superparamagnetism, which was consistent 
with the small size of the individual nanoparticles that comprised the hollow 
nanostructures  [55] . 

 Guo and colleagues reported a straightforward synthesis to produce magnetic 
cobalt chains of hollow spheres in solution by using PVP as both a stabilizer as 
well as a template to direct the self - assembly of hollow spheres in solution. In the 
absence of PVP, only solid Co microspheres were obtained without a hollow chain 
structure, while the PVP adsorbed onto the surfaces of the nanoparticles prevented 
further aggregation and ensured a hollow structure formation  [56] . The concentra-
tion and type of reducing agent used were also shown to affect the fi nal morphol-
ogy of as - obtained cobalt nanoparticles. For example, Chen and coworkers 
presented a unique 1 - D legume - like structure of cobalt nanoparticles by using a 
simple, magnetic - fi eld - induced assembly approach with the assistance of PVP  [57] . 
Without an applied magnetic fi eld, it was possible to produce uniform and well -
 distributed polymer - stabilized cobalt nanoparticles. A 1 - D legume - like structure of 
cobalt nanoparticles was also formed via a magnetic - fi eld - induced assembly 
method, in which cobalt nanoparticles were arranged along the lines of magnetic 
force in a head - to - tail confi guration, such that the PVP molecules permanently 
linked the ordered 1 - D structure through the interpenetration and bridging of the 
PVP molecule layers. Submicrometer to nanometer - sized cubic FeCo alloys with 
varying chemical compositions have also been prepared by refl uxing iron and 
cobalt salt with PVP as the capping agent and  ethylene glycol  ( EG ) as the solvent 
and reductant  [58] . 

 Well - defi ned block copolymers have been widely used both in solution as micel-
lar assemblies, or in microphase - separated thin fi lms as templates for nanoparticle 
formation. Meanwhile, the uniformity of the micellar assemblies would ensure 
the narrow distribution of the as - obtained nanoparticles. The spatial distribution 
of cobalt nanocluster in PS 25300  - b - PMMA 25900  block copolymer was investigated by 
performing the nucleation and growth of the metal clusters and the phase separa-
tion of the block copolymers in a homogeneous solution  [59] . Due to the relatively 
stronger interaction of the  poly(methyl methacrylate)  ( PMMA ) block towards the 
cobalt metal fragments, the incorporation of the cobalt nanoclusters into the 
PMMA block had the effect of immobilizing the micellar structure, thus prevent-
ing the expected phase transformation to the expected lamellar morphology upon 
removal of the solvent, which caused the selective phase separation. Antonietti 
 et al .  [60]  used  polystyrene - block - poly(4 - vinylpyridine)  ( PS -  b  - 4VP ) to produce a 



 608  16 Cobalt Nanomaterials: Synthesis and Characterization

bimodal distribution of both smaller superparamagnetic and larger ferromagnetic 
Co nanoparticles, which was attributed to the nucleation and growth of particles 
both inside and outside the PS -  b  - PVP micelles. Subsequently, inverse PS -  b  - 2VP 
micelles  [61]  and polyacrylic acid -  b  - PS  [62]  have also been used to prepare well -
 dispersed and uniform cobalt nanoparticles, with different cobalt phases being 
obtained by varying the tuning process conditions. Riffl e  et al . synthesized block 
copolymers such as polysiloxane and polystyrene with a nitrile ( − CN) group via 
anionic polymerization, and used this type of polymer to produce monodispersed 
spherical cobalt superparamagnetic and ferromagnetic cobalt nanoparticles 
encased in the copolymers  [63] . Pierre described the synthesis of a stable cobalt 
colloid in the presence of a PDMS -  b  - (PMVS -  co  - PMTMS) dispersion, and subse-
quently calcined polymer - coated cobalt nanocomposites to form siliceous shells 
on the cobalt surfaces for an oxidation protection of the core  [64] .  

  16.3.3.3.4   Hydrothermal/Solvothermal Synthesis      Hydrothermal synthesis  refers 
to chemical reactions in aqueous solution under elevated temperatures and pres-
sures. In a typical synthesis, the precursors and reagents are placed in a certain 
amount of water phase, and the mixture then heated to high temperature in an 
autoclave to initiate the reaction. Autoclaves with Tefl on inserts are commercially 
available, and can be used at temperatures of up to several hundreds of degrees 
Centigrade, and pressures of several bar. Tefl on - constructed vessels have proved 
to be the ideal containers under these conditions, as they are inert to both hydro-
fl uoric acid and alkaline media, in contrast to glass and quartz. The particle size 
and morphogenesis can be adjusted by altering the experimental conditions, such 
as temperature, pH, and pressure. 

 Highly stable subnanometer - sized cobalt particles with an average size of 0.8   nm 
have been synthesized in the confi ned spaces within the nanopores of crystalline 
molecular sieves. These metallic cobalt clusters were estimated to comprise 
approximately 50 cobalt atoms, and to exhibit an extremely low ferromagnetic 
ordering temperature  [65] . Besides the preparation of spherical nanoparticles, the 
hydrothermal approach could be used to produce a myriad of amazing nanostruc-
tures in the same way. For example, 1 - D cobalt nanorods, nanowires and nanobelts 
have each been fabricated via this chemical route. In contrast, the cationic sur-
factant CTAB favored the formation of nanorods, and subsequently formed 
2 - D, square - shaped frames or dense multilayer nanosquares, due to the presence 
of a magnetic fi eld  [66] . Qian and coworkers described a sodium dodecyl 
benzenesulfonate - assisted hydrothermal approach to obtain single crystalline 
hcp - phase cobalt nanobelts  [67] . Elsewhere, the introduction of citrate salts as a 
complexing reagent and shape modifi er led to the production of single crystalline 
Co nanowires, under the same conditions  [68] . Both, nanobelts and nanowires 
indicated a ferromagnetic characteristic and an enhanced coercivity value com-
pared to the bulk Co. Nest - shaped, hollow core – shell cobalt  [69] , snowfl ake - like 
 [70] , and fl ower - like cobalt nanostructures  [71]  have all been obtained via a similar 
approach with an optimal modifi cation of reductant, concentration of base, and 
reaction temperature. These 3 - D cobalt architectures were stacked and assembled 
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by small hexagonal nanosheets or nanorods generated during the hydrothermal 
process, with the mechanism of formation being proposed rationally. 

 Recently, a solvothermal method has been developed in which the reaction was 
carried out in organic media such as alcohols, amines and ionic liquids, instead 
of an aqueous solution. When using organic complexes such as a metal carbonyl 
and acetylacetonate as feedstocks, the solvothermal method demonstrates clear 
advantages over its hydrothermal counterpart, as these compounds are either 
insoluble or are decomposed in water, with the result being an unsuccessful reac-
tion. Similar 3 - D, fl owerlike Co hierarchical microspheres were obtained in ethyl-
ene glycol solution with either CTAB  [72]  or PVP as stabilizer  [73] . The microspheres 
produced consisted of nanoplatelets of approximately 20   nm and 50   nm in thick-
ness, respectively. By using Ru as heterogeneous seeds, and dual - function 1,2 - 
propanediol as the solvent and reducing agent, a straightforward approach has 
been explored to synthesize 1 - D Co nanostructures such as nanowires, nanorods, 
and nanonails in the presence of steric acid  [74] . Meanwhile, 1 - D CoPt nanowires 
have been prepared in high yields by using Co 2 (CO) 8  and Pt(AcAc) 2  as the starting 
materials. In this case ethylene diamine, when used as the solvent, may act as a 
bidentate ligand and play a key role in directing the growth of CoPt nanowires at 
the minimum required high temperature  [75] . Later, Yu  et al.  demonstrated a novel 
solvothermal approach for preparing stable, bracelet - like Ni – Co magnetic alloy 
fl ux - closure nanorings with tunable dimensions and lengths. Here, a high con-
centration of PVP could be used to stabilize the intermediate short Ni – Co nano-
chains, while magnetic dipole interaction favored self - assembly of the fi nal 
nanorings and chains  [76].   

  16.3.3.3.5   Nonhydrolytic Organometallic Thermolysis     In 1993, Bawendi and 
coworkers demonstrated a nonhydrolytic liquid phase method for preparing semi-
conductor nanocrystallites, in which the organometallic precursors and other 
reagents were injected into high - boiling point solvent under an inert atmosphere 
and over a temperature range of 120 to 300    ° C  [77] . The as - obtained semiconductor 
 quantum dot s ( QD s) had advantages over other synthetic methods, such as a high 
monodispersity and a good surface quality. Since that time, tremendous efforts 
have been made to utilize this approach in the synthesis of myriad types of nano-
crystal, including as metal chalcogenides  [78] , metal oxides  [79] , and metals  [80] . 
The sizes and morphologies of the fi nal nanocrystals were determined by the 
monomer concentration, the nucleation ratio, and the crystallographic phase of 
the material and capping agents  [81] . 

