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1
Nanomaterials-Based Magnetic Relaxation Switch Biosensors

Tom Lowery

1.1
Introduction

Magnetic nanoparticles or microparticles can serve as magnetic relaxation switches
(MRSws) 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 fields of appli-
cation, including medical diagnostics, environmental sensing, and homeland
security.

The MRSw technology draws on the unique combination of scientific fields 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.

Nanomaterials for the Life Sciences Vol. 4: Magnetic Nanomaterials. Edited by Challa S. S. R. Kumar
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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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;O,) and maghemite (y-Fe,O;), which have similar
magnetic properties. These iron oxide cores, which typically are less than 14nm
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(IIl) 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 field, and this results in a microscopic dipolar magnetic field surround-
ing the iron crystal. Upon removal of the external magnetic field, the magnetic
moments of these cores randomize, leading to a complete dissipation of the
induced magnetic field [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
~2nm (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 300nm
and 3.5um are referred to as oral-SPIO because they were first used for in vivo
imaging via oral delivery, such as the silane-coated contrast agent ferumosxsil (trade
name GastroMARK®) [17]. Like most particles larger than 50nm, 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 field [18]—a property which is used for
magnetic separations by SSPIO (examples include those produced by companies
such as Miltenyi Biotech). A similar, field-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 field-induced
clustering.

Particles smaller than ~50nm 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 sufficiently small that Brownian motion
keeps them suspended in solution [18, 20]. The subjection of these solutions to a
magnetic field 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 ferrofluid [18]. A subset of
USSPIO is those that have single monocrystalline cores. Monocrystalline iron
oxide nanoparticles (MIONs) typically have hydrated diameters of 10-30nm,
which are too small for magnetic grid purification.

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 5nm in size, with a crystal structure of
inverse spinel structure (cubic close-packed) of (Fe,0s),(Fe,0,),.. They are sur-
rounded by 10kDa crosslinked dextran polysaccharide that is approximately 10nm
thick, to result in a total particle diameter of 25-30nm [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 4nm and 10nm, 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 68emug™ at
room temperature and with an external field of 1.5 T. Magnetization of these par-
ticles saturated around 50000 gauss, or 5T; consequently, at 0.5T the magnetiza-
tion was ~60% saturated [24, 30]. When the magnetic field was switched off, no
remnant field 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 specific 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 20nm, 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 (10kDa) 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 filtration, 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 5nm and a hydrated
diameter of 25-30nm, which is equivalent in size to a globular protein between
750-1200kDa [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 first 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 nonspecific 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-
specifically, any low-affinity particles [43, 44]. Unlike standard agglutination-based
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assays, MRSw biosensors can be measured in opaque samples, and do not experi-
ence the same level of nonspecific 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
fluidic 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 configured 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 affinity of nanoparticle surface groups for a specific
analyte. Similarly, nanoparticles can be configured 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,”, from
surrounding water molecules. Because of the nature of the T, 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 simplifies sample
handing and measurement steps, and also enables the use of extremely simple
and rapid test formats.
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Figure 1.1 Magnetic relaxation switch iron oxide core (orange), a polymer coating
biosensors are based on the magnetic (gray), and selective binding agents (blue).
resonance detection of the transition of For one biosensor configuration, the addition
dispersed and clustered populations of of an analyte (green) leads to nanoparticle
targeted nanoparticles. The targeted self-assembly to form nanoparticle-analyte

nanoparticles consist of a superparamagnetic  aggregates.
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1.4
T, Sensitivity of MRSW Particles

Understanding the connection between the T, 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,, and the connection between
nanoparticle agglomeration and T,, 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, Relaxation

Magnetic relaxation switch biosensors require measurement of the magnetic reso-
nance T, relaxation parameter of bulk water. The T, 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,-sensitivity
of water protons to the microscopic field 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 field, 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
field, by the equation:

o= (1/21)YB, (L1)

where , is the proton precession frequency (Lamour frequency) in Hz (20 MHz
for 0.47T), y is the gyromagnetic ratio of protons (2.675 x 108 rad s T~ for protons),
and B, is the strength of the applied magnetic field. An ensemble of nuclear spins
inside a magnetic field arranges into two quantum spin states of different energies.
The higher energy state corresponds to spins that align against the applied mag-
netic field, while the lower energy state corresponds to spins that align with the
applied field. As the lower energy state has a slightly higher population (<1 x 10°),
there is a net nuclear magnetization that points in the same direction as the mag-
netic field (Figure 1.2a). To detect the spins, the magnetization vectors are “tipped”
into the x—y plane (Figure 1.2b), also called the “transverse plane”, by means of a
transient magnetic field, B, which is perpendicular to and smaller than the main
B, field. Such transient B, fields 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, field (Figure 1.2¢); indeed, it is this oscil-
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Figure 1.2 A series of schematics explaining  the bulk magnetization vector into the x—y

nuclear magnetic resonance detection plane; (c) As this vector oscillates in
according to classical physics. (a) When transverse plan it decays according to T5*
nuclear spins are in the presence of a relaxation. This decay is called “spin
magnetic field, a bulk magnetization vector is  dephasing”, which is depicted by the vector
present from the majority of the spins fanning out; (d) Detection of the oscillating
aligning with the field direction; (b) This magnetic vector yields an oscillating signal

magnetization can be detected by subjecting  that decays with a time constant of Tj".
the sample to a radiofrequency pulse that tips

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¢). 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 T;*
(Figure 1.2d).

A loss of spin coherence occurs when the spins within an ensemble experience
variations in their Lamour frequencies, ®,, during oscillation in the transverse
plane. Such variations are caused not only by macroscopic inhomogeneities but
also by microscopic fluctuations in the local B, field. The contribution of macro-
scopic and microscopic B, variations to T;* relaxation can be differentiated by
specific detection sequences, as will be discussed below.

In both USPIO and SSPIO samples, microscopic variations in B, are dominated
by the agglomeration state of the particles. Measuring this contribution to T;* is
critical for detecting the agglomeration state of particles. Because of their magnetic
properties, superparamagnetic particles create local magnetic fields when in the
presence of a B, field; this in turn creates a local field “gradient”, or a spatially
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Figure 1.3 When inside a magnetic field, superparamagnetic
particles generate local fields. The strength of the generated
fields decreases as a function of distance from the particle,
as indicated here by the spacing of the white field lines and
the shading.

changing magnetic field, directly around each particle. The shape of this gradient
is much like that generated by a simple bar magnet (Figure 1.3). The B, field
experienced by a given spin is the sum of the applied field and the local field
generated by a particle (Equation 1.1). Spins that are near the particle, r;, and those
that are far away from the particle, r,, precess at different frequencies, ®, and ®,,
respectively (Figure 1.3). Because water molecules are constantly diffusing, spins
at r; and oscillating at ®; can move to r, and oscillate at ®, over the time course
of signal detection. Such changes in ®, 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 1.4a shows the magnetization
vectors for two spins in the presence of the same magnetic field, such as at posi-
tion r, (see Figure 1.3). When one of the spins transiently experiences a different
magnetic field, such as diffusing from r, to r; and back to r, (Figure 1.3), then it
undergoes a change in phase, as shown in Figure 1.4b. This change in phase arises
from spins transiently oscillating at different frequencies due to changes in B,
field 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
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Figure 1.4 A schematic explaining the has experienced a stronger field for a short
phenomenon of dephasing, or loss of phase  time. They are still oscillating at the same
coherence. (a) Snapshot of magnetization frequency, but one spin has acquired a phase
vectors for two spins that are oscillating at shift due to temporarily experiencing a
the same frequency because they are different magnetic field, such as that
experiencing the same magnetic field. These  experienced by a water molecule that has
two spins have the same phase; (b) A diffused past a superparamagnetic particle.

snapshot of these two spins after one spin

dephase, the bulk magnetization vector “fans out”, decreasing the observed signal
as a function of time (Figure 1.5a). However, if a sample experiences greater
magnetic field variations (Figure 1.5b), then the observed magnetization vector
will dephase (fan out) more rapidly, leading to a more rapid decay in the observed
signal (Figure 1.5D).

1.4.2
Detecting T, Relaxation

Magnetic resonance signals are measured by pulse sequences, which are so named
because they consist of a series of RF pulses separated by specific delays for spin
evolution and signal detection. An RF pulse generates a transient magnetic field,
B,, that is perpendicular to the main magnetic field, B,, as mentioned above
(Bi<<B,). 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 field into the
transverse plane for detection (see Figure 1.2); this is commonly referred to as a
“90° pulse—detect measurement”.



12 | 1 Nanomaterials-Based Magnetic Relaxation Switch Biosensors

(@)

i
/
|/
___J~_y
7
/
o
(b)
i
/
|/
- - y
/

Figure 1.5 NMR signal acquisition from two samples that
have (a) a long T, value; and (b) a short T, 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, value.

The simple 90° pulse-detect measurement can be used to measure T5". As
discussed above, magnetic field 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, T3, as shown in Figure
1.2d. For magnets used in most bench-top and portable relaxometers, T is domi-
nated by variations in the applied magnetic field across the sample, which are also
known as magnetic field inhomogeneities. The inhomogeneities of a magnetic
field can be reported in terms of ppm, as calculated by the equation:

Ao (ppm) = %«)OTZ*) (12)

where Aw,(ppm) is a measure of the inhomogeneity of the magnetic field, or rela-
tive change in homogeneity across a specific volume, ®, is the Lamour frequency
(in MHz), and T;* 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 T, as
a means to measure systems with long effective T, values, such as MRSw solu-
tions, then magnets with high homogeneities (<0.1 ppm) must be used, such as
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Figure 1.6 Two different MR pulse sequences 1-3s; (b) A CPMG sequence allows for much
for measuring T,. (a) A spin echo sequence  faster T, measurements because multiple
consists of two radiofrequency (RF) pulses: a echos are acquired in rapid succession by a
90° x phase, and a 180° y phase, separated by series of 180° y phase RF pulses and signal
a delay . The echo signal appears at time 21.  acquisitions. T, measurements acquired with
T, is measured by obtaining the echo signal ~ a CPMG sequence avoids diffusion artifacts
from successive cycles using incremental because of the short time over which the
values of 1. The recycle delay, d;, is typically =~ measurement occurs.

those found in high-field superconducting magnets or large nonportable perma-
nent magnets.

More sophisticated pulse sequences allow for the measurement of T, relaxation
in the presence of a relatively inhomogeneous magnetic field. To do this, the
contribution of magnetic field 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 refined for rapid T, measurements by H.Y. Carr, E.M.
Durcell, S. Meiboom and D. Gill to yield the so-called CPMG sequence [50-52]. A
spin echo sequence is composed of two pulses; the first pulse rotates the spins
90°, and the second 180°. After the first pulse, the spins oscillate in the transverse
plane and begin to dephase, as shown in Figure 1.5. After time 7, 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 flips 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 27, the fastest spins catch up with the slowest,
thus refocusing the magnetization vectors and the observed signal (Figure 1.6a).
In order to obtain a measure of the decay constant that results from microscopic
magnetic field fluctuations, or T,, a series of spin echo sequences are run with
incremented delay times, t(typically milliseconds). Sequential scans must be



14

1 Nanomaterials-Based Magnetic Relaxation Switch Biosensors

separated by a recycle delay, d;, to allow the system to return to equilibrium as
dictated by the spin-lattice relaxation time T, (typically 1-5s). Fitting a plot of the
maximal echo signal as a function of 1 yields the time constant, T,.

