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  1.1 
 Introduction 

 Traditionally, synthetic approaches for the production of functional metal oxide 
materials have involved high - temperature reaction environments with energy -
 intensive techniques such as laser ablation, ion implantation,  chemical vapor 
deposition  ( CVD ), photolithography or thermal decomposition  [1] . The incorpora-
tion of these techniques has provided a rapid prototyping technique, essential for 
the commercial development of current minimum feature - sized semiconducting 
integrated circuits. However, the production of these devices has been achieved at 
a high price, with the primary challenges currently faced by high - throughput fab-
rication laboratories including the high cost of laborers and instruments, high -
 temperature reaction conditions, and a surplus in generated waste  [1] . In fact, the 
cost of fabrication facilities are estimated to reach an outstanding US $ 100 billion 
per facility by the year 2020, as the demand for smaller, lighter and faster materials 
continues to grow  [1] . But, more importantly, manufacturers are progressing in 
this manner at the expense of the environment, as they accumulate hazardous 
chemical wastes  [2] . For decades, research teams in the semiconductor industry 
have been seeking alternative methods to passivate not only the rate of waste pro-
duction but also the cost of spending. 

 The most accessible resource for the synthesis of functional materials under 
ambient conditions is found in biology. From highly ordered nanostructures to 
genetically controlled reactive surfaces, systems in biology perpetually demon-
strate their ability to fi nd effective solutions to multifaceted, real - world problems 
using a rigorous process of natural selection  [3 – 7] . The versatility of biology ’ s 
incredible portfolio encourages researchers to develop modifi ed syntheses derived 
from Nature. Hence, their fi ndings have been successfully organized into the fi eld 
of  biomimetics , or bioinspired research, which encompasses alternative approaches 
towards developing nanomaterials with technological applications  [8] . Based pri-
marily on the designs, mechanisms and processes found in Nature, biomimetics 
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encompasses the fi eld of structural biology while interfacing engineering, materi-
als science, physics and chemistry  [4, 8] . 

 Biomimetics infers the manipulating and mimicking of natural architectures 
and processes of biologically produced minerals ( biominerals ) to direct the syn-
thesis of non - natural materials. For instance, the architecture of one of the most 
abundant biological species on the planet    –    the virus    –    has recently been manipu-
lated to serve as containers for the synthesis of a variety of functional molecular 
cargoes  [9, 10] . In particular, the positively charged interior of the  cowpea chlorotic 
mottle virus  ( CCMV ) has been used as a container for the nucleation of spatially 
confi ned metal oxide nanomaterials  [10] . On a larger and more complex scale, 
versatile strategies for substrate modifi cation have been developed directly, 
through inspiration from the surface - mediated mineralization of biological organ-
isms  [3] . The eggshell matrix proteins from the Chinese soft - shelled turtle (com-
posed primarily of aragonite, CaCO 3 ) were isolated, and revealed properties that 
are necessary for embryonic survival  [3] . It was suggested that the matrix proteins 
contained pelovaterin peptides as their major unit that self - assembled into 
micelles, altering the interfacial energy of the eggshell  [11] . Applications of such 
controlled mineralization could be applied to the successful construction of func-
tional  two - dimensional  ( 2 - D ) reactive surfaces, with reduced nonspecifi c adsorp-
tion  [12 – 15] . 

 Bioinspired research is based on identifying and emulating the principles of 
biomineralization in natural systems, instead of copying them directly. In fact, 
most strategies incorporated by natural systems are not directly applicable to 
engineered materials, so the need for alternative synthetic routes are required for 
the incorporation of non - natural elements, such as barium, nickel, copper or alu-
minum, with functional nanoscale properties  [1, 8] . From a materials perspective, 
highly intact biological structures such as diatoms, bacteria, proteins or butterfl y 
wings provide an excellent source of inspiration for their synthesis. In this chapter 
we have included the details of a wide variety of mediated nanomaterial syntheses, 
their response to variable parameters, and their ability to retain a functionalized, 
controlled stability over time.  

  1.2 
 Metal Oxides in Nature 

 To date, as many as 60 biominerals have been identifi ed as being necessary for 
the correct function of organisms, and more than 60% of these are reported to be 
coordinated to either hydroxyl moieties or water molecules, enabling the rapid 
release of ions in solution  [7] . Metal oxides, in particular, provide a fundamental 
stepping - stone for the development of functional nanomaterials. In an oxidative 
environment, such as the atmosphere of the Earth, oxides are the lowest free 
energy states for most metals in the Periodic Table and demonstrate applications 
ranging from semiconductors to insulators  [16] . As insulators, SiO 2  and Al 2 O 3  are 
the two most commonly used supports for catalysis, as they are nonreducible 



oxides  [16] . Semiconductors, such as ZnO and SnO 2 , have high electrical resistivi-
ties that provide alternative templates for gas sensors  [16] . 

 Surprisingly, the properties associated with metal oxides in technology are not 
so far removed from what is observed in natural systems. Through precisely tuned 
processes, Nature is able to synthesize a variety of metal oxide nanomaterials 
under ambient conditions; the magnetic navigation device found in  magnetotactic 
bacteria  ( MTB ) is one such example  [17] . Here, magnetite (Fe 3 O 4 ) nanocrystals are 
aligned with the Earth ’ s geomagnetic fi eld and contained within specifi c organelles 
known as  magnetosomes   [17] . Fresh water salmon, for example, utilizes these 
magnetic nanoparticles in the nasal cavities of their forehead as a biomagnetic 
compass during migration  [18] . 

  1.2.1 
 Components of Biomineralization 

 Nature dictates the basic structure and function of metal oxides in biology by a set 
of genetically controlled rules. In order to utilize these principles as inspiration 
for a variety of non - natural biomaterial syntheses, we must fi rst understand their 
purpose. For example, organic ligands in the form of an amino acid side chain, 
lipids or carbohydrates    –    all of which are found in biological systems    –    direct the 
assembly of highly structured metal oxide nanomaterials  [19] . Free metal ions act 
as Lewis acids in the hydrolysis of a precursor before it completely binds to the 
donor ligand (Lewis base)  [20] . In addition, most of these metals in Nature follow 
similar trends, as laid out by the  hard – soft acid – base  ( HSAB ) theory  [20] . The 
charge associated with the Lewis acid metal facilitates an energetically favorable 
nucleophilic attack on the carbonyl of the ligand. Because of the effective charge 
of the metal – ligand coordination, there are two alternative ways that this attack 
can occur.  ‘  Soft metals  ’  (Pt 2+ , Au 2+ , Cu 2+ , Cd 2+ ) that are large and polarizable with 
low oxidation states bind with  ‘  soft ligands  ’  (carbonyls, CN  −  , RS  −  ) in order to 
balance their charge  [20] . However,  ‘  hard metals  ’  (fi rst row transition metals) are 
smaller and less polarizable, and are balanced by accepting lone pair electrons 
associated with  ‘  hard ligands  ’ , such as H 2 O, amines, phosphates or alcohols  [20] . 
The ligand donor type can affect the redox potential of the coordinated metal, its 
stereochemistry, and its subsequent reactivity within a biological system. 

 With that in mind, there are several examples in Nature where ligands are used 
to create metal oxide structures. In order to identify the components that adhere 
specifi cally to metal surfaces, various research groups have developed methods for 
screening libraries of up to 10 7  protein or peptide sequences that are responsible 
for inducing specifi c metal oxide mineralization  [21, 22] . Once the sequence is 
selected, optimal peptide -  or non - peptide - based mimics can be synthesized and 
subsequently applied to a wide range of nanomaterial syntheses. Among the 
techniques developed to isolate specifi c metal - bound peptides or proteins,  phage 
display  ( PD ) and  cell surface display  ( CSD ) are the most widely used  [19, 21] . 
Combinatorial PD is used to specify the selectivity of the peptide – substrate interac-
tion. In this method, a phage is created on an ensemble of bacterial particles, each 
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displaying different combinations of amino acids that are fused to the surface 
protein of the metal particle  [23] . Peptides bound specifi cally to the crystal surface 
are then eluted from the surface, amplifi ed using the  polymerase chain reaction  
( PCR ), and re - reacted up to fi ve separate times  [19] . After the fourth and fi fth 
cycles, the resultant phage is sequenced, and the peptide responsible for binding 
to the surface of the crystal is identifi ed  [19] . 

 An alternative approach to identifying surface ligands is that of CSD. Here, the 
process involves an analytical approach for the quantifi cation of binding constants 
and dissociation rates  in situ  of up to 10 4  protein molecules per cell  [24] . CSD 
permits the isolation of proteins that display ligand - binding, catalytic or electro-
chemical properties. Protein libraries on a specifi c cell surface can be labeled with 
a soluble ligand and quantitatively screened for reactivity by using fl ow cytometry 
 [24] . Although, the identifi cation of biomolecules specifi c for a metal is crucial in 
developing a particular biomimetic synthesis, it must be understood that peptides 
and proteins, alone, are not responsible for metal oxide formation in biology. In 
fact, the properties of these biomolecules  in situ  are a direct result of their reaction 
environment  [25] .  

  1.2.2 
 Biomineralization Optimization 

 From the supramolecular to the cellular level, assemblies of lipids, glycoproteins 
or nucleotides in Nature are necessary determinants, defi ning specifi c reaction 
sites along organelles, membranes or cell walls  [20] . Understanding the basic 
theory, process and components behind the biomineralization of metal oxides is 
the fi rst step in developing functional biomimetic materials. As noted before, the 
strategies and precursors incorporated by natural systems cannot be directly 
applied to engineered materials. For this reason, alternative routes are necessary 
to build and optimize the properties specifi c to metal oxide nanomaterials. The 
specifi c reaction conditions (length of reaction time, pH) are often tailored, depend-
ing on the desired structure and reactivity of the material; however, a typical 
approach to biomimetic synthesis often requires a developed precursor, in the 
form of a metal salt, suspended or dissolved in an aqueous medium, and coordi-
nated to a structure - directing agent. Both, natural (peptides, starches, proteins) 
and synthetic (dendrimers, block copolymers) polymers can be used as structure -
 directing agents for inducing the biomineralization of metal oxides  [6] . They 
assemble in an ionic solution to direct the size, shape and mean distribution of 
the resultant product. Recent investigations have even incorporated surface -
  modifi ed macromolecular templates in the form of a polystyrene latex bead, to 
direct the control and morphology of metal oxides (Figure  1.1 ).   

 Previously, diblock copolymers of  ethylene oxide  ( EO ), methacrylic (MAA) and 
double hydrophilic graft copolymers (PMAA or poly(vinyl sulfonate) backbones) 
were used separately without the latex beads to synthesize ZnO nanoparticles. It 
was demonstrated that the electrostatic charge associated with copolymers of vinyl -
 sulfonate exhibit a more active range of control over the resultant structure than 



others did at the same fraction  [6] . The activity of vinyl - sulfonate was optimized 
by anchoring it onto a hierarchal, supramolecular network of latex beads, thus 
demonstrating an alternative approach to controlling the synthesis of ZnO. As 
shown in Figure  1.1 , ZnO was precipitated in the presence of the beads, yielding 
hybrid polymer – inorganic materials with various morphologies  [6] . 