 A new crystal  ε  - phase of cobalt nanoparticle was discovered following the 
thermal decomposition of octacarbonyldicobalt Co 2 (CO) 8  at 110    ° C in solution, and 
in the presence of  trioctylphosphane oxide  ( TOPO ) as coordinating ligand  [3] . XRD 
studies indicated different patterns compared to the standard fcc and hcp struc-
tures. Typically, the ligands and surfactants could be shown to play a critical role 
in determining the resultant structure of the cobalt nanocrystals grown in solution 
at low temperatures. In 2001, Alivosatos and coworkers reported an elaborate, 
shape - controlled synthesis of cobalt nanocrystals via the rapid injection of Co 2 (CO) 8  
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into a hot mixture of coordinating solvent containing oleic acid and TOPO. Both 
the hcp and  ε  - phases, as well as various morphologies of cobalt nanocrystals (e.g., 
spheres, anisotropic nanocrystals, ribbons) were successfully obtained by control-
ling the reaction time and the surfactant concentration  [82] . Two types of surfac-
tant that were adsorbed differentially to the nanocrystal crystallographic faces were 
crucial for the oriented growth of different cobalt nanocrystals. As extension of 
these studies, the same group further explored the synthesis of hcp Co disk - shaped 
nanocrystals in the presence of a linear amine, which was found to enable the 
easier formations of disk and also a higher yield  [83] . In order to acquire some 
mechanistic insight into the decomposition process of Co 2 (CO) 8  to fi nal cobalt 
nanocrystals, an  in situ  ATR - FTIR study was carried out very recently. Subse-
quently, several intermediate carbonylated species have been detected and a tenta-
tive mechanism has been proposed for the formation of cobalt colloids from the 
homogeneous molecular precursors. It was shown that the surfactant could infl u-
ence the decarbonylation rate, and also participate as a ligand in transient cobalt 
species to produce the fi nal cobalt nanoparticles  [84] . Moreover, when the infl u-
ence of the surfactants was investigated in determining the size and shape of 
cobalt nanoparticles, the results showed that amine surfactant led to the preferen-
tial formation of fl at or spherical particle shapes, while TOPO led to the production 
of monodispersed particles  [85] . 

 Alternative cobalt sources have also been monitored for the production of high -
 quality cobalt nanoparticles via a nonhydrolytic approach. For this, CoCl 2   [86] , CoI 2  
 [87] , Co(Ac) 2   [88]  and Co(AcAc) 3   [89]  have each been reduced with lithium, super-
hydride, or long - chain 1,2 - alkyldiols in the presence of fatty acid and trialkyl-
phosphine stabilizers, and resulting in the production of monodisperse cobalt 
nanocrystals with tunable size, crystal structures, and morphologies. Dumestre 
 et al . reported the preparation of uniform cobalt nanoparticles, nanorods, and 
nanowires via the thermal decomposition of [Co( η  3  - C 8 H 13 )( η  4  - C 8 H 12 )] in a hydro-
gen atmosphere  [90] . Kumar ’ s group also investigated the infl uence of alkyne -
 bridged Co 2 (CO) 8  (ADH) on the formation of cobalt nanoparticles, compared to 
the standard Co 2 (CO) 8   [91] . The results showed that cobalt nanoparticles obtained 
via ADH were larger in size, had a low polydispersity, with an fcc structure and 
good anti - oxidant properties, whereas those produced with standard Co 2 (CO) 8  had 
a hcp structure, a high polydispersity and were less stable against oxidation. Very 
recently, the same group conducted a series of systematic studies regarding the 
new role of surfactants in infl uencing the reaction pathways for the formation of 
cobalt nanoparticles prior to nucleation. Varying the nature of the surfactants led 
to differences in both the reaction pathways and the reaction intermediates, so as 
to produce Co nanoparticles with very different properties  [92] . 

 The structural effects, thermal stability, and magnetic properties of colloidal 
cobalt nanoparticles have been investigated intensely via the self - assembly of 
spherical cobalt nanoparticles on different fl at substrates, such as silicon 
nitride, silicon oxide and silicon, through the slow evaporation of a colloidal 
solution  [93 – 95]  or via magnetic fi eld - induced assemblies  [96] . These orderly 
patterned cobalt nanoparticles showed not only stability against oxidation at room 
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temperature but also improved magnetic properties compared to those of the 
cobalt nanoparticles when powder - compacted into a capsule or diluted with 
wax. The group of Wei demonstrated the formation of bracelet - like rings from 
resorcinarene - stabilized cobalt nanoparticles via a dipole - directed self - assembly 
and an evaporation - driven hole formation in viscous wetting layers. Both, chain 
and bracelet formation were shown to be directed by cooperative dipolar interac-
tions, which would compete with nondirectional van der Waals interactions at 
close range  [97] . When the phase transfer from nonpolar solvent to polar media 
was studied, the Co nanoparticle prepared via an organometallic approach was 
generally hydrophobic and readily dispersible in nonpolar solvent, rather than in 
polar media such as water or alcohol. Krishnan  et al . demonstrated a means of 
transferring this hydrophobic nanoparticle into the water phase, without changing 
the particle size. For this, tetramethylammonium hydroxide pentahydrate acted as 
the phase transfer agent, while 12 - aminododecanoic acid was used as a stabilizing 
agent to enrich the nanoparticle surfaces with negative COO  −   groups, which sta-
bilize the particle in water by electrosteric repulsion  [98] . Amphiphilic polymers 
could also be exploited for the aqueous phase transfer of as - synthesized Co 
nanoparticles, the existence of which has already been proven in other nano-
crystals prototypes  [99] . 

 Cobalt nanocomposites, including metal or semiconductor structures, have 
been likewise extensively investigated by using an effi cient thermolysis approach. 
Well - defi ned Co − Pt nanoalloys with solid solution and core – shell type were pro-
duced via transmetalation reactions between Co 2 (CO) 8  and Pt(hfac) 2  precursors. 
The simultaneous reaction of cobalt and platinum sources resulted in the forma-
tion of  “ solid - solution ”  - type alloys such as CoPt 3  and CoPt nanoparticles, while the 
reaction of presynthesized Co nanoparticles with Pt(hfac) 2  produced  “ Co core  – Pt shell  ”  -
 type nanoalloys  [100, 101] . Highly monodisperse crystalline CoPt 3  nanoparticles 
via the reduction of Co 2 (CO) 8  and Pt(AcAc) 2  have been synthesized in the presence 
of 1 - adamantanecarboxylic acid, which provided a superior stabilization of Co – Pt 
alloy nanocrystals than did other, more conventional capping agents  [102] . A slow 
evaporation of the colloidal dispersion led to the creation of a multilayered, self -
 assembled, AB 5  - type superlattice with two different particle sizes and microsized 
facetted colloidal crystals consisting of monodisperse CoPt 3  nanocrystals. Further-
more, rational studies of the effects of different reaction conditions on the fi nal 
particle size have disclosed that the size might be precisely tuned and reproduced 
without an Ostwald ripening stage by controlling the balance between the rates of 
nucleation and growth  [103] . Ligand exchange with these nanocrystals may cause 
changes in stoichiometry and morphologies, due to the preferential dissolution of 
one metal part  [104] . CoPt nanorods prepared in ionic liquids  [105] , 3 - D ferromag-
netic CoPt polypod - like nanostructures  [106]  and novel nanostructures composed 
of Co nanocrystals coated with QDs (CdSe) with bifunctional magnetic and optical 
properties, have also been reported  [107] . 

 Notably, at the same time, new and versatile technologies for Co nanoparticle 
synthesis have been explored, such as electrochemical  [108]  or sonochemical  [109]  
microwave - assisted  [110] , microfl uidic  [111] , and electrospinning  [112] . Although 
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these methods have been less widely studied than the aforementioned major 
approaches, they provide not only alternative pathways but also certain advantages 
in terms of the potential scale - up of production and streamlining of the 
processes.    

  16.3.4 
 Summary and Outlook 

 The aim of this section was to outline the ongoing research activities with cobalt 
nanoparticles, focusing in particular on the synthetic processes. At present, many 
synthetic approaches have been developed for the preparation of cobalt nano-
materials, with orderly assembled cobalt nanostructures with diameter in the 
range of one to tens of nanometers and well - controlled dimensions being realized 
via currently available synthetic technologies. A stable cobalt nanoparticle disper-
sion could be produced either via a fast reduction or a rapid thermal decomposition 
of metal precursors in the presence of stabilizing agents, which would control the 
growth of nanoparticles and avoid the formation of cobalt aggregates. In addition 
to individual cobalt nanoparticle synthesis, multicomponent cobalt - related nano-
composites have been fabricated in order to improve cobalt stability, to import new 
functions/features or to enhance the performance of cobalt - based system. The 
surfactant type, stabilizer concentration, molar ratio, pH value, loading sequence, 
reaction temperature and solvent media are paramount parameters for deter-
mining the particle size, crystal phase, composition and morphologies of as - 
synthesized nanoparticles. Although the commercial applications of cobalt 
nanoparticles are still limited, signifi cant progress has been made during the past 
few years, such that industrial applications of this powerful and fascinating nano-
material will undoubtedly emerge during the near future.   