Using the spin echo sequence to measure T, values has two limitations. The
first limitation is that any diffusion of spins during the long d, delay time between
experiments can decrease the observed T, values. The second limitation is the long
delay time, d;. Because at least five datum points are necessary for a data fit, spin
echo sequences can require over 20s for the measurement of one T, value. A much
faster and more efficient means of measuring T, is the CPMG pulse sequence, in
which additional 180° RF pulses spaced by time 21 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, (Figure 1.6b). As the time
constant T is typically less than a few milliseconds, a single T, measurement of
several hundred echos can be completed in less than 1s. However, one must be
aware that CPMG and spin echo measurements can yield different T, values for
some systems. Typically, CPMG sequences are sensitive to magnetic field 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, measurements are inde-
pendent of diffusion phenomena, while spin echo T, measurements are heavily
dependent on diffusion, and this difference must be borne in mind when compar-
ing T, values obtained by the two methods. In addition, CPMG T, measurements
can exhibit a heavy dependence on the inter-echo delay time, 21. 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, and Nanoparticle Size

Although the use of MRSw biosensors was first demonstrated in 2001 [1], the
theoretical foundation for how superparamagnetic nanoparticles affect measured
T, 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/T;
and R, = 1/T,, 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, on the size of iron oxide micro and
nanoparticles [53, 54]. Simulations and experimental data showed that both R,
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Figure 1.7 Sketch of the relationship between
R, (1/T,) and SPIO radius. In the motional
averaging regime (solid dark line), R,
increases with nanoparticle size, while in the
visit-limited regime R, decreases with
nanoparticle size (dashed lines). In the
motional averaging regime, R, is equal to R¥,
whereas in the visit-limited regime (also
termed the static dephasing regime) R, no
longer equals R3 (gray solid line). The static
dephasing regime does not apply to most
permanent magnet systems because R3 is
dominated by their magnetic field
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R is always much larger than R,. A unique
property of the visit-limited regime is that R,
exhibits a dependence on the inter-echo delay.
The appropriate regime for a given SPIO
system can be determined experimentally by
measuring the R, and Ry, if using a high-field
homogeneous magnet, or by measuring R, 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.

nonuniformity; therefore, for portable systems

and RZ*(RZ*: 1/ T | increased with particle diameter until ~50nm, whereas R,
measured with spin echos decreased with increasing particle size, and R 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, 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, A, and the inter-echo delay used in the CPMG detection
sequence, Tcp. A® is essentially a relative measure of the effect of the dipolar



16

1 Nanomaterials-Based Magnetic Relaxation Switch Biosensors

magnetic field generated by a superparamagnetic particle on the resonant fre-
quency of hydrogen nuclei in adjacent water molecules. When Awtcp > 1, then the
particles are termed “strongly” magnetized, but when Awtcp, < 1 the particles are
termed “weakly” magnetized. Since, for a typical relaxometer, Tcp, is no shorter
than tens of microseconds, A must be less than 10° 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 Aw (~1 x 107) is large compared to the inverse of achievable echo
times (1/tcp = 10°). 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 (A®w ~ 10°) 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 (tp)
relative to the inter-echo time of the pulse sequence, tcp. Nanoparticle solutions
are in the long echo limit when the 1, is significantly less than tcp. T, can be
determined by the relationship:

2

Tp= L (1.3)
D

where 1, 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°m’s™). Here, 15, can
be thought of as the time taken for a water molecule to pass a hemisphere of a
nanoparticle, or a “flyby” time. When 7t is much larger than ¢y, 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 1000nm. The most common MRSw biosensors are within the
“long echo limit” because the length of the inter-echo delays (tcp > 0.25ms) is
longer than the time taken for a water molecule to diffuse pass the hemisphere
of a nanoparticle (0.2-100 us).

As the particle size of a solution of superparamagnetic particles at fixed iron
concentration is increased, there is an initial increase in R,, 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 Aw and 1. If
Awtp < 1, then the system is in the motional averaging regime, but if Awt, > 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,) cannot efficiently refocus the magnetization
that has been dephased by the nanoparticles—hence the increase in R, (or decrease



1.4 T, Sensitivity of MRSW Particles | 17

in T,). In other words, the refocusing pulses cannot compensate for increased
dephasing by larger nanoparticles. The flat region of the static dephasing regime
is due to R, being limited by R} . The decreasing R, 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, in
the slow-motion regime exhibits a dependence on the inter-echo delay of the spin
echo sequence [53].

In a homogeneous magnetic field, it is possible to determine which regime
applies to a sample by comparing R, to Ry . 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 T;* of bench-top relaxometers is rarely larger
than 5ms, resulting in a lower limit for RF of 200s™". This means that, on bench-
top relaxometers, R, will never be equivalent to RF except at extremely high iron
concentrations. For example, a typical solution of nanoparticles such as CLIO-47
has an R, of 40mM™'s7, so for Ry to equal R, the concentration of iron would
need to exceed 5mM, which is 50-fold higher than typical iron conditions. The
relationship between Rj and field homogeneity is important to bear in mind
when selecting instruments for characterizing MRSws. Fortunately, the echo time
dependence of R, 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, on particle size were similar to the conditions used for
MRSw assays. That is, the concentration of iron was held constant while R,
was monitored as a function of nanoparticle diameter. The analytical models
have been shown to accurately predict the dependence of R, 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,. The same group which
developed the analytical models was the first 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, was seen
to increase with agglomeration until a plateau was reached prior to a decrease in
R, with agglomeration. The shape of the R, 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, values. Similar exercises have since been carried out by subse-
quent authors to validate the qualitative nature of the T, 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, 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, of clusters in the motional averaging
regime [61], and linearly related to the T, 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, 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 specific set
of biosensor conditions. T, 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, changes as a function of measurement time and the
rate of T, change can be correlated to a quantitative amount of analyte; for
the latter case, after an incubation time T, remains constant as a function of
measurement time, and the magnitude of T, 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, 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, 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 significant 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 first 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 modification 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* > ) ATBf (1.4)

where A and B denote nanoparticles of two different functionalities, A* and B*
represent activated A and B particles, respectively, and A7B7 represent an aggre-
gate composed of i A particles and j B particles [59]. These authors assumed that
the rate of the first 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, measurements made by CPMG echos can be
less than seconds, the signal acquisition is rapid compared to the first two steps,
and will not significantly influence 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 influence the observed binding kinetics and particle size. Reaction
rates for different conditions were compared in terms of an observed time constant
(Tobs)- Tobs is the time required for the reaction to reach 63% completion (one expo-
nential unit). A reaction following first-order kinetics is 95% complete after 3 X Ty,
and 99% complete after 5 X T, Particle concentrations of 23nM (iron content
10pugml™), which are similar to those used for most MRSw studies, have a pre-
dicted T, 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 pM have predicted T, values longer than 10005, while concen-
trations as high as 0.1uM and 60 functional groups per particle have predicted T,
values of 2s. 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 >50nM 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, nonspecific 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 MRSw 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]

lTons [60, 71, 72]
Bacterial cells [23, 48]

Proteins [23, 45, 49, 61, 69]
Immunoglobulinsg [19]

Eukaryotic cells [23]
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Table 1.2 Conduction of MRSw 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 [40]
50% whole blood Protein [73]
50% serum Protein [73]
50% plasma Protein [73]
50% urine Protein [73]

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 first 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 3h, and a visible brown precipitate after 16 h. The T, relaxation rate, measured
as a function of time, was shown to have decreased from 63 ms to 45ms within
20min of adding the target sequence (Figure 1.8). This change in T, was accom-
panied by a change in the size of suspended particles, from 53 + 11nm to
215 £ 19nm, 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, was confirmed to be a result of the specific
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,; 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].
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One common means of characterizing the transverse relaxivity of SPIO is to
report R, and R,. For these particles, the addition of a complementary target DNA
sequence led to a change in R,, from 755" mM™" to 128s'mM™', but no change
in the R; of 27s'mM™. A linear dependence of measured T, 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 1ml, 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 50ul (0.2pM concentration) after a incubation time of 40-60min
and a change in T, of 30ms [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 ( = 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].
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Figure 1.8 First demonstration of a magnetic responded linearly with increasing amounts of
relaxation switch biosensor. On the addition  analyte (inset). Original figure provided by Dr
of femtomoles of single-stranded Lee Josephson, Center for Molecule Imaging
oligonucleotide the T, value was decreased by Research, Massachusetts General Hospital,
20ms due to nanoparticle clustering (CJ). No  Boston, MA. Reproduced with permission
change in T2 was observed in the absence of ~ from Ref. [1]; © 2001, Wiley-VCH Verlag
complementary oligonucleotide (®). T, values 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 first 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 45nm diameter particles to 140nm
diameter clusters upon addition of complementary mRNA, with an accompanying
change in T, of 20ms. The change in T, 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 fluorescent protein (GFP) gene in various eukaryotic cell lines [45]. T-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 configured 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, 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 10nm USSPIO with polyethylenimine to form positively charged USSPIO
that were ~24nm in diameter. The addition of plasmid DNA led to the formation
of 100nm complexes and an increase in the T, 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 3T 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,
upon plasmid DNA complex formation; however, the nanoparticle concentration,
magnetization, solution viscosity, and external magnetic field 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, by obtaining T, measure-
ments of their nanoparticle solutions or T, measurements using different inter-
echo delays. If T;* had been different than T, or if T, would have changed with
inter-echo delay, then the visit-limited regime would have been confirmed. 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,.

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 (45nm diameter), there was a time- and dose-
dependent response in the measured T, values. After about 30 min, however, the
T, signal stabilized, indicating that the clustering reaction had reached completion.
Concentrations of GFP as low as single nanomolar were detected with T, changes
on the order of 10-20ms [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 affinity. 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
30nm to 150nm. There was a concomitant increase in R,, from 37mM's™ to
132mM™'s™!, which corresponded to a decrease in T, of 135ms to 38 ms at an iron
concentration of 0.2mM. 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, 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, and T;* measurements at 1.5T, 4.7T, and 9.4T to
confirm that their system was in the motional averaging regime, which was con-
sistent with the linear dependence of R, 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 ina 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,. The limit of detection for this biosensor was 3.6nM hCG, or 0.1
molecules of analyte per nanoparticle, after a 1h 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 1ugml™ protein A, with an
incubation time of 1h 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 field 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 first demonstration of enzyme sensing with MRSw biosensors was made
shortly after their first 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 BamH1 endonuclease; indeed, the addition of BamH1 to these nanopar-
ticle clusters led to a change in T, from 32.3 £ 0.6ms to 59.4 £ 0.4ms as the
nanoparticles transitioned from a clustered to a dispersed state. The increase in
T, arose from the nanoparticles transitioning from ~350nm clusters to ~55nm
dispersed particles [64]. This diameter-dependent T, 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 first reported dispersive
MRSw assay. BamH1 activity was confirmed as the source of this change in T, by
means of gel electrophoresis on the nanoparticle reagents, and also by observing
no change in T, 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
configured 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, Dpnl, then resulted in a T, change only when the
sensor had been exposed to active dam methylase. Figure 1.9 shows that there was
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Figure 1.9 Demonstration of MRSw enzyme  dispersion. Untreated nanoparticle clusters
detection. SPIO nanoparticles were (O) were not affected by the presence of
crosslinked via DNA hybridization to form Dpnl, and no change in T, was observed [64].
nanoparticle aggregates. Aggregates that had  Original figure provided by Dr Lee Josephson,
been pretreated with methylase (@) exhibited ~Center for Molecule Imaging Research,

an increase in T, over time after exposure to ~ Massachusetts General Hospital, Boston, MA.
the endonuclease Dpnl, which selectively Reproduced with permission from Ref. [64];
cleaves methylated double-stranded DNA. The © 2002, American Chemical Society.

increase in T, arose from nanoparticle
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a change in T, from ~40ms to ~120ms over 1h only for those nanoassemblies
that had been methylated, thus demonstrating that dam methylase activity could
be monitored via these nanoassemblies and Dpnl [64]. Although no dose-response
curve was reported for dam methylase activity, these results showed that MRSws
could be configured 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 configured
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, from 27ms to 80ms within 15min [45]. In the presence of a Caspase 3
inhibitor, however, no change in T, was observed, thus validating the Caspase-
specific T, response. These data further demonstrated that an enzyme activity-
dependent T, signal could be generated by appropriately designed nanoparticle
reagents [45].