 Control over the shape of a nanoparticle can affect not only the particle in isola-
tion but also its interaction with other particles. However, the impact on the spe-
cifi c size of the material can determine the magnetic, electronic and chemical 
properties of nanoparticles  [26, 27] . Such size - dependency has been observed in 
 γ  - Fe 2 O 3  nanoparticles, with 55   nm particles exhibiting ferromagnetic behavior 
while their 12   nm counterparts produced superparamagnetic behavior, but with 
no hysteresis  [18] . The chemical reactivity of the smaller nanoparticle will be 
enhanced due to its larger surface area per unit mass. Moreover, the decreased 
particle size will also decrease the overall magnetic anisotropy of the particle, thus 
inducing the change to superparamagnetic  [28] . Novel methods of creating metal 
oxide nanoparticles of a defi ned size are necessary for achieving not only desired 
magnetic properties, but also electronic and chemical properties.   

  1.3 
 Biomimetic Synthesis of Metal Oxide Nanomaterials 

 In its most basic form, a material synthesized on the nanoscale infers a smaller, 
more reactive particle. In order to exercise control over the design and presentation 
of a particle in this size regime, several research groups have developed alternative 
approaches to synthesizing nanostructured materials under ambient conditions 
 [29] . The well - defi ned, structural organization witnessed in biologically derived 
minerals such as these has inspired low - temperature syntheses that are favorable 
because they minimize the onset of particle degradation, which is often a factor 
in high - temperature reaction processes  [30] . Generally, a biomineral can be 
induced, controlled or mediated by its reaction environment  [3] . Induced syntheses 

    Figure 1.1     Zinc oxide materials synthesized 
(a) in the absence of latex beads, (b) in the 
presence latex beads functionalized with 9   g   l  − 1  
of poly(styrene - acrylic acid), and (c) latex 
beads (removed by calcinations at 600    ° C) 
functionalized with 3   g   l  − 1  poly(styrene - maleic 

acid). Latex beads can be easily synthesized 
using mini - emulsion polymerization, and their 
functional surfaces tuned for specifi c ZnO 
properties.  Reproduced with permission from 
Ref.  [6] ;  ©  2007, Wiley-VCH Verlag GmbH & 
Co. KGaA.   
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are most common in single - celled organisms, such as fungi or bacteria, and 
typically occur within a charged, open environment. The mineralized product 
remains dynamic and typically does not have a specifi c function within the system 
 [7, 18, 20] . 

 Biologically controlled, or constrained, reactions yield minerals with a minimal 
size distribution that are localized to a confi ned area, defi ned by a cell wall, lipid 
bilayer or vesicle  [7] . This mineralized product has functional properties that are 
dependent on its origin of synthesis (extra - , inter -  or intracellularly)  [3, 20] . On the 
other hand, biologically mediated mineralization is often genetically controlled by 
the organism within unconstrained, open environments, while incorporating pep-
tides, proteins, nucleic acids or polymers as templates during synthesis  [3] . For 
instance, the proteins in diatoms, radiolarian and sponges produce SiO 2  that 
serves as their exoskeleton in the ocean, while biopolymers associated with echi-
noderms and nacreous layers mediate the production of single calcite crystals that 
serve as their protective coating  [29, 31] . The valuable properties associated with 
constrained or unconstrained metal oxide synthesis in specifi c biological systems 
has inspired the development of functionalized nanomaterials, and these will be 
discussed here.  

  1.4 
 Constrained Biomineralization 

 Synthetic control over the physical and chemical properties of a nanoparticle can 
be tuned according to its biological micro -  or nano - environment. Some of the most 
notable platforms that are currently being used for the controlled synthesis of 
metal oxides include the apoprotein ferritin, viral capsids or bacterial cages; 
however, recently adapted biotemplates, such as self - assemble peptide nanorings 
or porous butterfl y wings, have been used as unique platforms and have yielded 
interesting structures. These molecular architectures offer constrained environ-
ments that yield a small distribution of nanoparticle size under ambient condi-
tions, and will be discussed as viable alternatives for the synthesis of functional 
nanomaterials. 

  1.4.1 
 Bacterial Synthesis of Metal Oxide Nanomaterials 

 At least one - third of the elements in the Periodic Table have experienced changes 
in valence states induced by microbial activity. While some metals (iron, calcium, 
potassium) serve as an essential source for nutrients in bacterial systems, others 
are introduced as contaminants (lead, nickel, cobalt, cadmium)  [2] . This cohabita-
tion with such heavy - metal pollutants has forced organisms among marine 
bacteria to develop a high metal tolerance, which in turn makes them an 
interesting source for templating the constrained synthesis of metal/metal oxide 
nanoparticles. 
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 Magnetic metal oxides nanoparticles have aroused particular interest because 
their properties can be tuned according to their size and shape. Exchange coupling 
at the interface of ferri/ferromagnetic and antiferromagnetic phases, as seen in 
nanoscale materials, can be applied as high - density magnetic storage devices or 
components for enhanced sensor development. Current wet - chemistry approaches, 
demonstrating control over the magnetic exchange bias of a nanoparticle, require 
expensive organometallic precursors and high - temperature reaction conditions. 
On the other hand, biologically produced microbes reduce metal ions in aqueous 
media to form stable suspensions of nanoparticles coated with biomolecules (pro-
teins, peptides). This coating not only activates the modifi ed properties of the 
nanoparticle, but also prevents particle agglomeration, thus stimulating the growth 
of discrete nanoparticles within a solution.  

  1.4.2 
 Synthesis of Protein - Functionalized Ferromagnetic  Co 3 O 4   Nanocrystals 

 A marine bacterium culture (obtained from the Arabian seacoast) has been used 
as the host system for the constrained synthesis of cobalt oxide (Co 3 O 4 )  [2] . In this 
synthesis, the precursor, cobalt acetate (Co 2+ ) was incubated with the bacterium in 
an aqueous solution, and the as - synthesized particles displayed average diameters 
of 6   nm. After mild calcination (200    ° C for 2   h), the particles grew larger (50   nm), 
inferring that its protein - passivating layer had degraded, causing particle aggrega-
tion. Of the 15 strains isolated from the bacterium culture, only one gave a visible 
indication of the formation of nanoparticles. Phylogenetic sequencing revealed 
that this oligonucleotide strand could potentially be the source of hydrolysis and 
reduction of the precursor salt  [2] . 

 At room temperature, bulk Co 3 O 4  has been synthesized with a cubic spinel, 
antiferromagnetic phase. On the nanoscale, however, Co 3 O 4  adapts an overall fer-
romagnetic type behavior because the uncompensated spins at the nanoparticle 
surface becomes a large fraction of the total number of spins. The as - synthesized 
nanoparticles were characterized using  X - ray diffraction  ( XRD ) and identifi ed as 
crystalline. After heating above 930    ° C (a reducing environment), the composite 
material was transformed into the CoO phase, which suggested that, at room 
temperature, Co 3 O 4  is the thermodynamically preferable state  [2] . Despite there 
being a dominant presence of Co 3+  ions,  X - ray photoelectron spectroscopy  ( XPS ) 
identifi ed trace amounts of Co 2+  within the Co 3 O 4  composite. Among the 24 Co -
 ions in the Co 3 O 4  unit cell, it was predicted that eight Co 2+  ions were located in 
the tetrahedral sites and 16 Co 3+  ions in the octahedral sites. This mixed - valence 
state within the unit cell was understood to be the cause of the nanoparticle ’ s 
overall magnetic moment (Figure  1.2 ).   

 The mechanism behind the oxidation of the cobalt precursor and subsequent 
Co 3 O 4  precipitation within the bacterium host (Co 2+  to Co 3+ ) was examined. A 
nonspecifi c intake of toxic Co ions within the host forced a spontaneous reaction 
that was balanced by the homeostasis of the system through developed resistance 
mechanisms. Through the basics of biology, it was predicted that Co 2+  enters and 
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exits the cell through an effl ux pump, during which process Co 2+  was either fi ltered 
through a  cation diffusion facilitator  ( CDF ) or was exported by  resistance nodula-
tion cell division  ( RND ) proteins. Either way, the bacterial capsule was understood 
to bind and concentrate the metal ions along its walls, forming a cooperative, self -
 organized colony to resist induced external stress. This possible interbacterial 
communication involved in oxidizing precursor ions has exposed valuable proper-
ties associated with constrained synthesis, and can be used to control the synthesis 
of a number of additional metal oxides.  

  1.4.3 
 Room - Temperature Synthesis of Barium Titanate 

 As a source for nonvolatile memory, microelectromechanical device, or thin - fi lm 
capacitor,  barium titanate  ( BT ) is an important electroceramic material with 
ferroelectric properties  [32] . Most reported room - temperature syntheses have 
produced a cubic, paraelectric - phased BT; however, sub - 10   nm, tetragonal and 
ferroelectric phases are desirable for successful implementation within miniatur-
ized devices. For this reason, a purely biological approach was used to synthesize 
BT nanoparticles with constrained sizes using the plant pathogenic fungus  
Fusarium oxysporum  as the host system. Aqueous solutions of barium acetate 
((CH 3 COO) 2 Ba) and potassium hexafl uorotitanate (K 2 TiF 6 ) were reacted with  F. 
oxysporum   [32] . The fungal proteins were responsible for the hydrolysis and con-
fi nement of these precursor materials, inducing BT nanoparticles. The free Ba 2+  
and acetate ions released from barium acetate were understood to coordinate to 
the free   TiF6

2− ions, using the extracellular proteins in the fungus. In order to 
approximate the percentage of biomaterial attached to the particle, the sample was 

    Figure 1.2     Magnetization versus magnetic 
fi eld measurements of Co 3 O 4  shows a 
nonlinear reversible behavior once calcined 
at 10 and 300   K. The plot did not show 
saturation until the highest applied fi eld 
(50 kOe), which is a result of nonzero net 

moment and ferromagnetic - type behavior of 
nanoparticles with Co 3+  at octahedral sites. 
The inset shows an exaggerated view of 
the region of hysteresis.  Reprinted with 
permission from Ref.  [2] ;  ©  2006, American 
Chemical Society.   
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heated to 400    ° C, after which  thermogravimetric analysis  ( TGA ) determined that 
there was up to 50% weight loss from the starting material. Both,  transmission 
electron microscopy  ( TEM ) and XPS were used to identify the BT nanoparticles 
(which had a size distribution of 4    ±    1   nm), while  selected - area electron diffraction  
( SAED ) was used to confi rm that the particles were in the tetragonal phase. 

 Both,  differential scanning calorimetry  ( DSC ) and  superparamagnetism  ( SPM ) 
were used to probe the ferroelectricity of the as - synthesized nanoparticles and at 
various degrees of calcination. When SPM was used to investigate the polarizabil-
ity of the nanoparticles in the ferroelectric phase, the peak broadening in the 
maxima of the temperature - dependent dielectric response and the DSC maximum 
at ferroelectric transition suggested that the as - synthesized particles behaved as a 
 ‘ ferroelectric relaxer ’  material. Results indicated that BT nanoparticles were suc-
cessfully written and read on a substrate in response to an applied external electric 
fi eld. This confi rmed that reactivity, coupled with the biologically constrained 
synthesis of sub - 10   nm BT particles, is thought to revolutionize microelectronics 
industries. Hence, this method represents a nonvolatile and economically feasible 
alternative to current solid - state techniques for the production of highly controlled 
functional nanomaterials.  

  1.4.4 
 Biomimetic Synthesis of Magnetite 

 Iron oxides are technologically relevant metal oxides because, like cobalt oxide, 
they possess multivalent oxidation states that can be tuned specifi cally for an 
application, such as a catalytic template in sensor development or a substrate for 
drug delivery. Magnetite (Fe 3 O 4 ), which is naturally found in the magnetosomes 
of MTB or other iron - reducing bacteria, is a well recognized example of controlled 
biomineralization  [17, 18] . Once crystallized intracellularly, magnetite nanoparti-
cles align with the Earth ’ s magnetic fi eld to serve as a navigational compass for a 
number of aquatic animals  [18] . Salmon, for example, utilize the magnetite located 
in their head for magnetic navigation that can last up to three years over tens of 
thousands of kilometers  [18] . 