  16.4 
 Magnetic Properties of  Co  Nanoparticles 

  16.4.1 
 Introduction 

 An understanding of the magnetic properties of nanometer - scale particles is a very 
important issue for both fundamental research and many technical applications 
 [2, 113, 114] . Magnetic nanoparticles have been investigated for potential applica-
tions as the active components of ferrofl uids, recording tapes, recording media, 
hard/soft - coupled permanent magnets, nanocrystalline soft magnets, as biomedi-
cal materials such as drug - carriers, and also as catalysts  [115 – 120] . Whilst these 
diverse technological applications have formed the focus of extensive research 
investigations, it is also important to appreciate that magnetic nanoparticles are 
themselves also used as research tools in areas of materials physics, geology, 
biology, and medicine. 
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 The properties of materials composed of magnetic nanoparticles result from 
both the intrinsic properties of the particles and the interactions between them 
 [121, 122] . The intrinsic magnetic properties of nanoparticles are heavily infl u-
enced by the fi nite size and surface effects, the relevance of which increases as the 
particle sizes decrease. Finite size effects are due to the nanometer size of the 
particles, which permits particles to change from multidomain to single domain, 
such that the ferromagnetic particle will behave like a paramagnet. Such fi nite size 
effects even permit nanoparticles to demonstrate macro - scope quantum tunneling 
of magnetization if the particle size is suffi ciently small. A variety of fi nite size 
effects occur in magnetic materials  [121] . Surface effects are related to the sym-
metry breaking of the crystal structure at the boundary of each particle. Hence, as 
the particle size decreases, the surface atoms will become a very large proportion 
of a nanoparticle, which in turn implies that the surface and interface effects 
become increasingly important. For example, for fcc cobalt with a diameter of 
approximately 1.6   nm, about 60% of the total number of spins are surface spins 
 [123] . Yet, because of the large surface atoms/bulk atoms ratio of the nanoparticles, 
the surface spins make an important contribution to the magnetization. The local 
breaking of symmetry may lead to changes in the band structure, lattice constant 
or/and atom coordination. Indeed, under these conditions some surface -  and/or 
interface - related effects may occur, such as enhanced anisotropy, increased 
moment and, under certain conditions, core – surface exchange anisotropy. Because 
the surface effect is due to the local symmetry break and/or any change of the 
local atom coordination in nanoparticles, the coating of nanoparticles with metals 
or other materials may alter not only the anisotropy energy but also the magnetic 
moment. 

 The fi nite size and surface effects (intrinsic effects) and interaction in nano-
meter particles may manifest through a wide variety of anomalous magnetic 
properties with respect to those of bulk materials, and these will be discussed 
in detail in the following sections. First, we will review the intrinsic effects starting 
from the fi nite size effect    –    how size changes the particle from multidomain 
to single domain, how the single - domain particle reverse under magnetic fi eld, 
why small nanoparticles show superparamagnetic behavior, and how to probe 
such behavior. The surface effects will then be discussed    –    how the surface atoms 
alter the particle anisotropy and magnetic moments, and how a cover layer 
can further modify the anisotropy energy and magnetic moment. Details of 
exchange coupling between the core and the oxide shell of nanoparticles will also 
be discussed.  

  16.4.2 
 Finite Size Effects 

  16.4.2.1   Size - Dependent Crystalline Structure 
 Cobalt nanoparticles may occur in multiple crystal phases, and this can result in 
large differences in the magnetic moment and crystalline anisotropy. This appears 
to be a size effect which is related to the balance of surface and bulk free energies 
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for the different possible crystal structures, and therefore depends on the particle 
size and matrix material. Cobalt nanoparticles generated by high - pressure sput-
tering have been shown  [124]  to undergo a transition from hcp to fcc below about 
300    Å . The bulk equilibrium phase at room temperature is hcp - Co, whereas fcc - Co 
is a high - temperature phase that is stable above 695   K. Kitakami  et al .  [124]  argued 
that the hcp - Co to fcc - Co transition as a function of size is due to the lower surface 
energy of the fcc - Co phase. In support of the size effect hypothesis, these authors 
showed that annealing above the bulk phase transition temperature and slow 
cooling does not convert the nanoparticles to hcp - Co. As the moment of the two 
Co phases differs by only about 2%, the principal effect on the magnetic behavior 
should be a much smaller magnetocrystalline anisotropy for the fcc - Co phase. This 
would be an important consideration when using Co nanoparticles in a permanent 
magnet material or recording media, as the anisotropy fi elds for fcc - Co and hcp - Co 
are approximately 500 Oe and 10 kOe, respectively. Michels  et al.  reported mixed 
phases of hcp - Co and fcc - Co nanocubes with an average cube - edge of approxi-
mately 50   nm  [125] , whereas others have shown that when the Co particle size is 
 < 20   nm, only fcc - Co phase were found  [65, 82, 83, 126 – 128] . These results further 
support the size - dependent crystalline structure effects.  

  16.4.2.2   Size - Dependent Magnetic Domain Structure and the Reversal 
of  Co  Nanoparticles 
 It is known that the magnetization behavior of a magnetic material is highly size -
 dependent. When a large magnetic particle, which contains mobile domain walls, 
is subjected to a magnetic fi eld, its domain walls will move to minimize the free 
energy of the system and the magnetization reversal proceeds via domain - wall 
displacement. For domain motion, the switching fi eld  H SW   is angle - dependent and 
follows the following equation:  H SW     =    H 0  /cos( θ   H  ) (where  θ   H   is the applied fi eld 
angle respective to the direction of magnetization). When the size of the particle 
decreases below a critical size  −  d c  , the domain wall disappears and the particles 
become single domain due to the fact that the energy cost to produce a domain 
wall is greater than the corresponding reduction in the magnetostatic energy. The 
critical size depends on the saturated magnetization, anisotropy energy and 
exchange interaction between the individual spins, which can be estimated by
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anisotropy constant,  M S   is saturated magnetization, and  A  is the exchange 
coupling constant). For smaller anisotropy FCC - Co particles ( K u   ∼ 7    ×    10 4    J   m  − 3 ), 
the critical size of the single domain is 30   nm, while for the larger anisotropy 
HCP - Co particles ( K u   ∼ 4.5    ×    10 5    J   m  − 3 ), the critical size is 65   nm. Therefore, 
the magnetic nanoparticles normally investigated are single - domain in nature. 
The magnetic reversal of such particles with a single domain had been described 
by the  Stoner – Wohlfarth  ( S – W ) model in a very simple theory, namely the 
uniform rotation model. When investigating experimentally the magnetic reversal 
of magnetic nanoparticles, the angle dependence of magnetic reversal are often 
used.  
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  16.4.2.3   Thermal - Activation Effect on the Moment and Coercivity 
 The S – W model does not cover thermally activated behavior. In fact, the magnetic 
moment of single - domain ferromagnetic particles will decay towards thermal 
equilibrium under the effect of thermal energy. For a single - domain ferromagnetic 
particles with uniaxial anisotropy at zero applied fi eld and a certain temperature

( T  ), there are two minimum energy states separated by a energy barrier:   E
K V

k T
B

u

B

= , 

where  k B   is Boltzmann ’ s constant. When a magnetic fi eld  H  is applied to the 
nanoparticles,  E B   can be approximated by the following expression:
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 The fi eld  H  0  is defi ned simply as the fi eld at which the energy barrier is zero. 
The external applied fi eld will decrease the energy barrier until switching occurs, 
and thus  H  0  is also called the  “ switching fi eld ” ,  H  SW . Therefore,  x  can be expressed 
by:

   x = +( )−
sin cos

2
3

2
3

3
2θ θ     (16.7)   

 Preiffer has shown that the S – W model yields the approximation for  n :  [129] 

   n x= +0 86 1 14. .     (16.8)   

 When  H  is along the anisotropy axis of the particles,  x    =   1 and  n    =   2. For an 
assembly of noninteraction particles, the anisotropy axis is 2 - D randomly oriented, 
which corresponds to  θ    =   30 – 35 ° ;  n    =   1.43. Victora has reported the theoretical 
calculation that, with the fi eld not aligned with the anisotropy axis,  n  would be 
expected to be 1.5 for every general anisotropy, even including interaction  [130] . 
Generally, the exponent  n    =   1.5 is used to evaluate thermal fl uctuation for the 
nanoparticle with  H  not aligned with its anisotropy axis  [131] . 

 The probability of crossing the energy barrier per unit time can be expressed 
by:
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where  τ  is known as the  “ characteristic relaxation time ” . The moment  M ( t ) of the 
noninteracting particles assembly then decays exponentially with time from the 
initial saturated moment  M  0  as:
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 Due to thermal activation effects, the coercivity of a nanoparticle is dependent 
on the measuring time. Sharock  [131]  pointed out that the coercivity as function 
of time  t , where  t  is the time elapsed to cause switching half of the moments, can 
be expressed as:
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 It can be seen from Equation  16.11  that  H C  ( t ) decreases with increasing  t  and 
the smaller ( K u V / k B T  ), the higher rate of  H C  ( t ) decreases with increasing  t  . 