Achieving true enzyme activity measurements requires a calibration curve to
be obtained for a fixed reaction conditions and increasing amounts of protease.
Another team at MGH, led by M. Zhao, achieved this goal and benchmarked
their protease biosensor against fluorescence resonance energy transfer (FRET).
Unlike the previous single-step methods, Zhao et al. used a two-step method
for measuring protease activity [47]. The first 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 1h, 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, was, therefore, proportional to the protease
activity. For the clinically relevant renin protease this assay had a similar limit
of detection (69ngml™'h™ or 31nMh™ substrate hydrolyzed) to FRET, and had
an approximately linear correlation plot with FRET over the 170ms sampled
by the T, 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,
signal was unaffected. This demonstrated the capability for such measurements
to be conducted in complex, opaque samples, and was the first 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 simplification 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
0.05ugml™ being demonstrated for trypsin. MMP-2 protease activity, which has
been linked to metastasis and tumor angiogenesis, was successfully measured,
using MRSws, in unpurified fibrosarcoma cell growth supernatant—conditions
under which the standard MMP-2 fluorescence 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 configured 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 £ 4nm. Addition of these nanoparticles to solutions
containing telomeric repeats resulted in a biphasic change in T, with the
rapid phase complete within 30s, and the slow phase within 40-60 min. Although
the exact mechanism that caused the biphasic change in T, 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 first 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 inflammation
[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,0,. After functionalizing the SPIO,
each solution of nanoparticle reagent was monodisperse with a diameter of 50nm
and a ratio of ~40 reactive groups per particle. The reported R, was 25.8 mM's™,
and R, 67mM"'s™". In both cases, the peroxidase-catalyzed reduction of H,0,
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 0.9unitsul™ HRP for 2h resulted in an increase in the
diameter of dopamine-coated nanoparticles, from 50nm to 440nm, and a con-
comitant change in T, by 30ms in a dose-dependent manner at 1.5T. The MPO
concentrations, which were as low as 0.003 U ul™, were measured in a MPO titra-
tion over one order of magnitude enzyme concentration and a range of change in
T, between 20ms to 300ms at 1.5T. At 0.5T, the HRP sensor had a limit of detec-
tion of 0.1 Uml™, and a change in T, of 32 ms after a 2h incubation at 4°C. When
H,0, was not present, or a peroxidase inhibitor was added, there was no change
in T, 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 first example of agglomerative format sensing enzyme activity, and the first
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 170ngml™ (9.4Uml™) and a T, change of
150ms at 4.7 T after a 3h incubation. Their dispersed nanoparticles were 50nm
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 2kDa, 5kDa, 10kDa, and 20kDa were tested. PEG sizes below 10kDa 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 flexibility of MRSws that would in turn allow designers to tailor these
nanoparticle assays in a specific manner. Although, to date such flexibility has
enabled the broad application of MRSws, as their development continues it is most
likely that such flexibility 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 five viral particles in 10ul 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 46nm diameter to a polydisperse solution
containing both 46nm particles and particles of up to 550nm, 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 ~80nm in diameter
[76] and the HSV-1 virus ~125nm 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, of up to 45 ms over the course of 100 min. For
HSV-1, the limit of detection was 100 viral particles per 100ul, and for ADV it was
five viral particles per 10ul. In both cases, the T, values were measured at 1.5T.
On a commercial instrument at 0.47 T, a similar dose and time-dependent response
in T, 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 amplification, and a
greater robustness. These attributes of MRSw biosensors distinguish them from
many diagnostic and biosensing technologies. The most significant 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 quantification, small-molecule targets—unlike viral targets—are not mul-
tivalent. In fact, a major challenge exists to design molecule-affinity agents (e.g.,
antibodies) to attach in even a bivalent fashion to many small molecules. Despite
this limitation, agglomeration-based assays can be configured 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 modified 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 first 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 first 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, changed by more than 100ms for 500uM D-Phe and
by about 10ms for 5uM D-Phe. The group reported a limit of detection of 0.1puM
and a coefficient 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, of over 40ms within
50min, using a kinetic reading, and a limit of detection of <50mgdl™ for glucose.
For the detection of the influenza HA peptide, the nanoparticles were functional-
ized with HA peptide and pre-clustered with anti-HA antibody. This sensor had a
T, change of >150ms over a time of 100min, and a limit of detection of <50nM
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, changes over 120 ms with reaction completion times of almost
20min and a limit of detection of <3nM [65].

1254 500 uM 100
100+
=75
754 —
ATy I'ms 50 %% Inhibtition
504
50 uM
25
254 5 uM
04 T T T 0
0 15 30 45 60

Time / min ——

Figure 1.10 A stereoselective, small-molecule, change in T, increased with increasing

dispersive magnetic relaxation switch amounts of D-Phe [63]. Original figure
biosensor. The addition of D-Phe to a solution provided by Dr Lee Josephson, Center for
of D-Phe-functionalized CLIO nanoparticles Molecule Imaging Research, Massachusetts
and antibody that binds b amino acids General Hospital, Boston, MA. Reproduced
(anti-D-AA) led to a dispersion of the with permission from Ref. [63]; 2004,

antibody—nanoparticle complex as a function ~ © 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 confirmed that the flexibility in MRSw design could be used to tailor biosen-
sors for specific 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 specifications [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 reflected in the correspond-
ing changes in T, 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 10nm pores that
allowed passage of the hCG target but contained the nanoparticle reagents. The
feasibility of this device for real-time sensing was confirmed by observing changes
in T, 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 lons

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 first 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 significantly dif-
ferent in terms of size and relaxivity from those used by the teams at MGH, having
an iron oxide core size of 10nm, a Fe,0; content of 50% prior to protein conjuga-
tion, and with a distribution of average diameter of between 20nm and 100nm
after conjugation to the targeting groups. In addition, because of their larger size
and iron content, their R, was much higher at 410mM"'s™ [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, from 27 ms
to 50ms [60]. The increase in T, upon cluster formation arose from the bulk of
the nanoparticles being in the visit-limited regime, or the right-hand side of the
T, versus diameter curve in Figure 1.7. This was supported by the observation of
echo-time dependence of the measured T, 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 60min [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 affinity of
the particle-attached binding groups. The mid-point of the response curve, or ECs,
for wild-type calmodulin was 1.4uM, while that for a variant of calmodulin was
10uM. The total response range for the former was 0.1-1.0puM, which spans
typical in vivo calcium concentrations, and that for the latter was 1-100 uM. 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®* 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* to the targeted nanoparticles led to cluster
formation and a decrease in T,, from 200ms to 50ms 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, response
could be tuned by changing the concentration of nanoparticles. The addition of
K*, Li* and NH* did not elicit a change in T,, but the addition of Mg led to a
change in T, which was similar to that for Ca*". This was a result of the cross-
reactivity of the chelating group attached to the nanoparticles. When Ca** was
added to the targeted nanoparticles in the presence of EDTA, no change in T, was
observed, consistent with a Ca**-dependent T, response. The addition of EDTA to
Ca’*-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 first group to report cell detection was that of ].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 70nm in diameter, and had
an R, of 320mM™"s7'[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,
at lower MAP concentrations than at higher MAP concentrations. The maximum
observed change in T, occurred at 6-8ms after incubation times of 30-60min
at 37°C. Although this change in T, 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 units (CFU) in 10ul of milk, and 40 CFU in 20l 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, of zero as the concentration of the target decreases. For this sensor,
the change in T, 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, was derived from a mechanism which was different than
that of nanoparticle agglomeration. According to their hypothesis, the change in
T, 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 specificity of their observed T, 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 confirm the source of these unprecedented T,
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 15min incubation of the
vancomycin—nanoparticles with increasing amounts of S. aureus (from 10° to 10°
cells), a linear dose-response curve with a change in T, of 30 ms was observed [23].
The group also reported a limit of detection of 10CFU in 10pl, and verified 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, 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
profiling. For this, mouse macrophages were detected via a multistep method that
consisted of incubating the cells with fluorescein-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 10ul, 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
profile 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 fluidic
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 profiling 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 configuration, 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 specific 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 specific bioconjugation method has
been shown to greatly influence 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 magnetofluorescent nanoparticle, which consisted
of two fluorescein isothiocyanate (FITC) molecules attached to amino-CLIO
nanoparticles, to demonstrate the rapid development of nanoparticle libraries.
For these particles, the R; was 21mM's™ and R, 62mM's™!, while the FITC
absorbed at 494nm with an extinction coefficient of 73mM"cm™ [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 specificity 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-
aminopropyljcarbodiimide hydrochloride (EDC or EDAC), N-hydroxysulfosuccin-
imide (Sulfo-NHS), and antibody-specific 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 specific 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 affinity for their cellular target. The
reduced affinity 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 affinities and
increased binding densities, as had been shown previously for other applications
[81]. The increased affinity 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 fluorescently 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 fluorescently 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 modification 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, changed from 100ms to
40ms after incubation at room temperature for 1h. Taktak et al. showed that the
overall average cluster size increased linearly with the addition of avidin, and that
the observed R, depended linearly on the average particle size [61]; these findings
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 first
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, 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, 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, than would be expected for target-induced
clustering. Fortunately, T; can be used as an independent marker for particle
precipitation, because T; 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, remained constant when T, changed from analyte-induced
nanoparticle clustering, a similar observation to that made for the first MRSw
biosensor [1]. Upon over-titration, both the T, and T, 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 workflow to
validate that an assay is within the linear response curve by taking both T, and T,
measurements [61]. Although this workflow was initially intended for manual
sample preparation, it could be integrated into an automated fluidic handling
system for applications that require minimal user interaction.

A third method introduced by Taktak et al. was to monitor the coefficient of
variation between multiple T, 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, measurements
were obtained within several minutes, the coefficient 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; measure-
ment system, in that it allowed for an independent verification that the measured
T, 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, from 350ms to 175 ms. The methods introduced by Taktak
et al. were extended to include a control for variations in the background T,
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, 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, 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, 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, values can be applied by measuring
multiple samples sequentially with a single detector [61], or by acquiring T, 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, of two samples at the same time by means of a tailored bi-expo-
nential fit method. This method was shown to accurately measure two T, 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
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Figure 1.11 Background variations in T, can ~ chambers will have identical relaxation curves
be controlled by splitting the sample between and no change in T, will be reported; (b) In

two chambers: one chamber that contains the presence of analyte, the chamber with
particles sensitized to the target analyte (solid sensitized nanoparticles will have a different
line), and one that contains particles not T, from that of the reference chamber (shaded

sensitized to the target analyte (dashed line). area). The quantitative change in T, can be
(a) In the absence of analyte, the two obtained by curve fitting [49].