 The morphology of magnetite varies according to the different bacterial strains 
associated with the lipid membrane of the magnetosome (Figure  1.3 ), as the 
membrane defi nes the biochemical composition of the subsequent metal oxide. 
A number of successful biomimetic approaches aimed at modifying the biological 
synthesis of magnetite have been developed, incorporating constrained biological 
environments. These mimics can be tuned by either chemical or genetic modifi ca-
tion to yield interesting properties that are technological signifi cant.   

  1.4.4.1   Biomimetic Synthesis of Iron Oxide 
 The magnetic properties of iron oxides, specifi cally magnetite, are of particular 
interest to materials scientists because they are associated with potential applica-
tions, ranging from magnetic storage devices to  magnetic resonance imaging  
( MRI ) contrast agents  [17] . Unfortunately, the biosynthesis of magnetite can often 
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be slow (one week) under unfavorable anaerobic conditions; however, varying the 
reaction conditions (such as length of reaction time, pH) or starting materials has 
revealed several interesting properties associated with the nanoparticles. The 
chemical synthesis of various phases of iron oxide using alfalfa bioreduction 
( Medicago sativa ) was completed and examined under low - magnifi cation micro-
scopy and elemental analysis (30 micrographs per sample)  [33] . 

 Varying the reaction conditions has produced different species of iron oxides 
while maintaining nanometer control ( > 10   nm) over the distribution of nanopar-
ticles. The smallest nanoparticles were synthesized at pH 10 (3.6    ±    1.6   nm), and 
this led to a generation of magnetite clusters which coexisted with wuestite - like 
clusters. A preference for magnetite formation was exhibited at pH values of 7 
and 10. A multimodal distribution of average sizes of nanoparticles was evidenced 
at pH 3 (6.2    ±    3.4   nm), whereas at pH 5 the mean particle size was increased to 
7.2    ±    2.5   nm. At pH 7 and 10, the particle sizes were 4.1    ±    1.9 and 3.5    ±    1.6   nm, 
respectively (Figure  1.4 ). The chemical potential required to reduce the metal oxide 
system has been affected by the variation in pH, as indicated by the distribution 
in the size and phase of iron oxide composites.   

 Both, high - resolution TEM images and  fast Fourier transformed  ( FFT ) spectra 
were used to determine the structure of the resultant iron oxide. At pH 3, both 
rounded and irregular - shaped nanoparticles had planar spacings corresponding 
to the wuestite - like iron oxide (Fe 0.902 O cubic phase) at different zone axes. At pH 
5, the nanoparticles had a slightly different morphology that showed two domains 
in one particle; the larger domain was subsequently analyzed and shown to have 
characteristic angles matching magnetite - like iron oxide (Fe 3 O 4 ). A second particle 
studied had a more homogeneous structure, which corresponded to a wuestite - like 
particle. At pH 7 there was evidence of both wuestite and magnetite clusters that 
were similarly oriented within the same region. However, at pH 10 several parti-
cles within the same region were noted to have cubic - like arrays with a hexagonal 

    Figure 1.3     Transmission electron microscopy images (scale 
bar   =   20   nm) of magnetosomes from various bacterial strains. 
(a) Pseudo - hexagonal prism; (b) Cubo - octahedral crystal; 
(c) Tooth - shaped.  Reproduced with permission from Ref.  [17] ; 
 ©  2007, Wiley-VCH Verlag GmbH & Co. KGaA.   
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profi le and a hexagonal internal contrast that matched the wuestite and magnetite 
structures. 

 The cations within the magnetite unit cell (fcc close - packed lattice of oxygen 
anions) were responsible for the induction of zig - zag or square shapes. In each 
unit cell, the lattice array was either octahedral (eight Fe 2+  in each cation site) or 
a homogeneously distributed among tetragonal and octahedral (16 Fe 3+ ) packed 
sites. Hematite models have a signature hexagonal distribution with rectangular 
arrays, associated with Fe 3+  cation packing, and are predominately seen in synthe-
ses conducted at pH 3 (6% compared to negligible amounts found in the four 
other syntheses). 

 Powder - milled alfalfa (garlic acid, denoted as  ‘ R ’  in the reactions in Scheme  1.1 ) 
was used to reduce the iron in the Fe component in this synthesis. The variation 
in crystal morphologies was generated according to the amount of Fe 2+  available 
for reaction in the fi nal step, while the pH - dependent morphology of the metal 
nanoparticles exposed the preferential reduction of iron into Fe 2+  during the bio-
synthesis process.     

    Figure 1.4     Distribution of structures for variable pH samples. 
 Reprinted with permission from Ref.  [33] ;  ©  2007, American 
Chemical Society.   
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    Scheme 1.1      Reprinted with permission from Ref.  [33] ;  ©  2007 American Chemical Society.   
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  1.4.5 
 Metal Oxide Synthesis within a Protein Cage    –    Ferritin 

 The defi ned architecture of the metalloprotein  ferritin , a natural complex of iron 
oxide, is found in almost all domains of life and has been used as a constrained 
reaction vessel for the synthesis of a number of non - natural metal oxides  [28, 34] . 
The protein ferritin consists of 24 subunits that self - assemble into a cage, con-
sisting of a threefold hydrophilic channel coordinated to a fourfold hydrophobic 
channel  [20, 28] . In biology, Fe(II) is introduced into the core of the apoprotein 
through its hydrophilic channels; where the ferrous ion is catalytically oxidized 
to a less - soluble ferric ion, Fe(III)  [20] . The ferric ion then undergoes a series 
of hydrolytic polymerizations to form the insoluble ferric oxyhydroxide mineral 
(ferrihydrite), which is physically constrained by the size of the protein cage (12   nm 
outer diameter, 8   nm inner diameter)  [35] . The enzyme ferrous oxidase is coordi-
nated within the protein cage, the interior and exterior of which is electrostatically 
dissimilar, to produce spatially defi ned minerals. 

  1.4.5.1   Mineralization of Non - Natural Metal Oxides Using Ferritin 
 The photoinduced mineralization of iron, titanium and europium oxyhydroxide 
nanoparticles has been successfully achieved using the protein cage, ferritin  [35] . 
This photochemical reduction closely resembles the Fe(III) to Fe(II) reduction of 
marine siderophores with a citrate background  [35] . In this synthesis, a known 
concentration of metal ion was loaded into a 12   m M  solution of citrate and ferritin, 
and illuminated with a xenon arc lamp (320 – 750   nm) for over 2   h. The citrate solu-
tion induced an electrostatic environment that was essential for discrete nanopar-
ticle synthesis in the reaction, without which the bulk precipitation was illuminated. 
After a 2   h reaction time, the high oxidation state metal ions were photoreduced, 
whereas in the presence of air the lower state underwent reoxidation to the fi nal, 
oxyhydroxide state. All products were characterized using  dynamic light scattering  
( DLS ) and found to have similar sizes (12    ±    1   nm). Samples stained with uranyl 
acetate were analyzed with TEM, while the intact protein cage was visible, forming 
an outer diameter around the metal oxide cores of 5.7    ±    1   nm.  

  1.4.5.2   Mixed Mineralization Using Ferritin 
 Oxidation of the iron core in ferritin was used and applied to the mixed mineral-
ization reactions of cobalt and iron. It is understood that, if synthesized correctly, 
this composite material would have tailored magnetic properties, inducing the 
exchange coupling of ferro/anti - ferromagnetic properties; wherein, the exchange 
bias is self - manifested and defi ned by a unidirectional hysteresis loop. Control 
over the magnetic behavior of a nanoparticle could, potentially, lead to additional 
magnetic anisotropy effects for use as magnetic storage and recording devices. 
Klem and coworkers have demonstrated the constrained synthesis of Co x Fe 3 -  x  O 4  
with an exchange bias by means of an enhanced magnetic response  [28] . 

 For this synthesis, a deaerated solution of iron [(NH 4 ) 2 Fe(SO 4 ) · 6H 2 O], cobalt 
[Co(NO 3 ) 2  · 6H 2 O] and H 2 O 2  was added to apoferritin in NaCl (pH 8.5, 65    ° C, under 
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nitrogen), and the reaction allowed to continue until a homogeneous, dark brown 
solution was formed. Light - scattering measurements showed no increase in the 
average diameter of ferritin after metal encapsulation. TEM images showed the 
core sizes to be consistent with the inner diameter of the ferritin (6.8 – 7.4   nm 
diameter), while SAED indicated that with 33% Co doping, the  d -  spacings were 
consistent with the spinel phase of Co 3 O 4  and the inverse spinel magnetite phase 
of Fe 3 O 4 . When using a rapid (5   min) synthetic method, Co is likely incorporated 
into the rapidly forming Fe 3 O 4  lattice, which has enhanced the blocking tempera-
ture, inducing a loss in exchange bias. Under slow synthesis conditions (30   min), 
however, it was suggested that Fe 3 O 4  formation would precede the nucleation and 
growth of Co 3 O 4  on the basis of standard reduction potentials (Fe 3+  and Co 3+  are 
0.771 and 1.808, respectively). The magnetic properties of the complex nano-
particle can be tuned according to its applications, depending on the mode of 
synthesis.   

  1.4.6 
 Viral Templates for Metal Oxide Synthesis 

 Conceptually, viruses and the metalloprotein ferritin are similar in that they are 
both assembled protein cages that serve as a host system for mineralized guest 
materials  [9, 10] . The function of ferritin is to store and transport iron oxyhydrox-
ide, while that of virus capsids is to store and transport organic polymers or 
nucleic acids  [9, 20, 36] . Viruses are composed of repeating subunits which 
assemble into highly symmetric architectures that provide templates for nanoen-
gineering biominerals. As molecular containers, viruses have three important 
interfaces: (i) the exterior; (ii) the interior; and (iii) the interfacial region of the 
protein subunits (Figure  1.5 )  [9] . Because the exterior surface of the viral capsid 

    Figure 1.5     (a) Cryoelectron microscopy reconstruction of 
icosahedral symmetry of  Sulfolobus  turreted virus; (b) Three 
interfaces within a protein cage available for modifi cation. 
 Reproduced with permission from Ref.  [36] ;  ©  2007, Wiley-
VCH Verlag GmbH & Co. KGaA.   
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is highly symmetric, every functional group is spatially defi ned over the entire 
cage; thus, the reactive sites can be genetically engineered for multivalent ligand 
presentation  [36] .   

 The capsid interior has been used to direct nanoparticle synthesis; for instance, 
the basic, positively charged interior of the cowpea chlorotic mottle virus 
(CCMV) has been utilized for the mineralization of a range of polyoxometalate 
species  [9, 10] . In this synthesis, empty virions were incubated with precursor ions  
  WO VO MoO4

2
3 4

2− − −( ), ,  at neutral pH, whereupon the virus exits in its open, or 
swollen, state will provide a pathway for ions to fl ow into and out of the cavity  [10] . 
At pH 5.0, the capsid pores close to induce oligomerization, yielding large poly-
oxometalate crystals. The mineralized particles are then isolated and purifi ed by 
centrifugation on sucrose gradients, and their subsequent size distribution is 
documented using TEM. 