  16.4.2.4   Superparamagnetism in  Co  Nanoparticle System and 
its Direct Investigation 
 According to Equation  16.9 , when the energy barrier of the particle is decreased 
to certain value, the magnetization of the particle is free to align with the fi eld at 
a given temperature and certain measuring time window. This state is referred to 
as  “ superparamagnetic ”  because the particle behaves similarly to the paramagnetic 
spin but with a much larger magnetic moment. For example, if an arbitrary mea-
surement time is taken as be  τ    =   100   s and  f  0    =   10 9    s  − 1 , then the condition for 
superparamagnetism is

   K V k Tu B= 25     (16.12)   

 However, if the particles of a certain size were cooled below a critical tempera-
ture, the spins of the particles would be blocked (they would not relax during the 
time of measurement), and thus hysteresis would appear and superparamag-
netism disappear. This critical temperature is termed the  “ blocking temperature ”  
( T B  ), and is defi ned as:
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 The magnetization of a particle,  M ( B , T  ) is described by the Langevin function:

   

M H T M T
M T VH

k T

k T

M T VH

M T L
M T

S
S

B

B

S

S
S

, coth( ) = ( ) ( )⎛
⎝

⎞
⎠ −

( )
⎡
⎣⎢

⎤
⎦⎥

= ( ) ( ))⎛
⎝

⎞
⎠

VH

k TB

    (16.14)  

where  M S  ( T  ) is the spontaneous magnetization with temperature. The magnetiza-
tion curves at different temperatures fall into a single function when the magne-
tization is plotted against the applied magnetic fi eld divided by temperature ( H / T  ). 
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An imperfect  H / T  superposition can result from a broad distribution of particles 
size, changes in the spontaneous magnetization of the particles as a function of 
temperature, or anisotropy effects  [132] . The magnetization of superparamagnetic 
particles may be used to determine the mean particle size and width of the size 
distribution when a distribution form of the particles was given  [133, 134] . 

 The temperature - dependent magnetization,  M ( T  ), of a particle with given size 
exhibits a peak in the  zero - fi eld - cooled  ( ZFC ) magnetization at  T B  , but exhibits a 
gradual decrease in the  fi eld - cooled  ( FC ) magnetization. In particles assembly, the 
distribution of particle size may also cause a distribution of the blocking tempera-
ture  [135 – 137] . Other than the ZFC and FC curve characterizations of superpara-
magnetism, some direct investigations of superparamagnetism have also been 
proposed  [94] . Woods  et al.  suggested the direct probing of superparamagnetism 
in fi lms of self - assembled cobalt nanoparticles by measuring the spontaneous 
magnetic noise arising from these fi lms as a function of temperature  [94] . Nanopar-
ticle spin fl ips, induced by thermal energy, are directly sensed by a micro - SQUID 
technique, providing statistical information on the magnetic properties of millions 
of particles in the array. In this way, not only can the average anisotropy energy 
and width be determined, but the entire magnetic anisotropy energy distribution 
can also be extracted. This technique is a complete  “ magnetic fi ngerprint ” . 

 For superparamagnetic particles without interparticle interaction and having a 
simple bistable state, the magnetic noise power measured at temperature  T , cyclic 
frequency  ω , and distance  d  away, using a micro - SQUID method, is  [138, 139] :
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where  M  is the particle magnetization,  V  is the particle volume, and  τ  is the average 
cyclic fl ipping time for the moment. 

 For a distribution  D ( U ) of particle anisotropy energies, one fi nds for the noise 
power (approximating with use of an average prefactor to the Lorentzian in Equa-
tion  16.15 ):

   S T
e

e
D U dUB

U k T

U k T

B

B
ω τ

ω τ
,( ) ∝

+
( )

∞

∫ 0

2
0
2 20 1

    (16.16)   

 Based on Equation  16.16 , the noise power is a function of cyclic frequency and 
temperature. It was found from a plot of noise power as a function of frequency 
from a fi lm of 5   nm Co nanoparticles at various temperatures, that the noise 
decreases monotonically in the frequency window for each particular temperature, 
having an approximate form of  S B      ∼     f    −  α  . 

 Based on Equation  16.16 , the anisotropy energy distribution of Co nanoparticles 
can be found from the noise power according to:

   D k T
k T

S TB
B

B− ( )( ) ∝ ( )log ,ωτ ω
π

ω0
2

    (16.17)   



 618  16 Cobalt Nanomaterials: Synthesis and Characterization

 The noise power data as a function of temperature for both the 3   nm and 5   nm 
samples were used to derive their anisotropy energy distributions. At each fre-
quency, the distribution was calculated and normalized to make the total probabil-
ity under the distribution equal to unity. It was found from these data that the 
distribution for the 3   nm particles reached a peak at 4.35    ×    10  − 21    J, and had a  full -
 width half maximum  ( FWHM ) of approximately 110%, and a tail at high energies. 
For the 5   nm particles, the distribution was more symmetric, with a peak at 
1.22    ×    10  − 20    J, and a FWHM of approximately 64%. If it was assumed that the 
energy peak for each sample was that of a single - domain, spherical nanoparticle 
of nominal diameter, then  K  3nm    =   3.08    ×    10 5    J   m  − 3  and  K  5nm    =   1.87    ×    10 5    J   m  − 3 , which 
was in general agreement with other values derived for mt - fcc Co nanoparticles 
 [140, 141] .   

  16.4.3 
 Surface Effects of  Co  Nanoparticles 

  16.4.3.1   Moment Enhancement of Surface Atoms 
 The effects of the coordination numbers and local environment of Fe, Co, Ni 
atoms on magnetic moments were investigated by confi ning the Fe, Co, Ni atoms 
to various structures such as chains, surface, layers and crystals, and introducing 
impurities, vacancies and vacancy complexes using  ab  -  initio  tight - binding theory 
 [142] . Liu  et al . found that the magnetic moment per atom increased as the number 
of magnetic atoms in the near - neighbor shell (coordination number) decreased, 
this being due to the decrease in the overlap of nearby atomic orbitals as the 
coordination numbers decreased. The effect of vacancies on the nearest - neighbor 
magnetic atom tended to enhance this magnetic moment, again due to a decrease 
in the coordination number. The magnetism of free Fe, Co, Ni clusters consisting 
of several atoms to several hundreds of atoms was investigated using the Stern –
 Gerlach defl ection technique. These clusters show typical superparamagnetic 
behavior  [143 – 145] . The magnetic moment per atom increases with the applied 
fi eld and cluster size and is higher than the bulk value. 

 Respaud  et al.  studied the magnetic moment enhancement of Co nanoparticles 
of sizes 1.5   nm and 2.0   nm  [146] . The monodispersed nanoparticles of cobalt were 
prepared by an original method, using the decomposition under hydrogen of an 
organometallic precursor in the presence of a stabilizing polymer  [147] . Two col-
loids (Coll - I and Coll - II) were obtained by changing the organometallic concentra-
tion in the polymer. Observations with  high - resolution transmission electronic 
microscopy  ( HRTEM ) showed the Co particles to be well isolated and regularly 
dispersed in the polymer, but with a very narrow size distribution centered around 
1.5   nm (Coll - I) and 2   nm (Coll - II) diameter. These particles were superparamag-
netic above the  T B   of 9   K (Coll - I) and 13.5   K (Coll - II). In order to precisely deter-
mine the values of  <  μ  Co  > , magnetization loops of up to 5 T were measured, while 
for temperatures below  T B    [148]  a hysteristic behavior was observed. In order to 
confi rm that saturation was indeed achieved, an initial magnetization curve up 
to 35 T at 4.2   K was measured, with the results being analyzed by considering 
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the law of approach to saturation of an assembly of particles with uniaxial 
anisotropy:
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 The authors attempted to fi t the magnetization curves up to 35 T with Equation 
 16.18 , and included in Equation  16.18  a variation of the magnetic moment with 
the applied magnetic fi eld  M S  ( B ). By this, the average magnetic moment per cobalt 
( <  μ  Co (B) > ) atom could be deduced.  <  μ  Co (B) >  presented a variation in two stages 
for the two samples: a rapid stage in fi elds up to 3 – 4 T, and a quasilinear stage in 
fi elds up to 35 T. These increases were more signifi cant for the smallest particles 
(Coll - I with diameter of 1.5   nm).  

  16.4.3.2   Anisotropy Enhancement of  Co  Nanoparticles 
 It has long been discussed that the isotropic magnetic moment of a free atom is 
shown to develop giant magnetic anisotropy energy, due to symmetry reduction 
at an atomically ordered surface. Single cobalt atoms, when deposited onto plati-
num (111), are found to have a magnetic anisotropy energy of 9 millielectron volts 
(meV) per atom arising from the combination of unquenched orbital moments 
(1.1 Bohr magnetons) and strong spin – orbit coupling induced by the platinum 
substrate  [8] . By assembling cobalt nanoparticles containing up to 40 atoms, the 
magnetic anisotropy energy is further shown to be dependent on single - atom 
coordination changes. 

 Gambardella  et al.  deposited the Co atoms and particles in ultrahigh vacuum by 
using MBE on a clean Pt(111) surface. When the size effects on the magnetic 
anisotropy energy were studied, it was found that a clear increase in the angular 
moment,  L , and  magnetic anisotropy energy  ( MAE ),  K , was observed as the particle 
size was reduced. The enhancement of MAE was mainly due to the unquenched 
angular moment and the strong coupling between the spin moment and the 
angular moment. A strong enhancement of magnetic anisotropy perpendicular 
to the fi lm plane was also observed in very thin Co fi lms, which results from 
similar effects  [8] . These have also been observed by many other research groups 
 [149 – 152] . 