1.7 Methods Development

methods for addressing background variations in T, and expanding the dynamic
range can be applied in a variety of detection coil configurations, 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 five 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
influenza virus. The addition of an anti-Tag antibody led to clustering of the
peptide-decorated particles. The method employed CLIO nanoparticles that were
30nm in diameter, did not settle, had 20-30 attached peptides per nanoparticles,
an R, of 50s" mM™, a magnetization of 86.6emu g™' Fe, with 8000 iron atoms per
nanoparticle, and a concentration of 2.8 x 10~ for a T, of 100 ms. The micropar-
ticles used were 1000nm in diameter, settled less than 5% in aqueous solution
[20], had 3 x 10° peptides per particle, an R, of 43s™'mM™', a magnetization of
105emug™ Fe, 2.8 x 10° Fe atoms per particle, and a concentration of 5.1 x 107"
for a measured T, of 100ms. Koh et al. characterized the performance of these
nanoparticles in terms of ECs, 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, 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 nM and 0.41nM, 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, 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 confirmed 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
0.0002nM, 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 field-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 confine-
ment of the MP and increased reaction kinetics. During incubation in the magnet,
the T, increased due to the linear self-assembly of the MP. In order to distinguish
the magnetic-field induced T, changes from analyte-induced T, changes, the
sample was removed from the magnet for a few minutes prior to T, 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 confinement 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, over
the course of MP aggregation and dispersion phenomena [20].

The most important lesson derived from the findings 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 configuration
of 10° 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 benefit from a
universal detection technology such as MRSw biosensors. These include applica-
tions such as biowarfare first 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 offices, 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 1.5T magnetic reso-
nance scanner and T,-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,-weighted spin echo images from each sample
in six 384-well plates (only 320 samples per plate were measured due to the limited
field 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, values obtained at 1.5 T to those
measured at lower fields 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, measurements to be obtained with detector
specifications 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 field 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 microfluidic 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 fields near
0.5T [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 um outer diameter solenoidal
microcoil (264nl) in combination with a highly homogeneous (0.06 ppm) 1.04T
permanent magnet (weight > 50kg) 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 T5*, 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,, rather than measuring T;*, 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 fields, will be critical in allowing magnetic
resonance to enter the filed 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 fields, 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-field 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 field 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 benefit MRSws. Other applications that have
benefited 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 fitted 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 benefited 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 0.49T
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 ~300ul to ~5ul). 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 efficient planar microcoil detector and less homogeneous magnetic field
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 benefit 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 1.12a). 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 specific 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 specific 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
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Ham, demonstrated the capability of significantly 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 significant 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 fluidics
actuation. Recently, a team from T2 Biosystems, led by P. Prado, introduced a
shoebox-sized, fully integrated relaxometer that weighs less than 4kg [73], and
consists of a 0.5T 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 10000-
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

2.1
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 defined 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 2.1a) [1-3], while in the other platform the probe molecules are
attached (conjugated) to encoded particles and added to the sample (Figure 2.1b).
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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Figure 2.1 (a) Two-dimensional array consisting of a planar
grid of probe molecules in which each test is confined to
different locations; (b) Suspension array consisting of a
mixture of encoded particles in which each test is confined to
a different encoded particle.

2.2
Magnetism and Magnetic Particles

Magnetism derives from the spin and orbital behavior of electrons. Materials with
filled 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 field. 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 field, and therefore paramagnetic materials
display a low positive susceptibility (weak attraction) in a magnetic field; however,
they do not remain magnetic when the field is removed, because the ambient
thermal energy is sufficient 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 100nm. In an
equilibrated ferromagnetic or ferrimagnetic material the magnetic dipoles are
organized in random directions; however, when a magnetic field is applied they
align with the field, and remain aligned even when the field is removed because the
ambient thermal energy is insufficient 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 classified as antiferromagnetic. When a ferromag-
netic film is grown on or annealed to an antiferromagnetic material in an aligning
magnetic field, the direction of magnetization in the ferromagnetic layer remains
pinned in this direction when the magnetic field has been removed. Typical exam-
ples of antiferromagnetic materials are chromium and nickel oxide.
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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 field,
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 field, the
ambient thermal energy is sufficient to spontaneously disorganize the direction
of their magnetization when the field 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 field and the size and composition of the
particle. Because of their small sizes, individual superparamagnetic nanoparticles
(Figure 2.2a) respond relatively slowly to an applied magnetic field. 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 2.2b. The core of the particle shown is packed with 17% (by
weight) of ~7.5nm diameter magnetite nanoparticles. Because the nanoparticles
are present in such large numbers, the microspheres respond rapidly to an applied
field, but because each individual nanoparticle is so small the ambient thermal
energy is sufficient to disorganize their dipoles as soon as the applied field 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 25um, 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].

Figure 2.2 (a) Transmission electron The Royal Society of Chemistry; (b) TEM
microscopy (TEM) image of water-soluble image of a thin section through a magnetic
superparamagnetic colbalt nanoparticles. microsphere; the lighter areas correspond to
Reproduced from Ref. [7] (http://dx.doi. the polymer matrix, and the dark specks are

org/10.1039/b713528a), with permission from 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 10ul and 50ml 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 confined 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 influence 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 sufficient to maintain the particles in
suspension. Equipment for slow-tilt rotation is available from Dynal-Invitrogen.

23
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 devices (SQUIDs) [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 configured 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 2.3a). Magnetoresistive
sensors are based on the GMR effect, which occurs when thin films of ferromag-
netic material are separated by thin films of a nonmagnetic metal. A section
through a single sensing element in an array of GMR sensors is shown in Figure
2.3b. 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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Figure 2.3 (a) Section through a two- enlarged section through the multilayer
dimensional array of magnetoresistive sensing structure of the sensing resistor; (c) Scheme
elements. Each sensing resistor (SR) is showing how the direction of the induced
located under one spot of probe molecules in  dipole field surrounding a magnetic label
the array; (b) Section through individual (broken blue lines) opposes the applied field
sensing element in a giant magnetoresistive  in the region where it interacts with the
(GMR) array. Key: 1 = silicon substrate; sensing resistor. The resultant decrease in

2 = silicon nitride buffer; 3 = sensing resistor; field strength experienced by the sensing
4 = gold film for anchoring probe molecules;  resistor leads to a decrease in electrical
5 = sensing surface with probe molecules resistance.

bound to magnetic labels. The inset shows an

been captured by the sensing surface, a small sensing current is passed through
the resistor and an alternating magnetic field applied in a direction perpendicular
to the surface. The latter magnetizes any bound superparamagnetic labels and
induces a dipole field in their vicinity (Figure 2.3c); 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 first 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




60

2 Multiplexed Detection with Magnetic Nanoparticles

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 field 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 1um and 300nm 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 fields that excite those magnetic labels bound to the
sensing surface. Each chip is embodied in a disposable microfluidic 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 field 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 field. For sensing purposes, a small current is
passed through the conductor, after which an alternating magnetic field is applied
along the same axis as the direction of current flow and a unidirectional magnetic
field 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 field
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 difficult 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 fields. Alternatively, the
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Figure 2.4 The deflection 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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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 fixed 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 2.5a, and even focused at particular sensing sites by the
application of one or more magnetic field gradients. Graham and colleagues have
demonstrated how magnetic particles can be concentrated on spin valve sensors
using the magnetic field 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
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Figure 2.5 (a) An advantage of magnetic arrows, the magnetic labels can also be
labels is that, subsequent to interrogating a concentrated on each individual sensing spot
large sample volume, they can be in series, but the time required for binding at
concentrated onto a small sensing surface; each site makes this impractical for

(b) By moving the applied magnetic field from multiplexed detection.
site to site in the direction of the colored

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 2.5b. 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.
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Rotating Discs

In many cases, methods that allow magnetic labels to be detected with great sen-
sitivity cannot be configured 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 field 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 field 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

Sapphire Window Sample Disk

sQuiD
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Sapphire Rod —j

Copper Rod—}

Liguid Nitrogen

Py

Vaccum-Insulated Flask Magnetic Shield (Permalloy)

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.

25
Diagnostic Devices

Today, lateral flow 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 fitted with a conjugate release and wicking pads (as shown in
Figure 2.7a). 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 flow 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 field-portable
detectors. MagnaBioSciences (San Diego, CA, USA; http://www.qdusa.com/
biotech06/index.html) [35] and Magnasense (Finland; magnasense.com) have
both developed lateral flow 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 flow strip.
In these readers the device is placed in a strong magnetic field in close proximity
to an array of planar coils (Figure 2.7b). 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 field 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 flow 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 field 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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Figure 2.7 (a) A lateral flow device. The liquid above an array of coils (impedance bridge) in
sample (drops) releases magnetic labels from the reader developed by Magnasense.

the conjugate pad, after which the analyte Magnetic labels bound to the test line
molecules bind to the labels as they migrate  unbalance the impedance bridge, leading to a
(in the direction of the arrow) towards the change in the output voltage (V). The reader
test line (TL). At the TL, the labels bind to developed by MagnaBioSciences is based on
capture molecules in proportion to the a different approach, in which the lateral flow

amount of analyte in the sample. The device  device is located in a uniform magnetic field
is then inserted into a reader; (b) A plan-view above an array of coils.
showing part of lateral flow device located

porated into a lateral flow 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 flow and microfluidic
devices. One problem with GMR as a means of interrogating lateral flow strips is
that the sensitivity to the presence of magnetic particles decreases according to
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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 Ill: the DNA barcodes
precipitated in Stage |l are released and detected by
hybridization to a 2-D array.

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 flow 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 first suspension arrays to be introduced were based on nonmagnetic micro-
spheres encoded with fluorescent dyes [6, 41]. For this method of encoding, the
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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 fluorescent
dyes.

Many of the limitations imposed by fluorescent dyes can be eliminated, however,
by using semiconductor quantum dots (QDs) [42—44]. These photoluminescent
nanoparticles have narrow, size-tunable emission spectra, and many colors can be
excited at a single wavelength far removed (>100nm) 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
3-5um and a mean pore size of 30nm, and all surfaces—both internal and exter-
nal-were functionalized with hydrophobic octadecyl silane. For encoding pur-
poses, the microspheres were first 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 significantly 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
fluorescent 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 field was used to remove any microspheres bound
to the substrate by weak nonspecific 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 filtration
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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 2.9a [52, 53], as this
allows many layers of QDs to be assembled on magnetic cores, without any sig-
nificant 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

Figure 2.9 (a) Simplified scheme of LBL
self-assembly of photoluminescent QDs on
magnetic cores. Step |, mix magnetic particles
and QDs; Step Il, precipitate magnetic
particles and remove excess QDs; Step I,
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 2.9b. 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 2.10a), and results were determined by decoding the particles
and detecting molecules bound to them with a fluorescence reader (Figure 2.10b).
By combining solution-phase kinetics and magnetic separation the immunoassays

could be completed in less than 30 min.

Anti-BSA Anti-HSA A BSA

Antl-OVA A Cy-5 Labelled !ﬂlﬂ-ﬂomx

Figure 2.10 (a) Scheme of multiplexed

competitive immunoassay for serum proteins.