 The interface between the capsid interior and exterior is defi ned by a series of 
noncovalently bound peptides. Within the icosahedral formation of the CCMV are 
60 pores, each 2   nm in diameter, that open and close to allow ions and molecules 
to enter the interior, thus serving as a method of communication between interior 
and exterior. Because the virus capsid is a metastable, dynamic structure, the 
manipulation of its composition could introduce major structural changes from 
its original icosohedral formation to a sheet - like or tubular morphology. However, 
modifying the virus exterior with small molecules or biological ligands could have 
potential applications ranging from surface display or cell targeting to drug deliv-
ery  [9] . Controlling the ligands associated with the virus can also be used to identify 
specifi c peptide or protein communications, similar to the commonly practiced 
phage display methods  [9] . Identifying such active peptides would not only enable 
additional, specifi c templates for biomineralization but also provide a unique view 
into the architecture of specifi c viral capsids.  

  1.4.7 
 Hydrolysis of Metal Oxides Using Peptide Nanorings as Templates 

 The synthesis of biominerals within the confi ned volumes of vesicles, microemul-
sions or reverse micelles elucidates a defi ned location for contained reactivity. 
Among these three systems, the constrained, ionic environment within vesicles is 
the most preferable microenvironment because it is not a dynamic system  [37] . 
The biosynthesis of single - crystalline calcite within sea urchin larvae, for example, 
occurs inside a curved compartment with a constrained volume where the reaction 
is regulated by catalytically active biomolecules  [37] . The high surface tensions in 
such confi ned cavities are suspected to have a considerable impact on the ensuing 
phase of the nanoparticle. Various research groups have used these micro -  or 
nano - environments to provide inspiration for the confi ned synthesis of non -
 natural metal oxides by incorporating similar concepts. In the following examples, 
self - assembled reaction environments (peptide nanorings) were initiated by 
peptide monomers and metal precursor ions to yield uniform and specifi c phases 
of metal oxide nanomaterials  [38, 39] . 
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  1.4.7.1   Enzymatic Peptide Nanoassembly of Crystalline  Ga 2 O 3   
 As a wide band - gap material that provides light emission over a broad range,  β  -
 Ga 2 O 3  is currently being studied to exploit its potential applied, optoelectronic 
properties  [38] . Assembled peptides were used as nanoreactors to grow the kineti-
cally unfavored  β  - Ga 2 O 3 , which in turn provided a porous template for an effi cient 
dehydration and water - exclusion pathway, as well as a high surface tension control 
that was built into the peptide cavities during the crystal growth process. This 
reaction was completed in a two - step process where enzymatic peptides were fi rst 
assembled to template crystal growth, after which ordered single crystals were 
aligned through an aggregation - driven fusion. The nucleated particles were then 
capped by assembled peptides in solution. When the composite solution was sin-
tered at 900    ° C, the peptide templates were removed and the particles transformed 
into an aggregated GaN phase. 

 Bola - amphiphile peptide monomers and (bis ( N  -  α  - amidoglycylglycine) - 1,7 -
  heptanecarboxylate) were used to cap and catalyze the growth of  β  - Ga 2 O 3  nanopar-
ticles. Such particle capping was essential in this synthesis because, in its absence, 
GaOOH would be synthesized (Figure  1.6 ). The bola - amphiphile peptide mono-
mers were reacted with the precursor, gallium(III) chloride, for one month at pH 
10, after which time both TEM and SAED were used to show that the particles 
displayed 50   nm diameters, and were arranged in a monoclinic crystal structure. 
In addition, high - resolution TEM images showed layers of the peptide surround-
ing the core nanoparticle.   

    Figure 1.6     Illustration of catalytically grown  β  - Ga 2 O 3  
nanoparticles.  Reprinted with permission from Ref.  [38] ; 
 ©  2007 American Chemical Society.   
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 It is understood that, although the base solution hydrolyzes gallium precursors 
to form GaOOH, it is not strong enough to carry out the reaction, and for this 
reason the peptides are considered to have a catalytic function. Photoluminescence 
evidence confi rmed the emission of the nanoparticles (389   nm), which was in 
agreement with previously reported values for  β  - Ga 2 O 3 . Fourier transform – 
infrared (FTIR) spectra subsequently indicated that the gallium hydrolysis was 
completed adjacent to the carboxyl and amine moieties within the assembled 
peptide, through a bridged metal – bridged metal complex (COO − Ga - NH 2+ ). In 
order to investigate the importance of the nucleophilicity of this carboxyl moiety, 
the pH of the composite solution was adjusted to 7, and after a four - week incuba-
tion with the gallium precursor, only GaOOH crystals were observed. At neutral 
pH the protonated carboxyl group was shown to be weakly bound to the amine 
group, thus affecting the degree of gallium hydrolysis. 

 In addition, the importance of the bola - amphiphile template was tested. As a 
control, Nuraje and coworkers used the silicatein peptides that are associated with 
templating the hydrolysis and condensation of SiO 2  in sponge spicules. In this 
study, the nucleophilic hydroxyl of the serine and the primary amine from the 
histidine and lysine of silicatein catalyzed the hydrolysis of GaOOH and  γ  - Ga 2 O 3  
over a wide size range. Although such a wide distribution in size would limit this 
synthetic technique for use in industry, the control of nanoscale sizing using a 
specifi c hydrolyzing template (as for the synthesis of  β  - Ga 2 O 3  nanoparticles) could 
introduce valuable properties that depend strictly on the mode of synthesis.  

  1.4.7.2   Synthesis of Ferroelectric  BT  Nanoparticles Using Peptide Nanorings 
 As mentioned previously, the ferroelectric and optoelectronic properties of ternary 
oxides such as BT can be applied to the next generation of miniaturized capacitors 
or random access memories  [39] . In the past, BT has been synthesized at room 
temperature in the cubic phase, and does not exhibit ferroelectric behavior. 
However, Nuraje and coworkers recently reported a one - pot synthesis of ferroelec-
tric BT in the tetragonal phase, as confi rmed by electron diffraction  [39] . The 
precursor BaTi(O 2 CC 7 H 15 )[OCH(CH 3 )  2 ] 5  was hydrolyzed by peptide templates [bola - 
amphiphile peptide and (bis ( N  -  α  - amidoglycylglycine) - 1,7 - heptanecarboxylate] to 
produce BT nanoparticles at room temperature. When the peptide template and 
Ba - precursor were added together, and incubated for between one and four days 
in the dark, the peptide monomers were seen to self - assemble into nanorings. 
Atomic force microscopy (AFM) was then used to show that the BT had been 
synthesized exclusively within the nanoring cavity, with the average diameter 
(49    ±    11   nm) of the nanorings indicating a monodisperse size distribution. Raman 
spectroscopy confi rmed the formation of BT through a Ti – carboxylate ligation and 
a Ti – O – Ti stretch  [39] . In order to validate this coordination, the composite solu-
tion of peptide shells was irradiated with UV light (355   nm) for 10   h, after which 
the peptide shells were displaced, inferring that the onset of irradiation had 
rendered the Ti – carboxylate linkage ineffective. Subsequently, AFM was used to 
identify the average diameter of the metal oxide nanoparticles alone, as 12    ±    1   nm, 
after UV irradiation. Interestingly, as the pH of the peptide/precursor solution 
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changed from 4.5 to 10, the average diameter of the system fell from 49 to 23   nm, 
and this in turn affected the size of the resultant crystals (from 12 to 6   nm). 

 In order to monitor the nanoscale ferroelectric properties of BT,  electrostatic 
force microscopy  ( EFM ) was used to manipulate the polarization of the ferroelec-
tric fi eld (Figure  1.7 ). First, a voltage was applied to the cantilever tip ( V write  ), which 
gently touches the nanoparticle surface. Once the polarization has been written, 
the resultant polarization was probed with a lower voltage ( V probe  ) by measuring 
the shift in resonance of the AFM tip, using EFM. A positive applied  V write   (+12   V) 
on a 12   nm particle produced a brighter contrast image than did  V probe   of +2   V. 
When +12   V had been written onto the same particle, the  V probe   was applied, and 
induced a darker contrast image.     

  1.4.8 
 Synthesis of  ZnO  from Templated Butterfl y Wings 

 The wonderful array of colors associated with different species of butterfl ies often 
attracts the eye for aesthetic purposes only. Although used for sexual signaling or 
defense mechanisms (camoufl age), the color of the butterfl y wings is actually 
necessary for its survival. Designed for aerodynamics and protection, the micro-
structure of butterfl y wing scales (which are the cuticular products of a cell) 
are composed of a lightweight, porous material with alternate layers of chitin and 
air  [40] . Although the precise chemical composition of the scales is not known, 
chitin and the proteins resilin and scleretin have been identifi ed within the insect 
cuticle. The scales are composed of long, parallel ridges that are connected by 
cross - ribs (1280   nm long, 380   nm wide)  [41]  that do not contribute to the color of 
the butterfl y but rather offer defi ned regions that can be manipulated for further 
functionalization. 

 Zhang and coworkers utilized the wing ’ s porous architecture and the terminal 
hydroxyl and amino moieties of surface proteins to direct the constrained synthesis 

    Figure 1.7     Schematic of electrostatic force 
microscopy (EFM). The electric potential 
applied to the BaTiO 3  nanoparticles using a 
conductive AFM tip has been varied to test its 
nanometer - scale ferroelectric property. In 
these experiments, a +12    V write   potential was 

initially applied to the nanoparticles, and the 
subsequent EFM image was scanned under 
an applied  V probe   potential of +2   V.  Reproduced 
with permission from Ref.  [39] ;  ©  2006, 
Wiley-VCH Verlag GmbH & Co. KGaA.   
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of tubular ZnO nanowires  [40, 42] . Tubular materials of high porosity are under-
stood to have properties suitable for catalysis or device storage  [40] . For this 
process, a zinc nitrate (Zn(NO 3 ) 2 ) solution in ethanol was coated onto the surface 
of the wing after a 12   h incubation at room temperature  [40] , and the functional-
ized wing was then washed extensively with deionized water to ensure that the 
Zn 2+  ions had been effectively adsorbed within the surface hydroxyl and amino 
groups of chitin. The wing was then placed in an oven at 500    ° C for 2   h, during 
which time the fl at scales of the wings were broken apart along their stress ridges 
and the chitin substrate was burned. As a consequence, the calcifi ed product 
yielded ZnO microtubes within the ceramic wings. 

 Subsequent  X - ray diffraction  ( XRD ) studies confi rmed that the resultant com-
posites had a zincite hexagonal structure, while  fi eld emission scanning electron 
microscopy  ( FESEM ) was used to determine the dimensions of the microtubes 
produced (3.0    μ m diameter). When the shrink ratios were calculated, the distance 
between the ridges and the length of the tubes was calculated to have shrunk 
approximately 45.7% and 41.6%, respectively, from the original template, which 
inferred that the microtubes had grown directly from the wing scales. Cathode 
luminescence from the free exciton at 3.24   eV documented two emission bands 
( λ    =   381 and 572   nm) of the as - synthesized ZnO. Although not confi rmed, it is 
believed that the origin of the emission is a result of center defects of oxygen, 
indicating that the tubes sustain a low oxygen content, which is consistent with 
previous ZnO syntheses using block copolymers or solid - state conditions  [40] .  