 It has been shown above that, for very small clusters, the magnetic properties 
become dominated by the properties of the surface atoms  [152] . It is logical then, 
that  K  is affected by the interaction of these atoms with their surroundings. This 
effect has been observed for thin fi lms, the anisotropy and magnetization of which 
depend heavily on the type of substrate on which they grow  [153, 154] . For clusters, 
the magnetic properties would be modifi ed by the surroundings, such as a metal 
capping layer  [155] . Such modifi cation of magnetic properties by metal capping 
layers has been demonstrated by Luis  et al .  [155] , who prepared nanometer - sized 
Co clusters by sequential sputter deposition of Al 2 O 3  and Co layers on a Si sub-
strate. The capped clusters were easily prepared by depositing a 1.5   nm - thick layer 
of a noble metal M (Cu or Au) onto the preformed clusters  [156, 157] . In order to 
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obtain good signal quality, the samples were usually made by piling up a number 
( N ) of these Co/Al 2 O 3  or Co/M/Al 2 O 3  repetition units. It was found from the hys-
teresis loops that the capping process makes the loops signifi cantly broader: for 
 D    =   1.8   nm, the coercive fi eld  μ  0  H  c  was found to increase from 50   mT for clusters 
in alumina to 73   mT for Cu - capped clusters, and to 320   mT for Au - capped clusters. 
These data indicated that capping with a noble metal makes the clusters magneti-
cally harder; the same trend was observed for samples with varying cluster size  D . 

 The  K u   of uncapped and capped clusters has also been studied as a function of 
 D . In agreement with previous results  [153] ,  K u   largely exceeds the bulk value for 
fcc Co and increases as  D  decreases; this size dependence indicates that  K u   is 
enhanced at the cluster surface. A separation between the surface and core atoms 
has proven useful in our understanding of the electronic structure of Co and other 
fcc metal (Au, Pt) clusters. Within this simple core – shell picture,  K u   is described 
by

   K f K f Ku surface bulk= × + −( )1 ,     (16.19)  

where  K surface   refers to surface atoms,  K bulk     =   7    ×    10 4    J   m  − 3  is the contribution arising 
from the bulk anisotropy of fcc Co  [152] , and  f     ≈    1    −    (1    −     a / D ), where  a    =   0.4   nm 
and is the fraction of surface atoms in a fcc cluster. For the smallest clusters 
(1   nm), almost 80% of the atoms (of order 55) lie at the cluster ’ s interface with the 
surrounding matrix. This simple model enables us to obtain an estimate 
for  K surface   and to study how it is modifi ed by the capping. For uncapped clusters, 
 K surface      ≈    25    K bulk  , while for Cu - capped clusters  K surface      ≈    40    K bulk  , that is, about 60% 
larger than for clusters in pure alumina, whereas capping with Au makes it almost 
three times larger ( K surface      ∼    70    K bulk  ).  

  16.4.3.3   Exchange Bias Between the Core and the Oxidized Surface 
in  Co  Nanoparticles 
 Exchange bias refers to the unidirectional pinning of a  ferromagnetic  ( FM ) layer 
by an adjacent  antiferromagnetic  ( AF ) layer. The exchange coupling of ferromag-
netic and antiferromagnetic fi lms across their common interface causes a shift in 
the hysteresis loop. Unidirectional anisotropy and exchange bias can be qualita-
tively understood by assuming an exchange interaction at the AF/FM interface 
 [158] . When materials with FM/AF interfaces are cooled through the N é el tem-
perature ( T  N ) of the AF, an anisotropy is induced in the FM  [159, 160]  (with the 
Curie temperature of the FM,  T  C , larger than  T  N ).When a fi eld is applied in the 
temperature range  T  N     <     T     <     T  C , the FM spins align with the fi eld, while the AF 
spins remain random. When cooling to  T     <     T  N , in the presence of the fi eld, the 
AF spins next to the FM align ferromagnetically to those of the FM due to the 
interaction at the interface (assuming ferromagnetic interaction). The other spin 
planes in the AF  “ follow ”  the AFM order so as to produce zero net magnetization. 
When the fi eld is reversed, the FM spins start to rotate. However, for suffi ciently 
large AF anisotropy, the AF spins remain unchanged. Therefore, the FM/AF 
interfacial interaction tries to align the FM spins with the AF spins at the interface 
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and keep them in their original position. Because an extra fi eld is needed to over-
come the interfacial coupling, the fi eld needed to completely reverse an FM layer 
will be larger. Therefore, the FM spins have one single stable confi guration    –    that 
is, the anisotropy is unidirectional. However, once the fi eld is rotated back to its 
original direction, the FM spins will start to rotate at a smaller fi eld, due to the 
ferromagnetic interaction with the AF spins. The material behaves as if there was 
an extra (internal) biasing fi eld. Therefore, the FM hysteresis loop is shifted in the 
fi eld axis    –    that is, exchange bias. This phenomenon was fi rst discovered in partially 
oxidized Co particles in 1956 by Meiklejohn and Bean  [161] , and subsequently 
investigated by many other research groups  [162 – 164] .   

  16.4.4 
 Summary 

 In this section, we have attempted to review some of the magnetic properties of 
Co nanoparticles and their assembly, including fi nite size effects and surface 
effects. Due to there being too many aspects of magnetic nanoparticles, it was not 
possible to cover the topic in an exhaustive manner, and a selection of the most 
important properties was thus chosen to provide information to the reader. None-
theless, it is hoped that the stimulating conjunctures in this chapter will encourage 
further exploration of this exciting area.   

  16.5 
 Summary and Outlook 

 In this chapter, an overview on the synthesis and characterization of cobalt - based 
nanoparticles has been provided. Various techniques used to characterize the 
nanoparticles have been presented, together with details of their synthesis and a 
discussion of their magnetic properties. As the fi eld of nanotechnology continues 
to gather momentum on a daily basis, the potential applications of these materials 
will clearly lead to intensive research being conducted in this area for many years 
to come. Although, at present the full potential of these nanoparticles may not yet 
have been realized (e.g., as data storage media), it is strongly believed that areas 
such as biotechnology will, in time, utilize these nanoparticles in a highly effective 
manner.  
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IEP see isoelectrophoresis
IgE see immunoglobulin E
IgG see immunoglobulin G
imaging 209–244
– atherosclerosis 152
– blood pool 151–152
– bone marrow 148–149
– bowel 145–146
– brain 149–151
– cancer see cancer imaging
– gastrointestinal tract 145–146
– invasive 553–554
– liver 146–147
– lymph node 147–148
– lymphotropic nanoparticle-enhanced 

magnetic resonance 215
– magnetic force microscopy 553–554
– magnetic resonance see magnetic 

resonance imaging
– molecular 154–159
– nanospheres 372–375
– noninvasive 554–555
– optical 219–224
– spleen 146–147
– targeted 137–138
imaging agents 214–232
imaging hardware, improved 161
imaging methods, improved 160
immunoassay improvements
– by MLNPs 199
– by MNPs 198–199
immunoassays
– magnetophoretic sandwich 89–92
– magnetosomes 420
– microfl uidic see microfl uidic 

immunoassays
– multiplexed magnetophoretic 

97–102
– see also assay systems

immunoglobulin E (IgE), detection 
94–97

immunoglobulin G (IgG)
– detection 90–91, 98–102
IMP see isomagnetophoresis
imprintation, poly(MMA-co-EGDMA)

coating 380
in vitro diagnostics 197–202
– Brownian relaxation frequency 

measurements 201–202
– immunoassay improvements 198–199
– magnetic relaxation switch 

biosensors 199–200
in vivo diagnostics, MRI 194–196
infrared spectroscopy, cobalt 

nanomaterials 597–598
inorganic coatings, surface 

modifi cation 133–136
inorganic cores
– with inorganic shell 264
– with organic shell 263
inorganic materials, biogenic 405–407
inorganic stabilization 319–324
invasive imaging, magnetic force 

microscopy 553–554
iodinated polymer coating 374–375
ion channel activation 294
ions, detected by MRSW biosensors 

32–34
iron oxide nanocapsules 453–455
iron oxide nanomaterials 442–457
– biofunctionalization 507
– ferrofl uids 459–461
– magnetic behavior 457–479
– preparation 314
– spherical and anisometric 457–463
– synthesis and magnetic 

behavior 457–479
iron oxide nanowires 474–475
iron oxide–silica particles, 

fl uorescent 452–453
isoelectrophoresis (IEP) 107
isomagnetophoresis (IMP) 107–111
IST direct investigation, cobalt 

nanoparticles 616–618

l
laser-induced hyperthermia/thermal ablation 

therapy 278
laser pyrolysis, core–shell magnetic 

nanomaterials 263
lateral fl ow diagnostic devices 64–66
lateral resolution, magnetic force 

microscopy 568–569
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LHRH see luteinizing hormone-releasing 
hormone

life sciences, application of MFM 
576–578

ligand-directed MNPs, for cancer 
imaging 225–228

ligand exchange
– dendrimers 532
– nanoparticle functionalization 511–513
ligand modifi cation, organic 318–319
ligands
– systematic evolution of see SELEX
– targeting 376–379
lipid micelles coating 373–374, 379–380
lipids, nanoparticle 

functionalization 530–533
liposomes, magnetic cationic 276
liquid-phase chemical 

precipitation 603–612
liver, tissue enginering 302
liver and spleen imaging 146–147
LNMRI see lymphotropic nanoparticle-

enhanced magnetic resonance imaging
lung, tissue enginering 301
luteinizing hormone-releasing hormone 