Stage |, 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 I, the magnetic
particles are precipitated and the sample is
removed; Stage I1l, the magnetic particles are
incubated with fluorescent Cy-5-labeled
antibodies; Stage IV, the particles are
precipitated and washed; Stage V, the
particles are imaged with a fluorescence

reader; (b) Fluorescence images showing
colors ofthe encoding QDs and Cy-5
fluorescence, for one particle from each set at
the end of the immunoassay. Particles with a
code of red and green QDs are not
fluorescent in the Cy-5 (cyanine-5) window
because BSA was present in the sample.
However, particles with other codes are
fluorescent 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 insufficient details have been revealed to be certain of this [44]. The
microspheres have a diameter of 8um 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 fifth 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 profiling 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 sufficient to perform at least 10° 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 fluorescence 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 fluorescent
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 field 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 fluorescence code of the microsphere, and the
amount of target molecule captured by them was determined from their velocity
in an applied magnetic field [55]. Particles in a suspension array can also be identi-
fied by means of magnetic codes alone. The force on a magnetic particle in a
magnetic field depends on its size and composition; thus, particles in a suspension
arrays could in theory be separated and identified on the basis of their magnetic
content. The separation of particles in a magnetic field, 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 flow cell
and separated into eight outlet bins by the application of a magnetic field gradient
at right-angles to the direction of flow (see Figure 2.11) [58]; similar separations
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Figure 2.11 Particles encoded with different amounts of
magnetic material in a flowing stream can be resolved by
applying a magnetic field at right-angles to the direction of
flow. 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 deflected
by the magnetic field.

have been carried out in microfluidic 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 um 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,
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although because of the way in which they are made it would not be possible to
produce them in sufficient 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 difficulties 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 fields, 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 field-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-
defined 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 fluorescent dyes or luminescent nanopar-
ticles. A more realistic prospect is that a combination of luminescent and magnetic
encoding could be used to achieve significantly 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 field 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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Magnetophoretic Biosensing and Separation Using
Magnetic Nanomaterials

Joo H. Kang, Young Ki Hahn, Kyu Sung Kim, and Je-Kyun Park

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: first, 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 field causes an object to move towards a denser or more
sparse magnetic field. 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 fluorescence 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 field-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 field gradient in a
microfluidic channel. By measuring the magnetophoretic deflection 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 first conjugated with antibodies specific to the cell membrane protein of inter-
est. Subsequently, when the magnetic particle-bound cells are maintained in a
strong magnetic field, 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 affinity 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 flow through a separating column to which is applied a magnetic

field.

¢ In the indirect method, a free affinity ligand (in most cases an appropriate
antibody, which often is biotinylated) is first added to the cell suspension, after
which the labeled cells are captured by magnetic nanoparticles bearing an
affinity 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 field. Their size and composition would normally render the
particles biodegradable, but typically they neither activate the cells nor influence
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 first outlined,
after which the details of magnetophoresis in a microfluidic system, including
the microfabrication of microfluidic 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 classification of a material’s magnetic properties is based on its magnetic
susceptibility (y), which is defined by the ratio of the induced magnetization (M)
to the applied magnetic field (H). In diamagnetic materials, the magnetic moment
is antiparallel to H, resulting in very small and negative susceptibilities (-10°
to —107°). Diamagnetic materials do not retain magnetic properties when the
external field is removed; likewise, they have no unpaired electrons and tend to be
repelled from the magnetic field. By contrast, magnetic materials show magnetic
properties even if no external magnetic field is present. Magnetic materials
may be divided broadly into three classes; paramagnetic; ferromagnetic; and
superparamagnetic.

e Materials with magnetic moments aligned parallel to H and susceptibilities on
the order of 107 to 107" are described as paramagnetic, in which they show
magnetism only in the presence of an externally applied magnetic field. They
have induced magnetic forces which respond linearly to the applied magnetic
field and tend to be attracted to the external magnetic field.
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e In ferromagnetic materials, the magnetic moments also align parallel to H,
coupling interactions between the electrons of the material result in ordered
magneticstates, thatis, magneticdomains, and large spontaneous magnetization.
Therefore, they can become saturated with a strong magnetic force and a residual
magnetism exists when the applied magnetic field is removed. They are
permanently magnetized when exposed to the external magnetic field. The
susceptibilities of these materials depend on their atomic structures, temperature,
and the external magnetic field, H.

e 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 field at sufficiently 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.

322
Magnetophoresis

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

Eg. = ZLAmeVBZ 3.1

Mo

where |, is the magnetic permeability of free space, Ay is the difference
(AX = Xp — Xm) in magnetic susceptibility between the magnetic material (y,) and
the surrounding medium (),,), V., is the volume of magnetic material, and B is
the magnetic flux 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 field will induce the magnetic force on
them. The total magnetic force (F,,) of the magnetic nanoparticles on the cell or
microbead is the sum of the magnetic forces acting on each magnetic nanoparticle.
F., is described by:

F=N,F, = LNmAmeVBZ (3.2)
2,
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where N, is the number of the magnetic nanoparticles conjugated with a cell or
a microbead. In a microfluidic channel, the fluid generates a laminar rather than
a turbulent flow. While the Reynolds number is <0.1, it can be assumed that drag
forces follow Stokes’ equation, and thus F, is defined as:

Fj=—6mR,Mv (3.3)

where R, is the radius of the cell or microbead, m 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+F,, (3.4)

where F, is the gravity force and F,,, 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 fluid flow and gravity, we are only interested
in the horizontal movement of the cell or microbead through the fluid. Based on
this fact, Equation 3.4 is rewritten as:

0=F,,+F, (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 microfluidic channel is
represented by:

= NaVulY g (3.6)

12nR, MU0

Equation 3.6 describes the magnetophoretic mobility of cells or microbeads
conjugated with magnetic nanoparticles. If the sizes of the magnetic nanoparticles
(V) and cells or microbeads (R,,) are assumed to be uniform, then their velocities
are affected by the number of magnetic nanoparticles conjugated on the cell or
microbead (N,,) and the magnetic field 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.

3.23
High-Gradient Magnetic Separation

For applications using magnetic forces, two types of magnetic field are available:
a homogeneous magnetic field and an inhomogeneous magnetic field. In a homo-
geneous magnetic field, there is no gradient in the magnetic field because the



82| 3 Magnetophoretic Biosensing and Separation Using Magnetic Nanomaterials

magnetic flux density is constant over a distance. Thus, this field is unable to either
attract or repel magnetic materials. In an inhomogeneous magnetic field, however,
there exists a gradient in the magnetic flux density. In magnetophoresis applica-
tions, an inhomogeneous magnetic field 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 field, the more profitable it is
in magnetophoresis. To this end, microscale ferromagnetic materials are used to
enhance the magnetic field gradient in microfluidic applications.

In HGMS, ferromagnetic materials are used to concentrate the external
magnetic field so that the magnetic field gradient is larger and the magnetic
force becomes stronger [21, 31]. The magnetic field gradient in HGMS is
usually obtained by placing ferromagnetic wire into the magnetic field; this
causes the ferromagnetic materials to become magnetically saturated, such that
a gradient using only external magnetic field (e.g., a permanent magnet) cannot
be increased by increasing the field. In HGMS, the direction of the external
magnetic field and the orientation of the ferromagnetic wire can have important
effects on the separation [32, 33]. According to the direction of the external
magnetic field 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 fields. Such
objects experience a force towards magnetic field minima, allowing for levitation
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Figure 3.1 The principle of high-gradient applied in a perpendicular direction to the
magnetic separation (HGMS). A ferromagnetic wire. Reprinted with permission
ferromagnetic wire in a uniform external from Ref. [32]; © 2004, American Institute of
magnetic flux concentrates the external Physics; (b) The case of a magnetic field
magnetic field towards itself, so that the applied in a horizontal direction to the
magnetic field deforms near the ferromagnetic ferromagnetic wire. Reproduced with
wire and a high gradient magnetic field is permission from Ref. [33]; © 2006, The Royal

generated. (a) The case of a magnetic field 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 cells (RBCs) and carbon nanotubes (CNTSs)
with high precision by arranging the ferromagnetic materials in a variety of
structures [34-37].

Because a microchannel in which the fluid containing the cells or microbeads
flows is located beside the wire, attention will be focused on the magnetic field
gradient alongside the ferromagnetic wire. When applied in a perpendicular direc-
tion to the ferromagnetic wire, the magnetic field is relatively more sparse along-
side the wire than at more distant regions. As shown in Figure 3.1a, the RBCs will
be repelled from a magnetized wire, despite their having natural magnetic proper-
ties. In contrast, the white blood cells (WBCs), which have diamagnetic properties,
are attracted to the magnetized wire. When the magnetic field is applied in a hori-
zontal direction to the ferromagnetic wire, the field 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 field (Figure 3.1b).

33
Magnetophoresis in Microfluidic Devices

3.3.1
Design and Microfabrication Processes

The microfluidic device for magnetophoresis generally requires several compo-
nents for the microchannels and the magnetic energy source. The most popular
fabrication methods for microfluidic 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 microfluidic 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 flux density gradient
across the microfluidic 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 flux density gradient (dB/dx), and this is rapidly reduced
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Table 3.1 Comparison of magnetic energy sources.

Magnetic energy source Advantages Disadvantages

Electromagnet On-chip integration Joule heating
Magnetic field switching Energy consumption
Reliable Limited field strength

Nonuniform magnetic field
Complicated fabrication

Permanent magnet Inexpensive Limited field strength
No power consumption Limited field uniformity
Confined fringe field Temperature sensitivity
Easy accessibility Weight

with distance from the magnetic energy source. Therefore, when designing
the microfluidic device it is critical that the microchannel is adjacent either to
the magnetic energy source or to the magnetic field-applied ferromagnetic micro-
structure. Because the magnetic flux lines diverge from, and converge into, the
corner of the permanent magnet (which results in a high magnetic flux 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 field at the edge that provides nonuniform directions of the magnetic
flux 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 flux density gradient, mainly because nickel microstructures can be
obtained relatively easily by using conventional electroplating processes. Details
of the microfabrication and of the microfluidic PDMS device are shown in Figures
3.3 and 3.4. Although not described in detail, the remaining PDMS film (ca.
<10 pum) at the thermal compression method (stage A5 in Figure 3.3) plays a crucial
role in the prevention of fluid 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 film 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 microfluidic devices for magnetophoresis, although it does not allow
the magnetic field to be switched on and off.
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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-field generation appears
in different shapes. Because of the
ferromagnetic structure located around the
edge of the magnet, a magnetic flux-density
gradient is generated in a slanted direction,

exploit the enhanced magnetic flux-density
gradient, microchannels must be located in
area A rather than area B, in (a) and (b),
respectively; (c) Experimental set-up of a
microfluidic 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
flux lines; while the open circles represent a
depletion of the flux lines. Reproduced with

rather than horizontal to the sidewall of the permission from Ref. [41]; © 2007, Wiley-
ferromagnetic structure. In order to effectively VCH Verlag GmbH & Co. KGaA.

3.3.2
Experimental Set-Up

Measurements for magnetophoretic biosensing and separation in microfluidic
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 reflecting microscope should be
used. As shown in Figure 3.6, the inverted microscopic system is generally
employed for PDMS-based microfluidic devices, with the images being captured
simultaneously by a CCD camera linked to a computer. Aqueous solutions injected
into the microfluidic 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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A1, Metal sputtering for seed layer (CrfAu)
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by chemical mechanical polishing (CMP)
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Figure 3.3 Fabrication process of a
microfluidic 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

ﬁ5+51. Aligning and bonding by air pllsm;\

\

AS5. Positioning nickel microstructure on
slide glass and PDMS coating followed
by thermal compression method to
generate thin PDMS film on slide glass

PDMS
Slide Glass

B1. PDMS micromolding for microfluidic
channel fabrication

Slide Glass

I

PDMS substrates, the microfluidic 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 microfluidic PDMS device fabricated by the processes described in Figure 3.3.
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Figure 3.5 Scanning electron microscopy images of 30 um-
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 microfluidic
magnetophoresis. The microfluidic 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 microfluidic 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 field around the microfluidic channels. The
magnetic field 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 field intensity acting on the microfluidic channel [19].

333
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 fluorescent particles can
be easily measured using fluorescence microscopy, and analyzed with an image
analysis program. However, those particles which do not contain fluorescent 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 Image] (W. Rasband, Image] 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 devices (SQUID), and Raman spectroscopy [41]. Magnetophoretic
separation can be evaluated either by an in situ analysis in the microfluidic channel,
using microscopic tools (CRAIC Technologies, Inc., www.microspectra.com, San
Dimas, CA, USA), or by analyzing samples collected from the microfluidic devices,
using the above-described techniques.