  1.4.9 
 Ionic Liquid - Assisted  Co 3 O 4   Synthesis 

 As a magnetic p - type semiconductor that can be used in catalysis, sensor optimiza-
tion or energy storage, Co 3 O 4  has previously been synthesized using thermal 
decomposition, CVD or chemical spray pyrolysis of an oxidized Co product. Unfor-
tunately, these reaction conditions are not only unfavorable for the synthesis of 
Co 3 O 4  nanocrystals because their high - temperature reaction conditions, but they 
also induce a low product yield. In an attempt to overcome this setback, Zou and 
coworkers have used a relatively new technique incorporating  room - temperature 
ionic liquid s ( RTIL s) to direct the synthesis of the Co 3 O 4  nanocrystals  [43] . RTILs 
have recently attracted attention as stable, highly reactive solvents, with good 
electrical conductivity, high ionic mobility and good chemical and thermal stabili-
ties  [44] . 

 In this synthesis, an ionic liquid,  1 -  n  - butyl - 3 - methylimidazolium hydroxide  
( [BMIM]OH ) was dissolved in Co(NO 3 ) 3  · 6H 2 O at room temperature (Scheme  1.2 ) 
and, over a 30   min period, both NaOH and H 2 O 2  were added separately to the 
solution. After a 6   h period of stirring, a black - brown precipitate was collected, 
purifi ed and dried in the oven at 80    ° C for 10   h. The ionic liquid was collected and 
reused. The crystal structure of the resultant Co 3 O 4  nanocrystals was determined 
using XRD analysis, and its composition confi rmed by IR spectrometry. The dif-
fraction peaks indicated a cubic spinel system with lattice parameters similar to 



that reported previously, while  scanning electron microscopy  ( SEM ) imaging 
showed the nanocrystal sizes to range from 10 to 50   nm, with a spherical appear-
ance. These polar, ionic solvents offer a highly reactive environment because of 
the low interfacial tension, which induces catalysis and subsequent nucleation of 
the nanocrystals. When the Co - precursor has been added, the reactants disperse 
into the solvent to form many thousands of reactor sites that can be reused over 
and over again, thus providing a low - cost method for the rapid production of 
Co 3 O 4 .    

  1.4.10 
 Conclusions 

 While the use of metal oxide nanoparticles is dependent on their synthesis and 
subsequent magnetic or ceramic properties, size homogeneity is also necessary 
because the nanoparticles ’  properties are related directly to their size. Natural 
templates, such as butterfl y scales, peptide nanorings and bacterial or protein 
cages, can be tuned to induce narrow size distributions that have yet to be seen 
within an industrial setting. These chemically engineered systems have been 
proven to serve as viable nanoscale templates for the constrained biomimetic 
synthesis of higher - ordered metal oxide nanoparticles with unique properties 
specifi c to their synthesis.   

  1.5 
 Mediated Mineralization 

 The structure of certain biogenic organisms is understood to be mediated by the 
cooperative reactivity of self - assembled macromolecules within aqueous solutions. 
Such hierarchical, supramolecular assemblies have revealed interesting morpho-
logical properties that can be applied directly to materials development.  Diatoms  
and  echinoderms  are two independent examples of organisms that exhibit geneti-
cally controlled metal oxide structures with technologically relevant properties 
 [31, 45] . Although progress has been made in identifying their structure - directing 
precursors, their complex biomineral shapes have yet to be fully recapitulated, 
and progress in this area is described in the following sections. By isolating 
the biomolecules responsible for cell wall mineralization and documenting their 

    Scheme 1.2     Ionic reaction of cobalt precursor in the presence 
of NaOH and H 2 O 2 .  Reprinted from Ref.  [43]  with permission 
from Elsevier.   
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reactivity, it has become possible to incorporate the specifi c, reactive moieties of 
peptide -  and nonpeptide - based analogues for the biomimetic synthesis of novel 
nanomaterials. 

  1.5.1 
 The Three - Tier Architecture of Nacreous Layers 

 Mother - of - pearl (nacreous layer) possesses interesting morphological properties 
that are dependent on its aragonite – biopolymer coordination. Evidence has sug-
gested that these biopolymers are incorporated into the composite framework of 
the mineral and are responsible for inducing different morphological properties 
of the organism  [29] . Electron microscopy has been used to characterize these 
hybrid composites, and has shown that the macroscopic periodic orientation of 
the nacreous layer is assembled through a three - tier process of repetitive growth, 
inhibition, and regrowth  [29] . The layered aragonite composites (tier 1) have been 
predicted to be perfectly aligned through a series of mineral bridges (tier 2) 
(1 – 5    μ m wide and 200 – 700   nm thick). These bridges are assembled by nanobuild-
ing blocks (tier 3) that have aggregated into hexagonal plates (Figure  1.8 )  [29] .   

 Non - natural mimics of the assembled nacreous layer have been synthesized, 
displaying similar nanoscale architectures under ambient conditions. In these 
studies, the biomimetic crystallization of host organic molecules, generated 

    Figure 1.8     The three identifi ed tiers of the nacreous layer. 
(a,b) FESEM images and (c) FETEM image; (d – f) Schematic 
representations of tiers 1, 2 and 3, respectively.  Reproduced 
with permission from Ref.  [29] ;  ©  2005, Wiley-VCH Verlag 
GmbH & Co. KGaA.   



through a potassium sulfate (K 2 SO 4 ) and  poly(acrylic acid ) ( PAA ) composite reac-
tion, were shown spontaneously to form three - tier assemblies. Electron micro-
scopy revealed that tier 1 consisted of an assembly of plates composed of square 
units (tier 2), approximately 0.5 – 1.0    μ m thick. However, when magnifi ed at a 
higher resolution these squares were shown to originate at nanoscale defect sites 
that were bridged by 20   nm building blocks (tier 3) (Figure  1.9 ). The physical 
properties associated with these packed, nanoscale building blocks were probed 
using photoluminescence, whereby hydrophobic and hydrophilic organic dyes 
were encapsulated within the defect sites of the three - tier matrices. After time, an 
examination of the photoluminescence showed that the stored dyes were still 
actively fl uorescing, potentially providing an interesting source for molecular 
storage.    

  1.5.2 
 Echinoderms 

 The three - tier assembly documented for mother - of - pearl can be extended to the 
nanoscale architectures of other mineralized organisms. The sponge skeletal orga-
nization of echinoderms, for example, is composed of calcitic nanobricks of one, 
single Mg - bearing calcite crystal. Three species of echinoderms and one shell of 
a sea urchin were analyzed using FESEM, fi eld emission TEM (FETEM), SAED 

    Figure 1.9     The three identifi ed tiers of the K 2 SO 4  – PAA 
biomimetic assembly. (a,b) FESEM images; (c) FETEM image; 
(d – f) Schematic representations of tiers 1, 2 and 3, 
respectively.  Reproduced with permission from Ref.  [29] ; 
 ©  2005, Wiley-VCH Verlag GmbH & Co. KGaA.   
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and XRD  [31] . Although the organic composite membrane of the shells could be 
extracted using an aqueous solution of sodium hypochlorite (5% NaClO), the bio-
polymer remained associated specifi cally to the remaining rhombohedral calcite 
crystals. The nanobricks (submicron domains) of occluded biological macromole-
cules exposed on the cell surface of echinoderms were shown to be interconnected 
through a series of defi ned bridges at their nanoscale defect sites, similar to those 
found on nacreous layers  [31] . 

 The crystalline, calcitic domains of echinoderms were studied on a molecular 
level and shown to be electrostatically driven by assemblies of biomolecules with 
carboxy moieties. In fact, Addadi and coworkers have identifi ed biological mole-
cules associated with the sea urchin spine as water - soluble proteins, rich in aspar-
tic and glutamic acid  [46] . These amino acids were proposed to occupy the boundary 
sites between the crystalline domains of the nanobricks, inducing a necessary 
electrostatic environment for further reactivity. Similar to nacreous layers, the 
nanobrick growth of echinoderms is initiated along the defect sites of the bio-
polymer/nanobrick interface, thus exposing potential molecular storage units 
(Figure  1.10 ). The reported literature on the biopolymer - mediated synthesis of 
tightly packed nanobrick layers within species of echinoderms can be applied to 
the bioinspired synthesis of non - natural metal oxides.   

  1.5.2.1   Biomimetic Synthesis of Metal Oxides Using Echinoderms as Inspiration 
 By utilizing the fundamental Lewis acid and base interaction, defi ned organic 
molecules were used in conjunction with appropriate precursors under variable 
conditions to rapidly precipitate nanoparticles with constrained sizes. Specifi cally, 
mosaic assemblies of nanowires of ZnO and nanocrystals of Mn 3 O 4  and Co(OH) 2  
were synthesized using different polymeric backbones  [30, 47] . The mosaic assem-
blies within these metal oxides are initiated from the nanocrystals themselves and, 
as seen in echinoderms and nacreous layers, these materials were grown, inhibited 
and regrown at the defect sites of bridged nanocrystals. In these reactions, the 
incorporated polymeric backbone generated an electric dipole moment that 
induced an internal self - assembly of the primary crystals  in vitro;  these assemblies 
were then reorganized into a highly specifi c metal oxide crystal structure with 
functional properties. 

  1.5.2.1.1   Nanoscale Building Blocks for  ZnO  Nanowires     Interesting properties 
associated with one - dimensional (1 - D) zinc oxides can be employed in both 
electronic and optoelectronic applications  [30] . Previously synthesized using 
vapor - phase thermal evaporation, wurtzite - type ZnO has potential applications 
which range from gas sensors to varistors, because of its wide - bandgap semicon-
ducting properties. The 1 - D lateral growth of ZnO is especially signifi cant because 
it can be used as an ultrasensitive biochemical detector or fi eld - effect transistor. 
For this reason, a low - temperature synthesis was developed to optimize the pro-
duction of ZnO for such applications. The resultant synthesis produced 1 - D 
mosaic structures reminiscent of the molecular architecture of echinoderms 
 [30] . 



 Yahiro and coworkers prepared this synthesis using an aqueous solution of zinc 
heptahydrate (ZnSO 4  · 7H 2 O) and ammonium chloride (NH 4 Cl) at fi xed molar 
ratios. The pH was adjusted to 9.5, and again to 11, using NaOH. Pyranine (8 -
 hydroxy - 1,3,6 - pyrenetrisulfonate) was added in various molar ratios (Figure  1.11 ), 
after which the solution was aliquoted onto glass slides for ZnO fi lm nucleation 
and growth and incubated for 24   h at 60    ° C. The resultant slides were characterized 
using electron microscopy.   

 The anionic pyranine molecule was expected to direct the lateral growth of ZnO 
nanowires on a two - dimensional (2 - D) surface  [30] . Control studies with an absence 
of pyranine induced nanorods of wurtzite ZnO that grew vertically along the c - axis, 
as characterized by XRD analysis. At low molar ratios of pyranine, c - axis - oriented 
nanorods were also formed, but in hexagonal patterns; in contrast, at high molar 
ratios of pyranine the oriented growth became laterally elongated, extending in a 
desirable direction across the substrate. An  electron energy - loss spectroscopic  

    Figure 1.10     Schematic of nanoengineered 
nanobricks of nacreous layer and 
echinoderms. (a) Nanobricks oriented 
involving nanobridges; (b) Schematic of 
oriented architectures from single crystalline 
(A) to oriented attachment (B – D); (c) 

Interaction between the nanobricks and 
biopolymers producing the emergence of 
molecular storage and (E) polycrystalline 
arrangement.  Reproduced with permission 
from Ref.  [31] ;  ©  2006, Wiley-VCH Verlag 
GmbH & Co. KGaA.   
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( EELS ) analysis suggested that the pyranine had become wrapped around the 
developing nanowires during the synthesis, while both  energy - fi ltered  ( EF ) TEM 
and  high - frequency  ( HF ) TEM analyses indicated that, during the aqueous syn-
thesis, the pyranine molecules had been incorporated into the growing ZnO 
matrix by adsorbing to the faces of the hexagonal ZnO lattice points, thus inhibit-
ing crystal growth perpendicular to the c - axis. 