(LHRH) 236
lymph node imaging 147–148
lymph node-targeting MNPs 231
lymphotropic nanoparticle-enhanced 

magnetic resonance imaging 
(LNMRI) 215

m
mAbs see monoclonal antibodies
MACS see magnetic-activated cell sorting
maghemite (γ-Fe2O3)
– anisometric particles 462–463
– nanotubes 455
– synthesis 260–270
– see also core–shell magnetic nanomaterials
magnetic-activated cell sorting (MACS) 78
magnetic alloy nanomaterials
– characterization 489–502
– spherical and anisotropic 489–502
– synthesis 489–502
magnetic anisotropy energy 435–436
magnetic bacteria, 

biomineralization 407–419
magnetic cationic liposomes, passive 

targeting 276
magnetic composite nanoparticles, 

fl uorescent 453
magnetic core, formation of 260–263

magnetic core–polymer shell 
nanoparticles 347–348

magnetic domain structure, 
size-dependent 614–615

magnetic early transition metal alloy 
nanoparticles 500–502

magnetic energy sources, comparison 
of 84

magnetic fi eld gradient separation 
327–330

magnetic-fl uid-aminosilane(MFL AS)-coated 
nanoparticles 237–239

magnetic fl uid-induced hyperthermia 
(MFH) 237–239

magnetic force microscopy 
(MFM) 551–580

– calibration samples 567–568
– cantilever oscillation 556–558
– cantilevers and probes 562
– characterization of MNPs 551–580
– comparison to other techniques 553–555
– development 551–553, 578–580
– dynamic mode 556–559
– external magnetic fi elds 579
– FIB probes 564–565
– forces 559–560
– lateral resolution 568–569
– life sciences 576–578
– limitations 577–578
– magnetic interaction 559–560
– modes 555–559
– noise 560–562
– noninvasive imaging 554–555
– physical principals 555–560
– probe calibration 565–568
– probes 562, 564–565
– quantitative calibration 566–567
– recent developments 578–580
– resolution 568–569
– Si probes 563–564
– signals 561–562
– static mode 555–556
– technique developments 579–580
– thermal noise 560–562
– thin-fi lm-coated Si probes 563–564
– topographic signals 561–562
– vertical resolution 569
– wire probes 563
magnetic ion channel activation (MICA) 

bioreactor 295
– bone tissue engineering 297–298
magnetic iron oxide–silica particles, 

fl uorescent 452–453
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magnetic luminescent nanoparticles 
(MLNPs), immunoassay 
improvements 199

magnetic metal oxide nanoparticles, 
synthetic strategies 313–317

magnetic metal oxides 440–442
magnetic microspheres
– bio-barcode assays 66
– spectrally encoded suspension 

arrays 66–72
magnetic nanomaterials
– alloy see magnetic alloy nanomaterials
– anisometric metal oxide see anisometric 

metal oxide magnetic nanomaterials
– anisotropic see anisotropic magnetic alloy 

nanomaterials
– cobalt see cobalt nanomaterials
– core–shell see core–shell magnetic 

nanomaterials
– ferromagnetic see ferromagnetic 

materials
– oxide see oxide nanomaterials
– spherical iron oxide see spherical iron 

oxide nanomaterials
magnetic nanoparticle suspensions, 

properties and characterization 138–145
magnetic nanoparticles (MNPs)
– novel 231–232
– physico-chemical 

characterization 212–214
– physico-chemical properties 190–191
magnetic particles, and magnetism 56–58
magnetic relaxation switch ... see also 

MRSW ...
magnetic relaxation switch biosensors
– agglomeration-based sensing 6–7
– characterization 36–38
– demonstrations 20–36
– detecting cells 34–36
– detecting enzymes 25–29
– detecting ions 32–34
– detecting nucleic acids 21–23
– detecting proteins 24–25
– detecting small molecules 30–32
– detecting viruses 29–30
– for multi-sample analysis 199–200
– T2 sensitivity of MRSW particles 8–18
– kinetics 18–20
– measurement enhancement 

methods 38–42
– methods development 36–42
– micro-NMR 42–46
– nanomaterials-based 3–46

– preparation 36–38
– reagent synthesis 36–38
– sensitivity enhancement methods 38–42
– superparamagnetic nanoparticles 4–6
magnetic resonance force microscopy 555
magnetic resonance imaging (MRI) 

145–159, 214–219
– functional 119–120
– in vivo diagnostics 194–196
– lymphotropic nanoparticle-enhanced 215
– MNPs 219–224
– monitoring of treatment 196–197
– principles 194
– specifi c targeting of tumors 195–196
– with core–shell magnetic 

nanomaterials 270–273
– see also MRI
magnetically encoded suspension arrays, of 

magnetic microspheres 70–72
magnetism, and magnetic particles 56–58
magnetite (Fe3O4)
– nanotubes 455
– PDMS nanoparticles 466–468
– spherical 457–459
– synthesis 260–270
– see also core–shell magnetic nanomaterials
magnetization
– thermoremanent 439–440
– zero fi eld-cooled and 

fi eld-cooled 438–439
magneto-polymeric nanohybrids 

(MMPNs) 234–236
Magnetobacterium bavaricum 411
magnetometric assays, use of MNPs 58
magnetometry, magnetic properties of 

contrast agents 139
magnetophoresis
– design and microfabrication 

processes 83–85
– experimental set-up 85–88
– fundamentals 80–81
– in microfl uidic devices 83–88
– measurement and analysis 88
magnetophoretic assay systems, in disease 

diagnosis 93–97
magnetophoretic biosensing 77–112
– high-gradient magnetic separation 81–83
– magnetic properties of materials 79–80
– magnetophoresis 80–81
– sandwich immunoassay 89–92
– theory 79–83
magnetophoretic immunoassay systems, 

comparison with a CAP system 96–97
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magnetophoretic sandwich 
immunoassay 89–92

magnetophoretic separation 102–111
– cell separation and analysis 102–104
– high-gradient magnetic separation 81–83
– magnetic properties of materials 79–80
– magnetophoresis 80–81
– of nanomaterials 104–107
– SWCNTs 104–106
– theory 79–83
magnetoresistive sensors 58–59
magnetosomes 399–422
– biomedical 422–424
– characterization 412–415
– formation 415
– magnetic properties 402
– progress and applications of novel 

materials 419–422
– requirements for particles 400–405
– see also bacterial magnetosomes
Magnetospirillum magnetotacticum 409
– genetics 417
– protein analyses 416
Magnetospirillum vibros 412
maleic anhydride-alt-1-tetradecene, 

crosslinked 373–374
MAP see Mycobacterium avium 

paratuberculosis
MBE see molecular beam epitaxy
mechanotransduction, tissue 

engineering 293–295
medical applications see biomedical 

applications
MEIO see engineered iron oxide 

nanoparticles
mesenchymal stem cells (MSCs), labeling 

with SPIOs 300
mesoporous γ-Fe2O3/SiO2 

nanocomposites 472–473
metal-based nanoparticles, MRI contrast 

agents 125–126
metal oxide nanoparticles
– magnetism in 433–442
– synthesis and characterization 431–479
– synthetic strategies 313–317
metal salts precipitation, water 443–445
methoxyPEG-Aspn coating 363
4-methylcatechol-coated MNPs 355–357
MFH see magnetic fl uid-induced 

hyperthermia
MFL AS see magnetic-fl uid-aminosilane
MFM see magnetic force microscopy
MICA see magnetic ion channel activation

micelles coating 373–374
micro-NMR, MRSW biosensors 42–46
microbeads, fl uorescent 92
microemulsions 317
– core–shell magnetic nanomaterials 262
– metal salts precipitation 447–448
microfl uidic particle sorting, principles 103
microfl uidic immunoassays 89
– detection of IgE 94–97
– detection of IgG 90–91, 98–102
– using SMNPs 89
microfl uidic magnetophoresis, experimental 

set-up 87
microparticles (MP), T2 sensitivity 

enhancement 41–42
microscopic system, CCD-mounted 85
microscopy see see different types
MIONs see monocrystalline iron oxide 

nanoparticles
MLNPs see magnetic luminescent 

nanoparticles
MMPNs see magneto-polymeric 

nanohybrids
MNP see magnetic nanoparticles
MNP synthesis, coating 350–357
MNPs-directed toxicity 240–242
molecular beam epitaxy (MBE) 601
molecular imaging 154–159
monoclonal antibodies (mAbs), tumor 