34
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 difficult 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 fluorescent, 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-
fluidic immunoassay which utilizes the binding of superparamagnetic nanopar-
ticles (SMNPs) to microbeads and the subsequent deflection of microbeads in a
magnetic field as the signal for measuring the presence of an analyte. In this
procedure, the 50nm SMNPs and 1um fluorescent polystyrene microbeads are
immobilized with specific 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
microfluidic channel, only those microbeads which are conjugated to SMNPs by
analytes can move to the high-gradient magnetic field under the applied magnetic
field. 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 field 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 verified in the microfluidic 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
3.7b), after which the hydrodynamically focused sample solutions may flow
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(a)

18 mm

12 mm

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
flowed through the 105 um-wide channel before the outlet;
(d) A photograph of the fabricated device. Reproduced with
permission from Ref. [19]; © 2005, The Royal Society

of Chemistry.

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 microfluidic 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-fluorescent microbeads immobilized with goat anti mouse IgG, and
red-fluorescent microbeads immobilized with goat anti rabbit IgG. The concentra-
tion of the red-fluorescent microbeads was 2.55 x 10° microbeads in 70 ul of buffer
solution, while the antigen solution (10ul) 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 defined 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 <0.05um s™. In contrast, the mean velocity at a concentration
of 250ngml™ rabbit IgG was 2.39 + 0.3ums™" (Figure 3.8a). As shown in the
figure, the velocities of the microbeads were measured over a range of concentra-
tions of rabbit IgG, from 1ngml™ to 1ugml™. When subsequently, and under the
same experimental conditions, a quantitative analysis of mouse IgG was per-
formed (Figure 3.8b), the velocities of both rabbit and mouse IgGs were almost
saturated at approximately 1 ugml ™" and 2pugml™, 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 pgml™ and 15.6 ngml™, respectively. The velocities
of microbeads conjugated with SMNPs may be demonstrated by magnetic field
gradients in microfluidic 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 3.8 (a) Results of magnetic force-based microfluidic
sandwich immunoassay for detection of rabbit IgG. Detection
was feasible over a concentration range from 1ngml™ to
Tugml™; (b) The dynamic range of mouse IgG was
62.5ngml™ to 2ugml™. Reproduced with permission from
Ref. [19]; © 2005, The Royal Society of Chemistry.

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 x 10° microbeads in 70 pl). As shown in Figure 3.8a, the range of detect-
able concentrations was shifted to the right compared to the above experiment,
which used different concentrations of microbeads (2.55 X 10° microbeads in
70ul). 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
fluorescent-encoded microbeads in the microfluidic device. This magnetophoretic
assay system was also shown to be capable of controlling the detectable range of
analytes by adjusting the magnetic field (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 field gradient flowing along their
own focused line (Figure 3.9a), and thus maintaining their flow path. However,
when the magnet was placed 4mm away from the microchannel, the flow path of
red-fluorescent microbeads was shifted such that they flowed through the upward
channel; however, the yellow-green-fluorescent microbeads were restricted to their
own flow path (see Figure 3.9b). However, when the magnet was adjusted to be
only 2mm away from the microchannel, the flow paths of both red- and yellow-
green-fluorescent microbeads were switched to the upward channel (Figure 3.9¢).

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

Concentration of mouse IgG [ng mL™"]

10*
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(a) (b) ()

Figure 3.9 CCD images of fluorescent magnet; (b) The trace of the microbeads with
microbeads. The original background images  a permanent magnet which was 4mm away
of fluorescent microbeads were dark, but a from the microbeads; (c) The trace of the
microchannel image on the same place was ~ microbeads with a permanent magnet 2mm
folded on the original images in order to away from the microbeads. Reproduced with
show the trace of the microbeads. (a) The permission from Ref. [19]; © 2005, The Royal

trace of the microbeads without a permanent  Society of Chemistry.

above, the dynamic range and detection limit can be easily adjusted via the micro-
bead concentration and a higher magnetic field gradient. In addition, the magnetic
force detection scheme may possibly be utilized in multiplexed biological assays.

342
Highly Sensitive Biosensors Using HGMS

In biosensor applications, the detection limit represents a crucial factor, especially
when infinitesimally small biomolecules are to be analyzed for the early diagnosis
of cancer and the detection of specific proteins. In the case of a magnetophoretic
assay system, the most effective approach is to enhance the magnetic field gradient
and, for this purpose (see Section 3.2.3), ferromagnetic materials are often used
to concentrate the magnetic field. If ferromagnetic materials are introduced into
a microfluidic 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 field [35-37].

The effect of a ferromagnetic material in a magnetic field 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 field gradi-
ent, the detection limit can be improved by increasing the velocity under a higher
magnetic field gradient. To confirm this effect, the magnetic flux density gradient
of a permanent magnet and that of a Ni microstructure under an external magnetic
field were simulated by using a FEMM program. Both, the simulation and



3.4 Magnetophoretic Biosensing | 93

(a) W0 (b)
£ g 30f
- 6| o]
g % 300 _
O - 5
> TE 10"+ E'-H 250 |
. 4 = E %0
s — 101 @ - 200 ©
T x o - o
sz 100k ;5 150 | %
= = o
,% L0 5800 o
) 1 2 50 - %a
S 10~ o iy
100 1 1 1 E 0 [ 1 1 1 1 1
0 20 40 60 0 10 20 30 40
Distance from Ni Surface [um] Distance from a permanent magnet [mm]

Figure 3.10 Comparison of simulated results between a
permanent magnet and a Ni microstructure under external
magnetic field: profiles of simulated magnetic field gradient
(a) with a Ni microstructure under external magnetic field and
(b) with a permanent magnet only. Reproduced with
permission from Ref. [20]; © 2007, American

Chemical Society.

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 um and 50 um, respectively. The distance between
the permanent magnet and the Ni microstructure was 2mm. The properties of
the permanent magnet were as follows: relative recoil permeability, 1.05; density,
7.4 gcm; and specific resistivity, 144 pQ-cm. Figures 3.10a and b show the simu-
lated results with a Ni microstructure under the external magnetic field and a
permanent magnet only, respectively. The simulated magnetic field gradient of a
permanent magnet was approximately 200Tm™ in the region concerned, which
was approximately 2mm away from the permanent magnet. By contrast, the Ni
microstructure under the external magnetic field exhibited about a 50-fold
enhanced gradient (~10*Tm™") compared to the permanent magnet, thus confirm-
ing that the ferromagnetic material had concentrated the magnetic flux 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 pgml™, that of the ferro-
magnetic material was 1 pgml™. It appears, therefore, that the detection sensitivity
of this assay system can be improved to cover femtomolar concentrations.

343
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 3.11 Results of detection for IgG using the microfluidic
devices with and without the Ni microstructure.

requirement to monitor the infinitesimally small levels of specific 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-specific IgEs. This was based on the magneto-
phoretic deflection velocity of a microbead associated with magnetic nanoparticles
under an enhanced magnetic field gradient in a microfluidic 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-specific 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
profiles from those of house mite allergens [57, 58]. In order to minimize the effect
of such differences on IgE reactivity profiles in the standard curve and in sample-
to-sample variation of their protein contents, four or five serum samples from
patients were pooled with the same volume for D. farinae and D. pteronyssinus,
respectively. Mite allergen-specific IgE levels in the pooled serum were then deter-
mined using a commercial diagnostic kit (CAP system).
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When the magnetophoretic velocities of microbeads were measured in a micro-
fluidic channel under an enhanced magnetic field using a ferromagnetic material,
the deflection 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 ums™ (Figure 3.12a). However, for the nega-
tive control experiment, whereby 1ugml™ of purified human IgE was added to a
reaction mixture, the velocity of a microbead was estimated as 0.65 £+ 0.36ums™"
(Figure 3.12b). The deflection velocity of a microbead in the negative control
experiment was generally within the range of background level, despite the con-
centration of purified IgE used being much higher than the maximum concentra-
tion of allergen-specific IgE in the D. farinae experiment. These results indicated
that there was a negligible cross-reactivity between D. farinae allergen-specific
human IgEs and other human IgEs in this detection system.

The mite allergen-specific human IgEs in serum were measured using the
system developed for pooled sera. As a result, the velocity of a microbead

Figure 3.12 CCD images showing the human IgE containing no mite allergen-

movement of D. farinae allergen-conjugated  specific human IgE); (c) Injection of 547 fM
microbeads at different time intervals for D. farinae allergen-specific human IgE;
various concentrations of analyte. (d) Loading of 102.5pM D. farinae allergen-
(a) Background control (analyte: 10l of specific human IgE. Reproduced with

phosphate-buffered saline); (b) A negative permission from Ref. [20]; © 2007,
control (analyte: 10l of 190uM purified American Chemical Society.
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conjugated with allergen from D. farinae increased with the increasing concentra-
tion of D. farinae allergen-specific human IgE, ranging from 547 fM to 102.5 pM.
The lowest concentration of human IgE measured over the background level was
about 547 fM, while the mean velocity at the lowest concentration (547 fM) of
human IgE was 1.78 £ 0.36ums™" (see Figure 3.12¢). With 102.5 pM human IgE,
the velocity was estimated as 14.58 £ 0.81 ums™ (Figure 3.12d). 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 £ 0.09ums™ and
0.36 = 0.07ums™, respectively. The velocity of a microbead was measured for
concentrations of D. pteronyssinus allergen-specific human IgEs ranging from 795
fM to 56.2 pM. The lowest concentration of human IgE measured over the back-
ground was approximately 795 fM, and the mean velocity at the lowest concentra-
tion (795 fM) of human IgE was 1.0 + 0.48ums™. In the presence of 56.2 pM
human IgE the velocity was 10.0 + 0.33 ums ™. Based on these measured velocities,
standard calibration curves for the two allergen-specific 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-specific 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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Figure 3.13 Deflection velocities of microbeads with respect
to the concentrations of D. farinae and D. pteronyssinus
allergen-specific human IgEs, respectively. The velocities of
five microbeads were independently determined. Error bars
indicate the means and standard deviations of measurements.
Reproduced with permission from Ref. [20]; © 2007,
American Chemical Society.
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Table 3.2 Blind tests of unknown sera samples, and comparison with a CAP system.

Source of Patient Microbead IgE concentration
allergen number velocity” (ums™)
From standard From standard From CAP
curve (pM) curve (IUmI™)  system (IlUmI™)
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 14488 £0.948 763+ 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.

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 pM, 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 value of 0.9989. The coefficient 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:
6-149) [59].

Based on these results, magnetophoretic immunoassay system has been verified
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 fM
(0.0451Uml ™) and 268 fM (0.0211Uml™"), respectively, these levels being about
one order of magnitude lower than those determined with a conventional CAP
system (0.351Uml™). 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).

344
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



98

3 Magnetophoretic Biosensing and Separation Using Magnetic Nanomaterials

analytes of major physiological significance 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 flexibility 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 fluorescent
molecules, quantum dots, photonic crystals and radiofrequency as encoding tools
[66—69]. Among these diverse detection methods, fluorescent dyes are used almost
universally for the encoding of target analytes [70-72]. However, microspheres
with fluorescent 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 difficult due to spectral cross-talk [73-75].