 A closer examination of the composition, using  high - angle annular dark - fi eld 
scanning transmission electron microscopy  ( HAADF - STEM ), showed that the 
nanowires were actually composed of nanograins (5.8   nm grain size, based on 
XRD peaks). The interior granular structures were understood to be composed of 
bridged nanocrystals that were oriented by the pyranine molecules, which inferred 
that the pyranine precursor was essential for the mediated synthesis of ZnO 
nanowires. Because there was no evidence of branching wires during the growth 
process, the 1 - D morphology could be attributed to an anisotropic growth of a weak 
seed particle that bridged adjacent particles together. Hence, pyranine not only 
induced an electrostatic environment that enabled the assembly of structured ZnO 
nanograins, but also oriented ZnO growth, producing an ordered arrangement of 
nanowires on the 1 - D scale.  

  1.5.2.1.2   Manganese Oxide and Cobalt Hydroxide     Manganese and cobalt materi-
als are technologically important as electrochemical, magnetic and catalytic metal 
oxides. Oaki and coworkers have developed a biomimetic synthesis, incorporating 
PAA to template manganese oxide and  poly(ethyleneimine ) ( PEI ) to template 
cobalt hydroxide nanofl akes with interior mosaic structures  [47] . Previously, man-
ganese oxide nanocrystals have been synthesized using a solid - state reacted precur-
sor  [48] , while other syntheses have produced plate and sheet - like morphologies 
of manganese oxide with submicron feature sizes. As an alternative approach, a 
1 - D polymer template was used to demonstrate a controlled, room - temperature 
synthesis of both manganese oxide and cobalt hydroxide. By utilizing these tem-
plates, the resultant nanoparticles were built from the bottom up and exhibited an 
internal hierarchical assembly of mosaic nanocrystals, similar to structures seen 
in echinoderms. 

 A mixture of manganese chloride tetrahydrate (MnCl 2  · 4H 2 O) and PAA imme-
diately formed a clear orange liquid that became turbid after several hours of 

    Figure 1.11     Structure of pyranine.  Reproduced with 
permission from Ref.  [30] ;  ©  2006, Wiley-VCH Verlag GmbH 
& Co. KGaA.   
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mixing. Both, FETEM and HAADF - STEM showed that the particles in solution 
were actually hexagonal nanofl akes on the order of 50   nm and composed of 2 – 3   nm 
nanograins (mosaic structure) with an approximate 10   nm thickness (Figure 
 1.12 a,b). The presence of manganese oxide was confi rmed by  energy - dispersive 
X - ray  ( EDX ) analysis, while HRTEM and FFT suggested a birnessite crystal lattice 
composed of edge - shared MnO 6  octahedrons. A dispersed liquid fi lm of Mn 3 O 4  
was drop - cast onto a silicon wafer, and an FT - IR spectrum collected. The results 
indicated that the mosaic interior of the birnessite - type manganese oxide con-
tained a PAA - controlled crystal structure in the presence of sodium ions.   

 A similar synthesis incorporating cobalt chloride hexahydrate (CoCl 2  · 6H 2 O) and 
PEI produced a reddish - yellow composite solution that was shown to be composed 
of hexagonal nanofl akes that were less than 100   nm in size. Both, FETEM and 

    Figure 1.12     Overview of manganese oxide and cobalt 
hydroxide nanofl akes. (a,b) Manganese oxide with (a) FETEM 
image and Tyndall light scattering inset and (b) HAADF - STEM 
image of magnifi ed fl akes; (c,d) Cobalt hydroxide nanofl akes 
with (c) FETEM image and dispersed inset and (d) HAADF -
 STEM of mosaic structure.  Reproduced from Ref.  [47] , by 
permission of the Royal Society of Chemistry.   
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FESEM were used to identify the rough features of the nanofl akes, which were 
shown to be approximately 10   nm thick and composed of 5   nm crystals (Figure 
 1.12 c,d). 

 An EDX analysis confi rmed the composition of Co(OH) 2  – PEI containing traces 
of sodium ions and water molecules in between the monolayers of a brucite - type 
crystal lattice. Finally, SAED, HRTEM, FFT, XRD and FT - IR were each used to 
confi rm that the material was composed of octahedral coordinated cobalt nano-
fl akes with intercalated sodium ions in a brucite - type structure. 

 The results from both syntheses have indicated that tailoring the polymer 
template for a specifi c metal precursor could yield functional nanomaterials with 
highly controlled properties. The nanofl akes of manganese oxide and cobalt 
hydroxide were synthesized with mosaic interiors that were ascribed to a stepwise 
crystal growth. Similar to the formation shown in Figure  1.11 , this growth can be 
understood as a series of inhibitions and regrowths at the defect sites, as demon-
strated previously for the echinoderms.    

  1.5.3 
 Diatoms 

 In Nature, diatoms represent one of the largest groups, and perhaps one of the 
most studied single - celled eukaryotic microalgae found in almost every seawater 
and freshwater habitat. These microorganisms have silica - based cell walls, which 
range in size from  ∼ 50 to 500   nm (Figure  1.13 )  [49] . Although diatom silica is X - ray 
amorphous, it still exhibits highly regular and rather exquisite patterns of pores, 
ridges or tubular structures that are formed under genetically controlled processes. 
Studies using electron microscopy have revealed that the valves and girdle bands 
associated with silica formation are formed inside the cell, within highly special-
ized membrane - bound compartments called  silica deposition vesicle s ( SDV s)  [50] . 
When morphogenesis has been completed, these silica species are deposited on 
the cell surface using SDV exocytosis.   

 Currently, microelectronics relies on bulk silica as an important dielectric mate-
rial that is often used as an insulating template for further reactivity. On the 
nanoscale, silica can be synthesized by polymerizing silicic acid in an aqueous 
system, or through hydrolysis and condensation of silicon alkoxides in the St ö ber 
synthesis  [51] . The mechanism of these two methods is unique. The fi rst method 
is dominated by monomers and tetra - functionalized species, such that the resul-
tant silicate sols are uniform, which means that they are fully hydrolyzed and 
grow by monomer addition. In contrast, for the second method, di -  and tri - 
functionalized species are dominant for alkoxides. Regardless of the synthesis 
used, these particles induce a fractal interior with minimal morphological control 
due to their common template, ammonium hydroxide  [51] . 

 In Nature, specifi c  silicon transport protein s ( SIT s) produced by diatoms are 
responsible for the uptake and delivery of orthosilicic acid (Si(OH) 4 , p K  a    =   9.8) to 
the diatom. Within the cell, orthosilicic acid is then concentrated up to 1000 - fold, 
resulting in the condensation of amorphous, hydrated silica  [45] . Strikingly, the 



polycondensation of silica occurs in neutral to slightly acidic pH conditions, under 
ambient temperatures and pressures. Although these conditions are considered 
mild, diatoms still have control over the product morphology. It is understood that 
the patterns created by diatoms are species - specifi c, and consequently their directed 
growth process must be regulated in a genomic manner  [51] . 

 Recently, signifi cant effort has been devoted to determining the specifi c tem-
plates used by different species of diatoms in silica formation. Although, diatom 
cell walls consist primarily of silica doped ( ∼ 97%) with trace amounts of aluminum 
and iron, they also contain a wide variety of incorporated organic molecules and 
proteins  [52] . In fact, solid - state  nuclear magnetic resonance  ( NMR ) spectroscopy 
has revealed that some these molecules and coat proteins are encapsulated within 
the silica matrix  [53, 54] . Two main templates for silica growth were identifi ed 
after dissolution of the silica cell wall with  hydrogen fl uoride  ( HF ) or ammonium 
fl uoride. In the following sections, we will show how these templates have been 

    Figure 1.13     Scanning electron microscopy images of the cell 
walls of a variety of diatom species.  Reprinted from Ref.  [45] , 
with permission from Elsevier.   
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optimized and utilized for further reactivity, thereby revealing interesting proper-
ties that are directly applicable to the synthesis of novel nanomaterials. 

  1.5.3.1   Biological Synthesis of Silica Nanoparticles 
 Extracted and purifi ed from up to three species of diatoms ( Cylindrotheca fusiformis, 
Thalassiosira pseudonana  and  Eucampia zodiacus ), silaffi ns are polypeptides (4 –
 17   kDa) with a variety of post - translational modifi cations, including proplylamino -
 functionalized lysine side chains (Figure  1.14 )  [49] . Currently, four silaffi n genes 
have been identifi ed (one from  C. fusiformis  [ sil1 ] and three from  T. pseudonana  
[ tpSil1, tpSil2  and  tpSil3 ]), which encode for eight known polypeptides. Of these 
four genes, only  tpSil1  and  tpSil2  have shown sequence similarities, likely from 
gene duplication; however, the overall lack of sequence similarity strongly suggests 
that the post - translational modifi cations of silaffi ns are critical to their function. 
These post - translational modifi cations include the monohydroxylation of lysine 
and proline, dihydroxylation of proline,  o  - phosphorylation of serine, threonine, 
hydroxyproline and hydroxylysine, glycosylation, sulfation of carbohydrate moi-
eties, and the alkylation of  ε  - amino groups of lysine  [52, 55] . These modifi cations 
are charged and stabilized through electrostatic interactions between the phos-
phate groups on one silaffi n to the charged amines of another, inducing a self -
 assembled template available for further reactivity.   

 The different structures associated with different species of diatoms are directly 
related to the silaffi n being studied. For instance, spheres (silaffi n - 1/2L mixture 
from  T. pseudonana   [56] ), dense plates (silaffi n - 3 from  T. pseudonana   [56] ) or 
porous sheets (silaffi n - 1/2H mixture from  T. pseudonana   [56]  or natSil - 2 from 
 C. fusiformis   [57] ) are all a function of a precursor template. While silaffi ns are 
responsible for controlling which shapes are formed in the SDV, positively charged 
 long - chain polyamine s ( LCPA s) are an integral part of silica condensation  [45] . 
Those silaffi ns that are negatively charged must be stabilized by the LCPAs, or the 

    Figure 1.14     Chemical structure of silaffi n - 1 A 1  from 
 C. fusiformis.   Reproduced with permission from Ref.  [55] ; 
 ©  2006, Wiley-VCH Verlag GmbH & Co. KGaA.   
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recently discovered silacidins  [58]  (in  T. pseudonana ), to complete silica 
condensation. 

 The LCPAs are nonprotein components ( > 3.5   kDa) that have been found encap-
sulated in the silica matrix of the diatom, and isolated through a series of HF 
extractions  [59] . Unlike silaffi ns, which have a peptide backbone, these polyamines 
consist of linear chains of C – N - linked PEI units that are bonded to a putrescine 
or putrescine derivative backbone. The chemical composition of these LCPAs 
is unique for each diatom species, with variable repetitions and degrees of 
methylation. 

 Similar to the reactivity of silaffi ns, silica production in the presence of LCPA 
and silicic acid requires an addition of counteranion in the form of phosphate, 
sulfate or citrate ions. This electrostatic matrix is projected to induce the formation 
of silica by the microscopic aggregation of LCPAs and subsequent phase separa-
tion into a LCPA – anion - rich microdroplet  [50] . In his 2002 theory of cell wall 
morphogenesis, Manfred Sumper suggested that the formation of secondary pat-
terns, as seen on the diatom cell wall, is related to the wall - to - wall distance of the 
areolae, hexagonally packed polyamine monolayers and the polyanion concentra-
tion, on the surface of the SDV  [14] . For example, a size - control experiment using 
LCPAs from  Stephanopyxis turris  has shown that the size of nanoparticles was 
dependent not only on the phosphate concentration but also on whether ortho-
phosphate or a more highly charged pyrophosphate was used  [60] . 