targeting 196
monocrystalline iron oxide nanoparticles 

(MIONs) 5
monolayer reactions, nanoparticle 

functionalization 515–516
monomeric stabilizers 129–130
mononuclear phagocyte system (MPS), 

nanoparticle removal 350
MP see microparticles
MPEG-COOH-coated MNPs 354–355
MPS see mononuclear phagocyte system
MR angiography 151–152
MR lymphangiography (MRL) 231
MR pulse sequences 13–14
MRI ... see also magnetic resonance imaging
MRI contrast agents 119–163
– application of magnetic 

nanomaterials 145–159
– approved for clinical applications or 

clinically tested 123
– atherosclerosis imaging 152
– blood pool imaging and MR 

angiography 151–152
– bone marrow imaging 148–149
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– brain imaging 149–151
– cellular labeling and tracking 152–154
– classifi cation 121–128
– coating and surface 

functionalization 129–138
– current clinical applications 145–152
– different generations of 271–273
– gastrointestinal tract and bowel 

imaging 145–146
– improved 161–163
– liver and spleen imaging 146–147
– lymph node imaging 147–148
– magnetic oxide-based 

nanoparticles 122–125
– magnetometry 139
– molecular imaging 154–159
– NMR dispersion 141
– photon correlation spectroscopy 140
– potential clinical applications 152–159
– properties and characterization 138–145
– SPIOs 195
– TEM 139
– vectorization for targeted 

imaging 137–138
MRL see MR lymphangiography
mRNA, detected by MRSW biosensors 22
MRSW ... see also magnetic relaxation 

switch ...
MRSW multiplexing 45
MRSW particles, T2 sensitivity 8–18
MSCs see mesenchymal stem cells
multi-sample analysis, with magnetic 

relaxation switch biosensors 199–200
multiplexed detection 55–72
multiplexed magnetophoretic 

immunoassay 97–102
Mycobacterium avium paratuberculosis 

(MAP), detected by MRSW 
biosensors 34–35

myeloperoxidase (MPO), detected by MRSW 
biosensors 28

n
nanocapsules 453–455
nanocomposites
– magnetic properties 468–472
– ordered mesoporous γ-Fe2O3/

SiO2 472–473
nanomagnet detection 552
nanomaterials
– magnetic see magnetic nanomaterials
– magnetic properties 79–80
– role in environmental detection 311–313

nanoparticle–analyte aggregates 7
nanoparticle clusters, and SPM 

theory 143–144
nanoparticle dispersions 

(ferrofl uids) 459–461
nanoparticle-polymer materials, 

comparison 523–525
nanoparticles (NP)
– core–shell see core–shell nanoparticles
– magnetic see magnetic nanoparticles
– superparamagnetic 4–6, 571–576, 

616–618
nanospheres 380–389
– imaging 372–375
– targeting and recognition 

capability 375–380
nanowires and nanotubes
– Fe3O4 475–477
– iron oxide 474
– maghemite and magnetite 455
– solid template 455–456
– soluble template 456
nervous tissue, engineering 302–303
nickel electroplating, microfl uidic 

magnetophoresis 86
NMR see nuclear magnetic resonance
NMRD see nuclear magnetic resonance 

dispersion
noble metal alloy nanoparticles 490–500
non-optical methods, cantilever 

detection 578–579
nonelectrochemical methods 334
nonhydrolytic organometallic thermolysis, 

cobalt nanomaterials 609
noninvasive imaging, magnetic force 

microscopy 554–555
NP see nanoparticles
NP-PEG-CTX, in MRI 218
NP-PEG-SIA, in MRI 218
nuclear magnetic resonance (NMR) 

detection
– micro-NMR 42–46
– principle 9
nuclear magnetic resonance dispersion 

(NMRD), measuring magnetic resonance 
properties 141

nucleic acids, detected by MRSW 
biosensors 21–23

o
Oersted treatment level 241
opsonization 191
optical imaging, MNPs 219–224
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organometallic thermolysis, cobalt 
nanomaterials 609

oxide nanocapsules 453–455
oxide nanomaterials 122–125, 433–442
– biofunctionalization 507
– spherical and anisometric 457–463
– synthesis and characterization 431–479
– synthesis and magnetic 

behavior 457–479
oxidized surface, exchange bias in cobalt 

nanoparticles 620

p
paramagnetic materials 571–576
– properties 79
particle size
– by TEM 139
– effect of synthesis conditions 349
– effect on magnetic properties 466–468
particle size and shape, requirements for 

biomedical applications 402
particle sorting, by microfl uidic 

technology 103
particles see magnetic nanoparticles; 

nanoparticles
passivation, less common methods 324
passive targeting, core–shell magnetic 

nanomaterials 275–276
PCL see poly(ε-caprolactone)
PCS see photon correlation spectroscopy
PDMS see poly(dimethylsiloxane)
PECA see poly(ethyl-2-cyanoacrylate)
– cisplatin loaded 382–384
PEG ... see also poly(ethylene glycol)
PEG coating
– coprecipitation method 353–354
– dopamine 361
– free radical copolymerization 363
– silane 360
PEG-PAsp coating 362
PEG-PEI, lipid micelles coating 373–374
PEGMA coating 368
PEI, gene delivery 388–389
peptides, active targeting 277
pharmacokinetic profi le, of MNPs 212–214
phase transfer, hydrophobic–hydrophilic 

450–451
PHDCA-PEI, doxorubicin loaded 386
D-phenylalanine (D-Phe), detected by 

MRSW biosensors 30–31
phospholipid coating 379–380
photoelectron spectroscopy, cobalt 

nanomaterials 596

photon correlation spectroscopy (PCS), 
measuring hydrodynamic size 
140

plasma stability, of MNPs 212–214
PLGA
– QD- and DOX-loaded 386–388
– taxol loaded 381
PLGA coating 372–373, 379
PLLA, tamoxifen loaded 381–382
PLLA coating 372–373
PMMA see poly(methyl methacrylate)
pollution detection, high-surface-area 

sorbent materials 329
poly(ε-caprolactone) (PCL) 

nanoparticles 231, 382–384
– tamoxifen loaded 381–382
poly(L-lysine) coating 364
poly(alkylcyanoacrylate) 384–386
poly(dimethylsiloxane) (PDMS)
– effect of particle size and particle size 

distribution 466–468
– micromolding 83–86
poly(ethyl-2-cyanoacrylate) (PECA) 

nanoparticles 230–231
poly(ethylene glycol) (PEG)
– polymer coatings 192
– see also PEG
poly(maleic 

anhydride-alt-1-tetradecene) 373–374
poly(methyl methacrylate) (PMMA) particles, 

detected by IMP 108–111
poly(MMA-co-EGDMA) coating 380
poly(styrene-co-acrylic acid) coating 375
polyamidoamine (PAMAM) 389
polymer adsorption, onto preformed 

MNPs 357–359
polymer-assisted approach, cobalt 

nanomaterials 605
polymer coating 191–193, 350–357
– iodinated 374–375
polymer encasement 319
polymer grafting 359
polymer shell nanoparticles 350–371
– biofunctionalization 522–530
polymeric matrix, encapsulation of 

MNPs 371–389
polymeric stabilizers 319
– surface modifi cation 130–133
polymethylmethacrylate 473–474
polypyrrole coating 376–377
polysaccharide dextran, polymer 

coatings 192
polysaccharide structures 526
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polystyrene (PS) particles, detected by 
IMP 108–111

polyvinyl pyrrolidone (PVP), cobalt 
nanomaterials 606

PPY coating, herceptin 377–379
precipitation 403–405
– metal salts 443–445
preconcentration 327–330
– enhanced electrochemical 

detection 330–334
preformed MNPs
– grafting of polymer 359
– modifi cation 357–371
– physical adsorption 357–359
probe calibration
– MFM 565–568
– quantitative 566–567
proteins, detected by MRSW 

biosensors 24–25
proteomics, bacteria 

characterization 416–417
PS see polystyrene

q
quantum dots (QDs)
– in optical imaging 220
– PLGA loading 386–388

r
radioimmunonanoparticles 

(RINPs) 228–229
rare earth metal-loaded nanoparticles, MRI 

contrast agents 126–128
rare earth oxide nanocrystals, MRI contrast 

agents 125
RBCs see red blood cells
RCA see rolling circle amplifi cation
recognition capability, 

nanospheres 375–380
red blood cells (RBCs), in magnetic 

fi eld 83
relaxation
– Brownian 201–202
– in the presence of superparamagnetic 

nanoparticles 141–143
– see also magnetic relaxation switch 

biosensors; T2 relaxation
relaxation time measurements, general 

application 144–145
relaxivity
– classifi cation of MRI contrast 

agents 121–122
– longitudinal and transverse 14–15

resolution (MFM)
– lateral 568–569
– vertical 569
reticuloendothelial system (RES) 191
– coating of MNPs 213
reversal, of Co nanoparticles 614–615
RGD see Arg-Gly-Asp
RGD-USPIO particles 215–217
RNA, short interfering 236
RNPs see radioimmunonanoparticles
rolling circle amplifi cation (RCA), DNA 

sequence detection 201
rotating discs 63

s
safety aspects, and biomedical 

applications 401–402
salts precipitation, water 443–445
sandwich immunoassay, 

magnetophoretic 89–92
scaffolds
– tissue engineering 296–297, 303
scanning electron microscopy 