In seeking to substitute the fluorescent 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 microfluidic
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 field gradient, the resultant microspheres were
deflected from their focused streamlines in a microchannel, and the respective
colored microspheres detected by using CCD in a specific 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-modified 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
deflected colored microspheres, and finally 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 predefined 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 confirmed. 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 flow
through the inlet is important. By using hydrodynamic focusing, the microspheres
could be focused at a location 3.46 + 1.89 um from the left wall of the microchan-
nel, at a flow rate of 3ulh™. However, when the flow 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 flow rate of 3ulh™, 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 fM, and of rabbit IgG-biotin from 26.6 to 799.2 M. In the case of goat
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IgG-biotin, the lowest concentration measured over background was 6.7 M, and
the corresponding position of the red-colored microspheres was 6.92 £ 2.22 um.
The lowest concentrations of rabbit IgG-biotin and mouse IgG-biotin were
26.6 fM and 6.7fM, respectively, which corresponded to 8.40 £ 2.46um and
6.58 + 2.35um, 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 fM, 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 five 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 flow rate and detection zone, the dynamic range
of the system can be controlled by more than one order of magnitude. The effect
of flow rate is presented in Figure 3.16a, where the positions of reacted red
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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 (fM) 26.6 799.2 266.4
Multiplexed immunoassay (um) 17.00 £ 3.00 96.45 +5.09 59.44 £5.48
Fitting into the standard curve (fM) 37.8+11.2 795.6 £ 41.0 285.7 £ 40.6
Assay 2
Concentration (fM) 666.0 399.6 6.7
Multiplexed immunoassay ({m) 99.60 + 0.91 45.50 £ 4.42 6.00
Fitting into the standard curve (fM) 682.6 £ 11.8 381.2+37.2 4.5
Assay 3
Concentration (fM) 266.4 26.6 666
Multiplexed immunoassay (um) 56.80 = 5.97 9.10 + 3.00 98.70 + 3.46
Fitting into the standard curve (fM) 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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microspheres were measured through the first detection zone A of Figure 3.14a
and the flow rates were changed from 3 to 7ulh™. As shown in Figure 3.16a, the
dynamic range was shifted to a higher concentration as the flow rate increased.
At a flow rate of 3pulh™, the dynamic range of goat IgG-biotin was 6.7 to 666.0 fM.
Meanwhile, the dynamic range at a flow rate of 7ulh™ was shown to be 133.2 fM
to 1.9 pM. As the flow rate became higher, the microsphere would become exposed
to the magnetic field gradient for a shorter time, and consequently the dynamic
range at a faster flow rate would be extended to a broader range of analyte con-
centration. However, the calibration sensitivity—which is defined as the ratio of
channel width to maximum detectable concentration—was decreased. In addition,
the microsphere at the faster flow 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 flow rate of 3ulh™ (Figure 3.16b). 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 deflected more as the microspheres became exposed to the magnetic
field gradient for a longer time—in other words, as the detection zone changed
from A to D. In the first detection zone, A, the position detection showed a higher
dynamic range (up to 655.8 fM) than that of other detection zones. Meanwhile,
although the position detection showed a low dynamic range (up to 266.4 fM) in
the last detection zone, D, a higher calibration sensitivity (0.33 um fM " at detection
zone D) could be achieved than for other detection zones (e.g., 0.14um fM™" 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 quantified 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 field 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]
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conjugated with antibody proteins that are specific to the cell membrane protein
of interest; the magnetic particle-bound cells are attracted by the highly enhanced
magnetic force such that, finally, the cells change their pathway. Non-bound cells,
however, have no influence on the magnetic field and maintain their pathways.
Recently, Pamme et al. reported the details of an immunomagnetic cell sorting
technique using microfluidic devices for separating mouse macrophages and
human ovarian cancer (HeLa) cells [26]. Likewise, Xia et al. reported an integrated
microfluidic device for removing Escherichia coli bound to magnetic nanoparticles
from flowing solutions [101]. For this, the authors used ferromagnetic microstruc-
tures integrated into the microfluidic 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 microfluidic 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 microfluidic 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 microfluidic 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 microfluidic 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 microfluidic device (Figure 3.18) [41]. These authors had previ-
ously reported a microfluidic purification method using single-walled carbon
nanotubes (SWCNTSs), which attracted much attention and promised a wide range
of applications [103, 104]. Unfortunately, SWCNTSs 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 purification, including gas-phase
oxidation, wet-chemical and thermal treatments, microwave-assisted methods, and
combined multistep purification platforms [105, 106], the current purification
methods, mainly using chemical, thermal, and ultrasonic treatments, have resulted
in structural defects or the surface modification of the SWCNTSs [106]. Because
most metal catalysts used in SWCNT synthesis are superparamagnetic [107],
several approaches for the magnetic purification of SWCNTs have been demon-
strated, using magnetic-trapping methods [108-110]. Unfortunately, however,
these (largely macroscale) purification schemes have been limited to obtaining
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Figure 3.18 Magnetically confined impurity-containing
SWCNTs on the sidewall of the saw-tooth nickel
microstructure induced by a permanent magnet. Locally
confined impure SWCNTSs were repeatedly concentrated in the
regions of highest magnetic-flux density. Reproduced with
permission from Ref. [41]; © 2007, Wiley-VCH Verlag GmbH
& Co. KGaA.

high-purity SWCNTSs, due to the relatively low magnetic field intensity employed
and crude control of the SWCNT solutions. Consequently, a microfluidic device
for magnetophoresis was used for the purification of SWCNTs, with highly
enhanced magnetic flux density gradient and precise fluidic controls assisted by
microfluidic manipulation techniques.

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

105
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Figure 3.19 Transmission electron microscopy images of
(a) as-dispersed and (b) magnetophoretically purified
SWCNTs. Reproduced with permission from Ref. [41];

© 2007, Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 3.20 M-H curve of SWCNTs measured at 300K using
SQUID magnetometry, proving that magnetically purified
SWCNTSs have a remarkably reduced iron content, and
showing the decreased magnetic susceptibility. The inset
shows a magnified graph of purified SWCNTs below
0.Temug™ 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 microfluidic devices.

3.53
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 fields, 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 microflu-
idic channel, where the magnetic flux 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
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Figure 3.21 Schematic of isomagnetophoretic discrimination
process of particles having subtle difference of magnetic
susceptibility (Ay) in a microfluidic 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 microfluidic 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, Vi(tx), the
magnetic susceptibility gradient, K(t,x), magnetic flux density gradient B(x), and
particle velocity driven by the parabolic flow profile, Vi(x) (Equation 3.10). K(t,x)
is obtained from the concentration gradient, C(t,x) (Equation 3.9), generated across
the microfluidic channel in accordance with Wiedemann’s additivity law (Equation
3.11) [115]:

B 2R*(y,— K (t, %)) B(x)

Vit %)= (3.7)
9ILM
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V, =— 1-—— 3.10

(=21 4622 510
N N

x(mixture)=Y Vi [ Y. Vi (3.11)
i=1 i=1

K(t,x) = Coa-prpa(t, X)X Ga-prea + (1= Cia_prea(t, X)) X, p-giucose (3.12)

where V,(t, x) is the magnetophoretic velocity at time, ¢ (s) at position of x, R is
the radius of a particle (ca. 7.5um), x, and K(t,x) are the volumetric magnetic
susceptibility of a particle and fluid, respectively, B(x) is the magnetic flux density
gradient (T?’m™), W, is vacuum permeability, | dynamic viscosity of fluid (Pas), C,
the initial concentration, h is the width of the initial distribution (50um), w is
the width of the channel (100um), D is the diffusion coefficient of Gd-DTPA
(2.3%10°cm?s™) [116], and v, is the average fluid velocity in the channel (mms™).
The magnetic susceptibility of Gd-DTPA and D-glucose was obtained from pub-
lished reports [117, 118]. The finite element method magnetic (FEMM) program
can be used to estimate the magnetic flux 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 microfluidic channel is
placed near the edge of a permanent magnet (NdFeB35; 50mm x 25mm x 10 mm;
Magtopia, Korea) and the nickel microstructures were positioned between the
permanent magnet and microfluidic channel, it was difficult to estimate the mag-
netic flux density around the microchannels using a numerical equation. Fortu-
nately, the width of the microchannel is narrow enough (100 um) to make a rough
assumption that dB/dx 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, Vi(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 3.22a, the lateral positions (18.52+£1.58 um, n=247;18.20 £ 6.61 um,
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 um, 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
3.22b exhibits the large difference of the lateral position of PS (17.68 + 1.62um.
n =576) and PMMA (30.44 + 3.48um, 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 ¢ 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
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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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and PMMA particles, supporting the indiscernible. Reproduced with permission
experimental results as described in Figure from Ref. [42]; © 2008, American

3.22. The plot presents the theoretical particle Chemical Society.

Cartesian coordinate system, assuming that all parts of a microsphere (polymer
particle) are exerted by the uniform magnetic force. Then, the composite function
(Vyand V) is iterated by increasing the time (from t = 0) until the y reaches 11 mm
(distance along the microfluidic channel) (Figure 3.23).

The ideal condition for IMP requires the static gradient of yg,:4 over the microflu-
idic channels, but the present device scheme does not generate the stationary yaua
profiles across the microfluidic channel because of diffusion. Therefore, for a theo-
retical consideration of the present quasi-isomagnetophoretic displacement (due to
transition of the ys,4 gradient in accordance with time and particle position in y-
axis), Vi(t,%) and V,(x) are employed to estimate the particle displacement at time, ¢.
By using this model and the experimental data above, ¥ps, Xpvva and s are dis-
criminated to be —8.75 x 107%, =5.40 X 107%, and —2.10 X 1075, respectively, which are
comparable with published values [120]. Figure 3.24a 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 3.24b). For the
apparent verification of IMP compared to magnetophoresis, the (iso)magnetopho-
retic distinction coefficient in the microfluidic devices, D = Ax/AYparice, has been
newly defined, where Ax (10°m) and Aypanice are the difference in the lateral posi-
tions of certain types of two particles at the outlet (P and Q, Ax = xp — x) and in
magnetic susceptibility (AYparice = Xp — Xq), Tespectively. We can estimate Dy, and
D, by considering if the particle, P, is polystyrene and y, varies from —0.75 x 10
to —15.75 X 10°% As reported in Figure 3.24b,c, IMP provides a larger Di,(3.89)
compared to Dy,,(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 3.24b and c are the plotted results when the particle size
of Pis 15.0um, and the particle sizes of Q are 16.0um and 14.0 um, respectively.
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Although IMP as described in this chapter does not present the microfluidic
separation using magnetic nanomaterials, it can be expected that this method will
enable an enhanced separation and biosensing ability in microfluidic 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 microfluidic techniques.
Although the approaches towards magnetophoretic analysis assisted by microflu-
idics are restricted to within the nanoliter scale, they offer a variety of advantages,
including high efficiency, 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 fields, if the current technical problems of optimization, such as

m
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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 efficiency 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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Magnetic Nanomaterials as MRI Contrast Agents
Yurii K. Gun’ko and Dermot F. Brougham

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 field. When exposed to an alternating magnetic field, magnetic
nanoparticles can serve as powerful heat sources, and hence can be used in hyper-
thermia therapy for cancer. Magnetic fluids 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 flow 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 flexibility 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 influence 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 field.

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 efficient 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 influence biodistri-
bution, the molecules that can be used in this role include a wide range of drugs
and fluorescent compounds, all of which can be targeted to a specific 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 fields 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, significant 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 purification 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 specific 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
Classification of Magnetic Nanomaterials Used for MRI Applications

The study of magnetic nanocomposites is a very rapidly developing field, which
makes the classification of these materials quite difficult and sometimes arbitrary.
In terms of contrast, MRI agents are traditionally classified as T;-, or T,- type. Tj,
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; value. The relaxivity
is defined as the relaxation rate enhancement per millimole of iron, and thus has
units of s 'mM™". 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,, 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, value, although more usually their efficacy is quantified by high
values of the r,/r, ratio. Typical examples of Tj-agents are molecular gadolinium
chelates, while superparamagnetic ferrite-based particles represent T,-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;O,)
and maghemite (y-Fe,0;), 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 10nm), 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 field.
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 nanoparticles (SPIONs)
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 classified as ultra small particles
of iron oxide (USPIOs), small particles of iron oxide (SPIOs), and oral (large)
particles.