 The biological mechanism of diatom silica formation has been demonstrated as 
a valuable source for bioinspired templates for non - natural metal oxide synthesis 
at ambient temperatures and near - neutral pH. Moreover, silica nanostructures can 
be tuned according to a specifi c template, providing functional properties that can 
be directly applied in the design of nanomaterials. These syntheses have integrated 
moieties that are tuned for a specifi c function, such as the encapsulation of func-
tional enzymes  [61, 62]  and controlled construction of nanomaterials through 
nanoscale building blocks  [63 – 65] . Thus, we will focus here on how these synthetic 
strategies control and optimize silica formation, and how such materials can 
(potentially) be used in a variety of applications.  

  1.5.3.2   Biomimetic Synthesis of Silica Nanoparticles 
 Mimicking the nanopatterns of the diatom cell wall remains a major challenge for 
materials scientists because the natural reaction mechanism is still unknown, with 
many essential components for silica precipitation yet to be discovered. However, 
it is well known that the terminal amine templates interact with monosilicic acid 
to induce the specifi c morphology of the resultant silica. A variety of different silica 
precursors have been used with a number of templates, including  tetramethyl 
orthosilicate  ( TMOS )  [62, 66 – 73] ,  tetraethyl orthosilicate  ( TEOS )  [63, 74, 75] ,  
tetrakis(2 - hydroxyethyl) orthosilicate  ( THEOS )  [74] , sodium silicate  [65] , a silicon –
 catecholate complex  [64, 76]  and dipotassium tris(1,2 - benzenediolato -  O,O  ′ ) silicate 
 [77] . In addition, a variety of bioinspired templates have been used, including 
synthetic and natural polypeptides  [63, 66, 75] , polyamines  [68, 73, 76] , and even 
modifi ed organic materials, including cellulose  [74]  and chitosan  [78] . 
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 Recently, synthetic or natural polypeptides have been created or modifi ed to 
serve as silica condensation templates. Examples of these include the poly(amino 
acids)  [79] , the diatom - derived R5 - peptide  [66] , chimeric polypeptides  [64, 67] , 
block copolypeptides  [71, 72, 75, 80] , lanreotide  [63]  and even the naturally occur-
ring protamine  [65] . These polypeptides have been used to produce a variety of 
silica shapes and sizes, which can be tuned to perform a variety of applications, 
including transport and the separation of encapsulated materials  [62] , or poten-
tially for drug delivery  [73] . 

  1.5.3.2.1   Block Copolypeptides     Block copolypeptides, which have been used as 
templates for controlled silica formation  [71, 72, 75, 80] , consist of covalently linked 
domains (domains) of hydrophilic and hydrophobic polypeptides. Due to their 
unique polarities, these block segments induce an amphiphilic character, resulting 
in self - assembled vesicles in aqueous solution  [75] . For example, a copolypeptide 
consisting of polymers of linked lysine and glycine residues (Lys -  b  - Gly), was used 
as a silica template in the presence of orthosilicic acid and phosphate buffer at pH 
7.2  [72] . Different methods of silica precipitation were tested by changing the 
amount of silica precursor or the amount of phosphate present during precipita-
tion. In Method I, 6   mmol of silica precursor was used, while in Methods II and 
III 30   mmol was used. In addition, Method III included 7.5   mmol more phosphate 
buffer than the other two methods (0.1    M ). An increase in phosphate buffer 
(Method III) resulted in a spherical morphology (40 – 120   nm diameter), while the 
other two methods produced mostly platelets for the Lys -  b  - Gly block copolypep-
tides (Table  1.1 ).   

 The formation of platelets or spheres with the Lys -  b  - Gly copolypeptide suggested 
that there was a morphological dependence on the phosphate concentration and 
solubility of the hydrophobic block. As the relative hydrophobicity was increased 
though the addition of Gly residues, substitution of the Gly block with the more 
hydrophobic Ala block, or the loss of Lys residues, the solubility of the copolypep-
tide was decreased, making it more susceptible to phase separation. The hydro-
phobic block was more energetically stable when it was associated, rather than by 

 Table 1.1     Silica morphology for each copolypeptide at different synthesis conditions. 

   Co  - polypeptide    Morphology (Methods I, II)    Morphology (Method III)  

  Lys 200  -  b  - Gly 50     Platelets    Spheres  
  Lys 340  -  b  - Gly 85     Platelets    Spheres  
  Lys 110  -  b  - Gly 55     Spheres and platelets    Spheres  
  Lys 320  -  b  - Gly 160     Platelets    Spheres  
  Lys 400  -  b  - Ala 100     Spheres    Spheres  
  Lys 390  -  b  - Ala 65     Spheres    Spheres  
  Lys 450     Platelets    Platelets  

 Reproduced with permission from Ref.  [72] ;  ©  2007, Wiley - VCH Verlag GmbH  &  
Co. KGaA. 



being free in solution, so aggregation of this region was induced and the conden-
sation of spherical silica was promoted, rather than platelets. In addition, an 
increase in phosphate ions (Method III) had a similar effect by electrostatically 
interacting with the hydrophilic lysine block and promoting silica sphere produc-
tion. Thus, by optimizing the hydrophobicity of the template and the phosphate 
concentration, specifi c morphologies could be obtained. In addition, the platelets 
from Method II were smaller than those from Method I, as a result of the higher 
concentration of silica precursor and subsequent increase in the rate of nucleation 
(Figure  1.15 ).   

  Cyclic lanreotide  is a dicationic octapeptide that self - assembles into nanotubes 
in water with a monodispersed diameter of 24.4   nm and a wall thickness of 1.8   nm 
 [63] . This polypeptide has two exposed protonatable amine groups that can be used 
as catalytic sites for silica condensation (Figure  1.16 ).   

 By exposing the nanotubes to a TEOS - derived Si(OR) 3 O  −   precursor, silica was 
deposited and bundles of silica nanofi bers were formed with a total length up to 
7    μ m, and each nanotube extending up to 3    μ m. A TEM analysis determined that 
the dried fi bers consisted of bundles of aligned nanotubes with homogeneous 
inner and outer diameters of 14 – 16   nm and 28 – 30   nm, respectively. In addition, 
the two concentric tubes were both 1.4   nm thick, and separated by 2   nm, which is 
the approximate width of the lanreotide molecule. The proposed dynamic templat-
ing mechanism suggested that the cationic lanreotide nanotube surface catalyzed 
the silica condensation by electrostatic forces, and the consequent anionic silica 
deposits promoted additional lanreotide assembly through synergetic neutraliza-
tion of the entire system (Figure  1.17 ).   

 Not only does this templating mechanism provide insight into the potential 
fundamental mechanisms used in biological systems, but it also allows for the 
production of superstructures that greatly exceed the size of the original template 
 [81] . Consequently, a variety of new silica structures can be synthesized that main-
tain nanoscale properties even in the microscale or larger.  

  1.5.3.2.2    R 5 Peptide     The R5 peptide (H 2 N - SSKKSGSYSGSKGSKRRIL - CO 2 H) is 
an unmodifi ed biomimetic analogue of the silaffi n precursor peptide (sil1p) in  C. 
fusiformis  that exhibits silica condensation activity at neutral pH in a buffered 
phosphate – citrate solution  [13] . Several enzymes have been encapsulated within 
the silica matrix with the R5 - peptide as the silica template, including catalase, 
horseradish peroxidase and butyrylcholinesterase  [61, 66] . The silica matrix pro-
vides an inert cage around the enzyme, which not only protects it from the sur-
rounding environment and increases its shelf life, but also provides the basis 
for biosensors and catalysts. In fact, it is not only enzymes that have been 
encapsulated    –    CoPt and CdSe and ZnS nanoparticles have also been successfully 
encapsulated into the silica matrix  [61] . These magnetic nanoparticles may serve 
a wide variety of applications, including catalysis, biological labeling and detection 
and electronics  [69] . In addition, the encapsulated magnetic particles have poten-
tial use in enzyme encapsulation, as they might provide a physical means for sepa-
rating the enzyme from the reaction mixture. 
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    Figure 1.15     Field - emission scanning electron microscopy 
images of silica nanoparticles synthesized using (left) Lys 340  -  b  -
 Gly 85  and (right) Lys 320  -  b  - Gly 160  using (top to bottom) Methods 
I, II and III respectively.  Reproduced with permission from 
Ref.  [72] ;  ©  2007, Wiley-VCH Verlag GmbH & Co. KGaA.   



    Figure 1.16     Structure of lanreotide showing the two charged 
amine sites responsible for silica condensation.  Reprinted 
from Ref.  [63]  by permission from Macmillan Publishers Ltd.   

    Figure 1.17     Dynamic templating model for the mechanism of 
silica condensation into nanofi bers. The cationic lanreotide 
nanotube surface utilizes electrostatic attraction to catalyze 
silica condensation (step C) and the anionic silica deposit 
promotes additional lanreotide assembly (step T on ) through 
neutralization of the system.  Reprinted from Ref.  [63]  by 
permission from Macmillan Publishers Ltd.   
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 Chimeric (fusion) proteins that incorporate the R5 peptide have been synthe-
sized to control and precipitate silica nanoparticles. Po Foo and coworkers have 
utilized a two - component chimeric protein consisting of the R5 polypeptide (from 
 C. fusiformis ) and the self - assembling domain based on the consensus repeat in 
the major ampullate spidroin protein 1 (MaSp1) of  Nephila clavipes  spider dragline 
silk  [64] . MaSp1 forms highly stable  β  - sheet secondary structures that can be spun 
into intricate fi bers which, when fused with the silica - templating R5 - peptide, allow 
for the formation of fi lm - like and fi brous silica structures (Figure  1.18 ).   
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 Two different silk motifs were investigated, one with and one without a cell -
 binding motif. When silica precipitation was conducted under ambient tempera-
tures and near - neutral pH with ratios of Si   :   N   =   22   :   1 in solution, silica nanospheres 
with  > 1    μ m diameter were synthesized for both fusion proteins. Thermal analysis 
determined that  ∼ 90% of the material was the templating protein and 10% was 
silica. Nitrogen absorption analysis showed pore radii  < 10    Å  and low surface areas 
( ∼ 10 m 2    g  − 1 ), which are smaller than the R5 - peptide - templated silica nanospheres 
(pore radii 35    Å , surface area 600   m 2    g  − 1 ). Although silica precipitation was success-
fully conducted with the free R5 - silk peptide in solution, the silk moiety provides 
a means for size and shape control for the growing silica nanocomposite. When 
these chimeric proteins were spun into fi bers via electrospinning, silica nano-
spheres were formed with much smaller diameters (200 – 400   nm). In addition, 
when the chimera CRGD15mer   +   R5 was electrospun concurrently with the silica 
condensation reaction, silica was deposited in and on the fi bers, resulting in ellipti-
cally shaped silica particles that were fused to the fi bers. As a result, processing 

    Figure 1.18     Schematic representation of the fusion protein 
and its use in controlled silica nanomaterial formation. 
(a) Schematic of the chimeric polypeptide consisting of the R5 
and silk polypeptides; (b) Model of R5 - silk polypeptide 
processing into fi lms and fi bers and subsequent silicifi cation 
reactions.  Reproduced from Ref.  [64] ;  ©  2006 National 
Academy of Sciences, USA.   
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modifi cations can be tailored to structural templates, inducing silica nanoparticles 
of specifi c sizes and morphologies. Most importantly, as this reaction is conducted 
under mild conditions, these fi bers have a variety of potential applications in spe-
cialty materials, including those used in the biomedical fi eld  [64] . 