(SEM) 590–593
SCLC see small cell lung cancer
second-generation MRI contrast 

agents 271–273
selective capture, analyte 327
SELEX (systematic evolution of ligands by 

exponential enrichment), cell-based 203
SEM siehe scanning electron microscopy
semiconductor shells, 

encapsulation 519–522
sensors
– agglomeration-based 6–7
– magnetoresistive 58–59
– see also biosensors
separating and mixing, magnetic 

particles 58
separation
– chemical 324–327
– magnetophoretic see magnetophoretic 

separation
– MNPs 324–336
– of analytes 324–336
short interfering RNAs (siRNAs) 236
SHU-555C (Supravist®), clinical 

applications 123
Si probes
– coated 563–564
– magnetic force microscopy 563–564
silane
– nanoparticle functionalization 513–515
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– PEG coating 360
silica (SiO2)
– encapsulation 517–518
– fl uorescent 452–453
– inorganic stabilization 319–324
– nanoparticle functionalization 517–519
silica coating 320
– core–shell magnetic 

nanomaterials 266–270
silica core, coated with gold 

nanoshell 464–466
silica nanocomposites, magnetic 

properties 468–472
siloxanes, nanoparticle 

functionalization 513–515
single-walled carbon nanotubes (SWCNTs), 

separation 104–106
siRNAs see short interfering RNAs
size-dependent magnetic domain structure, 

cobalt nanoparticles 614–615
skin, tissue engineering 300–301
small cell lung cancer (SCLC) cells, aptamer 

application 204
small molecules, detected by MRSW 

biosensors 30–32
small particles, magnetism 436–440
SMNPs see superparamagnetic 

nanoparticles
sol–gel autocombustion technique, 

cobalt ferrite–silica 
nanocomposites 468–472

sol–gel process, metal salts 
precipitation 445–447

solid nanotube template 455–456
soluble nanotube template 456
solvothermal synthesis, cobalt 

nanomaterials 608
spectrally encoded suspension arrays, of 

magnetic microspheres 66–72
spherical and anisometric metal oxide 

magnetic nanomaterials, 
characterization 431–479

spherical iron oxide nanomaterials
– biofunctionalization 507
– synthesis methods 442–457
spherical iron oxide particles 457–463
spherical magnetic alloy 

nanomaterials 489–502
spherical magnetite (Fe3O4) 

nanoparticles 457–459
spherical metal oxide magnetic 

nanomaterials, synthesis and 
characterization 431–479

spherical nanoparticle dispersions 
(ferrofl uids) 459–461

spherical nanoparticles, synthesis 443–449
spherical particles 451–455
spin dephasing 9
spin echo sequences 13–14
spin valve sensors 59
spinel structure, magnetic metal 

oxides 440
SPIO see superparamagnetic iron oxide
SPM theory, applied to suspensions of 

nanoparticle clusters 143–144
spray pyrolysis, core–shell magnetic 

nanomaterials 262
SQUID see superconducting quantum 

interference device
stabilization
– DLVO theory 600
– of MNP surfaces 129–136
stable iron oxide spherical nanoparticle 

dispersions (ferrofl uids) 459–461
starch-coated MNPs 352–353
stem cells
– mesenchymal 300
– targeting 303
super exchange, cooperative 

magnetism 434
superconducting quantum interference 

device (SQUID) magnetometry 553
superparamagnetic iron oxide nanoparticles 

(SPIONs) 4–5
– as MRI contrast agents 195
– inside a magnetic fi eld 10
– MRI applications 122–125
– thermally crosslinked 221–222
superparamagnetic nanoparticles 

(SMNPs) 4–6, 571–576
– and NMR relaxation 141–143
– Co 616–618
– in immunoessays 89
superparamagnetism, physics 437
surface adsorption 509–511
surface atoms, moment 

enhancement 618–619
surface coating
– and chemistry 211–212
– for improved biocompatibility and 

bioavailability 191–193
surface-imprintation 380
surface-initiated polymerization 527
surface modifi cation 211–214
– using inorganic coatings 133–136
– using polymeric stabilizers 130–133
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– with monomeric stabilizers 129–130
surface plasmon resonance, iron oxide 

nanoparticles 324
surface properties, effect of synthesis 

conditions 349
surfactant-assisted dehydration 450–451
surfactant-assisted hydrothermal 

treatment 448–449
surfactant-assisted ultrasound 

irradiation 449
surfactant effect, ferrofl uids 461–462
survival rates, in hyperthermia 239
suspension arrays, spectrally 

encoded 66–72
SWCNTs see single-walled carbon 

nanotubes
synthesis
– alloy-based nanoparticles 490–500
– and functionalization 313–324
– and surface modifi cations 211–214
– anisometric metal oxide magnetic 

nanomaterials 442–456
– bacterial 399–422
– cancer imaging 211–212
– cobalt-based nanoparticles 598–612
– core–shell magnetic 

nanomaterials 260–270
– correlations 457–479
– effect on particle size and surface_

properties 349
– environmental applications 313–324
– hydrothermal see hydrothermal synthesis
– iron oxide nanomaterials 457–479
– maghemite (γ-Fe2O3) 260–270
– magnetite (Fe3O4) 260–270
– metal oxide nanoparticles 431–479
– oxide nanomaterials 431–479
– physical methods 601–602
– spherical and anisotropic_iron oxide 

nanomaterials 508–533
– spherical iron oxide 

nanomaterials 442–457
– spherical metal oxide magnetic 

nanomaterials 431–479
– spherical nanoparticles 443–449
– transition metal alloy 

nanoparticles 500–502
synthesis methods
– general 403
– primary 348–350
synthesis/processing methods, classifi cation 

of 211
synthetis strategies 313–317

t
T2 relaxation
– and nanoparticle size (theoretical 

model) 14–18
– detecting 11–14
– fundamentals 8–11
T2 sensitivity, of MRSW particles 8–18
tamoxifen 381–382
targeted cancer therapy 232–242
– brain tumor therapy 232–234
– breast cancer therapy 234–236
– hyperthermia and thermal 

ablation 237–240
targeted imaging, vectorization of magnetic 

nanomaterials 137–138
targeting
– nanospheres 375–380
– novel MNPs 231–232
targeting ligands 379–380
– arginine peptide 379
– herceptin 377–379
– polypyrrole coating 376–377
taxol, PLGA 381
TCL-SPIONs see thermally crosslinked 

SPIONs
tegafur 384–386
TEM see transmission electron microscopy
temperature decomposition see thermal 

decomposition
temperature-responsive polymers, 

coating 365
theranostic approach 240
therapy 187–281
– brain tumor 232–234
– breast cancer 234–236
– cancer see cancer therapy
– core–shell magnetic 

nanomaterials 259–281
– hyperthermia/thermal ablation 278
– thermo- 237–240
thermal ablation
– MNPs as heating mediators 237–240
– with core–shell magnetic 

nanomaterials 273–279
thermal activation effect, moment and 

coercivity 615–616
thermal decomposition 405
– metal oxide nanoparticles 315–317
– 4-methylcatechol-coated 355–357
– MPEG-COOH-coated MNPs 

354–355
– triethylene glycol-coated mnps 355
– see high-temperature decomposition
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thermally crosslinked SPIONs (TCL-
SPIONs), in optical imaging 221–222

thermolysis, nonhydrolytic 
organometallic 609

thermoremanent magnetization 
(TRM) 439–440

thermotherapy 237–240
third-generation MRI contrast 

agents 271–273
tissue engineering 291–303
– cell seeding 296–297
– mechanotransduction 293–295
toxicity, MNPs-directed 240–242
transferrin-mediated gene delivery 388–389
transition metal alloy nanoparticles, 

synthesis 500–502
transmission electron microscopy (TEM)
– cobalt nanomaterials 588–590
– measuring nanoparticle size 139
treatment, surfactant-assisted 448–449
triethylene glycol-coated MNPs 355
– decomposition 355
TRM see thermoremanent magnetization
tube-in-tube nanostructures 477
tumor targeting, for MRI 195–196

u
ultrasmall paramagnetic iron oxide (USPIO) 

particles 209
– MRI applications 122–124

– RGD 215–217
ultrasmall SPIO (USSPIO) particles 5
ultrasound irradiation, 

surfactant-assisted 449

v
vectorization, magnetic nanomaterials for 

targeted imaging 137–138
vertical resolution, MFM 569
viruses, detected by MRSW 

biosensors 29–30
VSOP-C184, clinical applications 123

w
water, metal salts precipitation 443–445
wet synthetic techniques, biomedical 

functional MNPs 404
white blood cells (WBCs), in magnetic 

fi eld 83
Wiedemann’s additivity law 108
Wilcoxon rank sum comparisons 242

x
X-ray diffraction (XRD), cobalt 

nanomaterials 598
X-ray photoelectron spectroscopy (XPS), 

cobalt nanomaterials 596

z
zero fi eld-cooled magnetization 438–439
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