USPIOs have diameters ranging between 10 and 40nm, and can be further
subdivided into crosslinked iron oxide nanoparticles (CLIONs) and monocrystal-
line iron oxide nanoparticles (MIONSs) [7, 8, 13]. USPIOs are dispersions of stabi-
lized nanocrystals or small clusters of such particles which can have a strong T,
(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 inflammatory 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; ie., Sinerem®
and Combidex®; diameters 20-40nm), bone marrow imaging (AMI-227),
perfusion imaging (NC100150; i.e., Clariscan®; mean diameter 20nm), and MR
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Table 4.1 Nanoparticulate agents approved for clinical applications or clinically tested.
Agent name Company Coating agent  Relaxomic  Hydrody- Applications Reference(s)
properties, namic
15T size (nm)
(mM™'s™)
Ferumoxides Guerbet, Dextran T10 r =10.1 120-180  Liver imaging;  [17]
AMI-25, Advanced r, =120 cellular labeling
Endorem®/ Magnetics
Feridex®
Ferumoxtran-10  Guerbet, Dextran T10, rn=99 15-30 Metastatic (18, 17]
AMI-227 Advanced T1 r, =65 lymph node and
BMS-180549 Magnetics macrophage
Sinerem®/ imaging; blood
Combidex® pool agents;
cellular labeling
Ferumoxytol Advanced Carboxyl- r =15 30 Macrophage [193]
Code 7228 Magnetics methyl-dextran  r, = 89 imaging; blood
pool agent;
cellular labeling
Ferumoxsil Guerbet, Silica n.a 300 Oral GIT [17, 141]
AMI-121 Advanced imaging
Lumirem®/ Magnetics
GastroMARK®
Ferucarbotran  Schering Carboxy- rn=97 60 Liver imaging;  [83]
SHU-555A dextran r, =189 cellular labeling
Resovis®
SHU-555C Schering Carboxy- rn=10.7 21 Blood pool [194]
Supravist® dextran =38 agent; cellular
labeling
Feruglose GE-Healthcare PEG-ylated na 20 Blood pool [19, 20]
NC100150 (abandoned) starch agent
Clariscan®
Ferristene® GE-Healthcare Sulfonated n.a. 20 Oral GIT [192]
Abdoscan® styrene-divinyl- imaging
benzene
copolymer
VSOP-C184 Ferropharm Citrate r =14 7 Blood pool [21]
=334 agent; cellular
labeling

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 Dy
>60nm (normally 60-200nm), containing multiple nanocrystals within a water-
permeable shell, often composed of dextran or carboxydextran, and usually gener-
ate a strong T, (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 (Dpy
120-180nm). Endorem® is a negative-contrast agent (r,/r; ~ 12) which is used
primarily for liver imaging. Sinerem (also from Guebert) has a cluster size of
50nm and is formed by fractioning Endorem® suspensions. Although it is still
a negative-contrast agent (r,/r; ~ 6.6), the improvement in size facilitates the appli-
cation of Sinerem — which is usually classified 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 60nm and is also used in liver imaging (r,/r; ~ 19.5) [6].

Large (or Oral) particles of iron oxide (diameter between 300nm and 3.5 um)
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 significant time under physiological condi-
tions, as any aggregation will lead to an increase in r,. Among the more interesting
newly developed agents is VSOP-C184 [21] from Ferropharm which, with a hydro-
dynamic size of 7nm, 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,-weighted MR images. These
dark areas can be confused with signals from bleeding, calcification, or metal
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deposits, while the susceptibility artifacts also distort the background image [23,
24].

Consequently, significant efforts have recently been made on the development
of T, MRI contrast agents based on magnetic nanoparticles of other metal oxides.
These involve mostly manganese and rare earth-based oxides. For example, T; 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)-weighted MR images of the brain, liver, kidney, and spinal cord, showing
very fine anatomic structure in animal models. It was also noted that the MnO
nanoparticles could be easily conjugated with a tumor-specific 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,/r, values. Typically, small gadolinium oxide (Gd,O;) nanocrystals can be
prepared via the polyol route by thermal decomposition of, for example, Gd(NOs);
in the presence of diethylene glycol [25-27]. Diethylene glycol-capped Gd,0;
nanoparticles have been shown to demonstrate both r; and r, 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,0(CO3),-H,0 and Gd,O; 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,0; cores were protected and stabilized by encapsulation within a polysiloxane
shell, the r; 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, and T, 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, 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)s) 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 fields, and a stronger increase in
negative contrast at higher fields, as compared to similar iron oxide nanoparticles
[34, 35]. Thus, colloidal iron suspensions have potential applications as both T;
and T, 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, agents [36]. Another example is that of Au;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 specific 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,, Al,0;). 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 (22nm diameter), a
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Figure 4.1 Different types of lipoprotein nanoparticle-based
contrast agent, and the gadolinium complexes used in their
preparation. Reproduced from Ref. [45].

significant 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 + 3nm, 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
200nm-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 (48.4mM™'s™, at 20MHz and 37°C) com-
pared to a value of 5.2mM"'s™" for the Gd-111 chelate itself [48]. Latex nanoparticles
of 100, 400 and 900 nm diameter were doubly derivatized, first with tomato lectin
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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 perfluo-
rocarbon nanoparticles, resulting in materials which have up to 55% higher relax-
ivity than the corresponding free Gd-chelate [50]. These Gd-loaded perfluorocarbon
nanoparticles could be easily conjugated to antibodies to achieve specific 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
71nm were prepared by homogeneous precipitation from a water/propanol
solution of Gd(NO;);, 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; salt and Dye@MSN-R produced novel fluorescent 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 30-60nm and lengths
50-150nm, demonstrated fourfold and 12 fold increases in r; and r,, 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 8-15nm diameter, which demonstrated high relaxivities [55]. Gold nanopar-
ticles encapsulated by a multilayered organic shell composed of gadolinium
chelates, bound to each other through disulfide bonds, have also been reported
[56, 57].

Finally, new ultrasensitive pH-smart probes (so-called gadonanotubes) have
been prepared by incorporating nanoscale, superparamagnetic Gd**-ion clusters
within single-walled carbon nanotubes (SWCNTSs). These nanocomposites dem-
onstrated a high performance as T;-agents for MRI, with r; ~ 180mM's™, which
is about 40-fold greater than that of any current Gd** 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, flow 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 fluids 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 first instance
by the nature of the surface of the nanoparticles or nanoparticle clusters. The
stability of magnetic nanosuspensions as MRI contrast agents is, therefore, defined
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 final 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 Modification 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 fluids, 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. 100nm) formed from the particles (ca. 10nm)
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 influences stability is the zeta-potential ({), 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 —30mV
< { < +30mV, at a given pH, are generally found to be stable. For example,
citrate-stabilized 7nm-diameter iron oxide particles (VSOP-C184 [22]) have
sufficient 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 significantly increase the negative contrast.

4.3.2
Modification 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
fluids, Ferumoxtran-10 (also known as AMI 227; Sinerem® and Combidex®),
consists of superparamagnetic magnetite cores approximately 5Snm 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 30nm. 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 50nm. It has been observed that increases occurred in
the saturation magnetization, total susceptibility, and both the r, and r, relaxivities
of the nanoparticle suspensions with an increase in nanocrystal size [75]. A new
ferrofluid based on dextran-coated iron metal particles with aggregate sizes close
to 50nm has also been reported. These materials were found to demonstrate a
higher saturation magnetization, magnetic susceptibility and r, 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 ferroflu-
ids with a typical hydrodynamic diameter of approximately 65nm. The MRI prop-
erties of these ferrofluids 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 ferrofluids with varying ferromagnetic particle sizes, ranging from
10 to 180nm [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 ** and Fe ** 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(e-caprolactone)-b-PEG copolymers. These materials have demonstrated sig-
nificantly improved r, 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 9nm magnetite nanoparticles under physiological conditions; this
resulted in the formation of a stable ferrofluid (Figure 4.2), which was found
subsequently to be a promising contrast agent for MRI [95]. In another study,
trifluoroethylester-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].
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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 specific 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 specific 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-modified 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 wused 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 fluids 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 fluids that have exhibited unprecedented high relaxivities
and also show a good potential for MRI [126].

433
Modification 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 significantly 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-specific 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 Stober 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 ferrofluids (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

Figure 4.3 Transmission electron microscopy (a) 10; (b) 60; and (c) 1000 mg of TEOS;

(TEM) images of iron oxide nanoparticles (d) High-resolution TEM image of the iron
coated with silica shells of various oxide nanoparticle uniformly coated with a
thicknesses. The thickness of the silica 6 nm-thick amorphous silica shell.

coating was adjusted by controlling the Reproduced from Ref. [132].

amount of precursor added to the solution:
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nanoparticles can be redispersed in water, without the need for further surfactants,
to produce stable magnetic fluids [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 1nm, 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 thatit 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 modified 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
Si0,/Fe;0,, 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 fluid 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)propyljtrimethoxysilane [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 <10nm, this being achieved by the reaction
of Co nanoparticles with Pt(hexafluoroacetyl-acetonate), 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;O, 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-modified silica
spheres; (c) silica spheres with Fe;O, (magnetite)
nanoparticles immobilized on their surfaces; (d) silica spheres
with Fe;O, 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 specific 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 specific 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 difficult 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].

FA FA

dextran dextran

reduction

137

Folate-labelled

oH VUSPIO
NH,

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 disulfide, 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;O,) and maghemite (y-
Fe,0;) are favored, as sub-20nm particles of these oxides are superparamagnetic
at room temperature and have a high saturation magnetization, Mj, that is some-
what reduced from the bulk values. Previously, M, has been shown to be heavily
dependent on nanoparticle size for sub-7nm crystals, due to surface effects [169].
Thus, the optimal range for MRI applications can be estimated as 7 to 20nm,
within which range nanocrystals will have a magnetocrystalline anisotropy energy,
AE,s, 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-defined nuclear magnetic reso-
nance (NMR) characteristics.
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4.41
Characterizing the Suspensions

With a detailed physico-chemical characterization of magnetic suspensions being
central to this field 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), Mossbauer 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 drgy and Grgy 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 confirmed by analysis of the
suspensions themselves, for example by using photon correlation spectroscopy
(see below).

4.41.2 Magnetic Properties: Magnetometry

Characterization by magnetometry, with measurements of sample magnetization
as a function of applied field, 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 field (the magnetic field required to reduce
the sample magnetization to zero) and remanence magnetization (magnetization

139



140

4 Magnetic Nanomaterials as MRI Contrast Agents

at zero applied field) of close to zero, confirm the superparamagnetism of the
suspensions. For superparamagnetic suspensions, the magnetic saturation of the
sample can usually be observed at higher fields, yielding the sample saturation
magnetization values, M;. 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, dyq), is photon correlation spectroscopy (PCS), which
is also known as dynamic light scattering (DLS). In PCS, time-dependent
fluctuations 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
satisfied.

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 ~1nm
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;
diya and PDI. Alternatively, particle size distributions can be produced from fits
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 dyq 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 significant 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 fits obtained become highly sensitive to
minor differences in the PCS data — that is, in the correlation function.



4.4 Properties and Characterization of Magnetic Nanoparticle Suspensions

4.4.1.4 Magnetic Resonance Properties: Nuclear Magnetic Resonance Dispersion
The magnetic field 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 'H, using the technique of nuclear magnetic resonance dispersion (NMRD).
In addition to allowing the measurement of r;, the NMRD profiles 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 use