 Another chimeric polypeptide consisting of the R5 - peptide and a self - 
assembling  hydrophobic – phobic  ( HP ) protein monomer capable of self - assembly 
was also used to direct silica precipitation  in vitro  at neutral pH and ambient tem-
peratures  [67] . The HP monomer consisted of an n - AEAEAKAKAEAEAKAK - c 
sequence, called EAK 1 . These monomers self - assemble into stable  β  - sheet supra-
molecular structures due to their binary patterns, and this leads to hydrophobic 
and hydrophilic faces, where favorable side - chain interactions result in aggrega-
tion through hydrophobic and electrostatic interactions, respectively. Thus, an 
EAK 1  – R5 chimeric polypeptide assembles into fi brous aggregated hydrogels and 
precipitates silica nanospheres with sizes that are dependent on the reaction tem-
perature (Figure  1.19 ).   

 The size distribution of the control R5 template for silica formation produced a 
distribution of nanoparticles in the diameter range of 402 to 530   nm, as opposed 
to the R5 - EAK templates, which showed a bimodal range of diameters from 63 to 
103   nm and from 385 to 541   nm, respectively. However, at higher temperatures, 
the R5 - EAK 1  peptide promoted rapid nucleation, resulting in a loss of bimodal 
character and subsequently the production of smaller silica nanoparticles (64 –
 116   nm diameter). Not only does the change in diameter size with different tem-
peratures allow for the production of size - specifi c tailored silica nanocomposites, 
but the loss of bimodal character at a higher temperature also allows for an even 
tighter control of the silica structure under these conditions. By adjusting this 
morphology under mild reaction conditions, biologically active matrices can be 

    Figure 1.19     (a) Sphere diameter distribution for silica 
particles precipitated using R5 peptide (black) and R5 - EAK 1  
(white); (b) Sphere size distribution for silica particles formed 
with R5 - EAK 1  at different temperatures.  Reprinted with 
permission from Ref.  [67] ;  ©  2008, American Chemical 
Society.   
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synthesized and perhaps used in solid - state enzymatic catalysis, physiologically 
active biomatrix implants and, potentially, also biosensors  [67] .  

  1.5.3.2.3   Poly -   L   - Lysine      Poly -  L  - lysine  ( PLL ) has been implicated in silica forma-
tion because of its ability to adopt an  α  - helix,  β  - sheet or random coil conformation. 
PLL is an excellent silica template due to its ability to create different silica mor-
phologies by simply changing the reaction conditions to afford a specifi c secondary 
structure. Hawkins and coworkers have shown that silica pore sizes could be 
modifi ed by changing the secondary structure of the polyamine  [82] . For example, 
silica composites that are formed by  α  - helix PLL under basic conditions (pH 11.2) 
produced 1.5   nm pore sizes, whereas silica formed using PLL  β  - sheets (heated to 
 ∼ 52    ° C) resulted in larger pore sizes ( ∼ 1.5 – 8   nm). In both cases, silica formation 
was dependent on the PLL concentration and reaction conditions. 

 More recently, Tomczak and coworkers have shown that hexagonal silica plate-
lets could be synthesized using PLL as a precursor  [83] , with the morphology of 
silica species being tailored according to the molecular weight of the PLL used. 
Higher molecular - weight PLLs ( > 100 lysines) produced hexagonal silica platelets, 
while lower molecular - weight PLLs afforded silica nanospheres. Although PLL is 
a random coil at near - neutral pH (7.5), electrostatic interactions between the larger 
PLL templates and the silica promotes an  α  - helical structure formation during 
condensation, resulting in hexagonal plates (Figure  1.20 ).   

 Gautier and coworkers have also utilized PLL by incorporating the template into 
the pores of polycarbonate membranes to further control the silica size and mor-
phology  [84] . Silica formation within confi ned spaces is important for a variety of 
materials applications. For example, silica - encapsulated enzymes integrated into 
a micro -  or nano - fi lter could be used in catalysis, where the substrate would pass 
through the membrane, interact with the enzyme, and pass through the fi lter as 
the product. 

    Figure 1.20     Proposed model of PLL - induced condensation 
of silica platelets.  Reprinted with permission from Ref.  [83] ; 
 ©  2005, American Chemical Society.   



 Rod - like silica tubes were synthesized when PLL was integrated into polycarbon-
ate membrane pores (sizes ranging from 1200, 400 and 200   nm) (Figure  1.21 ). 
Multiple successive impregnations (fi vefold) of the pores with sodium silicate 
resulted in the formation of a silica - fi lled pore, while the thickness of the silica 
wall decreased as its pore size decreased. In addition, TEM analysis determined 
that the primary particle diameter was independent of the pore size ( ∼ 9   nm). 
However, this primary pore diameter was smaller than for silica formed on the 
surface ( ∼ 11   nm), which is most likely the result of PLL localization in the pore 
rather than of silicate – PLL interactions.    

  1.5.3.2.4   Polyamines     Nonpeptide biomimetic analogues to silica - precipitating 
peptides are drawn from the isolated LCPAs found on the cell walls of dia-
toms. Some of these polyamines include poly(allylamine)  [79] , (PEI)  [73] ,   N  - 
methylpropylamine  ( PA )  [76]  and amine - terminated dendrimers  [62, 68 – 70] . Each 
of these classes of compound represents a different structural aspect to silica 
templating, including the number of amines, the number of spacer atoms 
between the amines, its relative degree of methylation, and the presence and 
number of branching elements. All of these factors affect the resultant physical 
properties and subsequent reactivity of the silica nanoparticle produced. 

  Poly(ethyleneimine)     Poly(ethyleneimine) is a branched polyamine (M w    =   1800) 
consisting of a 1   :   2   :   1 ratio of primary, secondary and tertiary amines that makes 
it structurally similar to polyamines isolated from  S. turnis  and  C. fusiformis   [85] . 
These PEIs were integrated as spherical  reverse micelle s ( RM s) made from 
bis(2 - ethylhexyl) sulfosuccinate sodium salt (AOT) in iso - octane, providing a con-
strained environment for silica precipitation. These RMs exchanged their contents 

    Figure 1.21     Schematic of silica tube formation. (a) PLL is fi rst 
integrated onto the surface of the pore; (b) Addition of 
silicates initially results in the formation of a silica shell; 
(c) Multiple additions of silicates thicken the silica shell; 
(d) Further addition of silicates results in core particle growth. 
 Reprinted from Ref.  [84]  with permission from Elsevier.   
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quickly through fusion and redispersion processes (106 – 108   m  − 1    s  − 1 ). Consequently, 
PEIs reacted with silicic acid from a  tetramethylorthosilicate  ( TMOS ) precursor 
produced silica nanoparticles with a size and structure control that was dependent 
on the size of the RM  [73] . Before testing silica precipitation in the RM, condensa-
tion of silica was investigated at a variety of pH values (6.3 – 11.2) in water. An 
instantaneous precipitation occurred at basic pH (9 – 11), a slow deposition of 
amorphous silica matrix at near - neutral pH, and no precipitation occurred for 
acidic pH (Figure  1.22 ).   

 Consequently, it was expected that PEI would provoke a similar pH dependence 
when reacted with the RM. However, when PEI and silicic acid were incorporated 
into the RMs prepared in iso - octane, the initial pH of the amine solution was 
negligible in terms of controlled silica growth. The pH of the AOT was confi rmed 
with  8 - hydroxypyrene - 1,3,6 - trisulfonic acid  ( HPTS ); it was determined that the 
local pH remained consistent ( ≥ 9), independent of the pH of the inserted PEI. In 
addition, changes in the size of the water pool (w o    =   5 – 40, where w o    =   [H 2 O]/[AOT]) 
led to the production of a variety of particle sizes. The smallest RMs (w o    =   5) fash-
ioned very small amounts of silica due to the tight interactions between the water 
molecules, the anionic sulfonate groups of the AOT, and cationic sodium ions. 
However, larger RMs (w o    =   10) resulted in hollow silica shells with diameters on 
the order of 1    μ m. In this case, the RM remained stable during the reaction, and 
the silica units only interacted by micellar exchange. For the largest RM sizes (w o  
 ≥  20), destabilization of the RM occurred due to the addition of additional water 

    Figure 1.22     Diameter and dispersity of silica particles formed 
in aqueous PEI solutions at 0.05    M  primary - amine 
concentration and 1    M  silicic acid in a 4   :   1 volume ratio at pH 
9, 10 and 11. SEM images of the nanoparticles are provided 
as inserts, and the silica formed in pH 7 and pH 8 is shown 
on the left.  Reproduced with permission from Ref.  [73] ; 
 ©  Wiley-VCH Verlag GmbH & Co. KGaA.   



molecules in the RM from the condensation of silanol groups, thus increasing the 
w 0  during the reaction. 

 Therefore, RMs with an initial w 0    =   20 became unstable as soon as the reaction 
was initiated, and this resulted in tri - modal nanosphere diameter distributions 
(56    ±    6, 172    ±    31 and  > 200   nm, respectively). This suggested multiple destabiliza-
tion pathways of the RMs during the condensation, resulting in different silica 
sizes. Moreover, the morphology of the silica was determined by the size of the 
RM, as well as its stability during the condensation reaction. By understanding 
the mechanism of this reaction, the sizes and shapes of silica could be tuned to 
serve a variety of functions, including an inert matrix for catalysis, drug delivery 
and transport  [37] .   

  1.5.3.2.5   Dendrimers     Amine - terminated dendrimers are unique, unimolecular 
polymer templates with defi ned reactivity as a function generation size (the 
number of branching elements). Dendrimers have been utilized as a template, 
capable of localizing a high concentration of biomimetic moieties, including silica 
 [68] . Not only have dendrimers been used as stabilizing templates for sol – gel 
composites  [68] , but amine terminated  polypropylenimine  ( PPI ) and  polyamido-
amine  ( PAMAM ) dendrimers have also been used as nonpeptide mimics to the 
unmodifi ed R5 peptide for the controlled formation of silica nanospheres (Figure 
 1.23 )  [62, 68 – 70] .   

 Positively charged dendrimers only produce silica nanospheres in the presence 
of an anion, such as phosphate, sulfate or acetate, at pH 7.5. The size of silica 
produced is dependent on the generation size of the dendrimer, where larger 
generations produce larger silica nanospheres. Comparisons between the PPI and 
PAMAM dendrimers have revealed that the PPI dendrimer has a reduced specifi c 

    Figure 1.23     Chemical structure of the G - 3 PPI dendrimer 
(left) and G - 1 PAMAM dendrimer (right).  Reprinted with 
permission from Ref.  [68] ;  ©  2004, American Chemical 
Society.   
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activity because it precipitates silica much faster than does the PAMAM dendrimer 
of similar generation size  [68] . For this reason, detail of the remaining syntheses 
will be limited only to the PAMAM dendrimer. 

 Incorporating known concentrations of dendrimers into the silica matrix has 
enabled specifi c morphological control over the nanoparticles under mild condi-
tions. This control could be modifi ed and applied directly to the encapsulation of 
functional components that are necessary for catalysis, biological labeling and 
detection, and electronic devices  [62, 69] .  Generation 4  ( G4 ) PAMAM dendrimers 
have been used to catalyze the encapsulation of gold nanoparticles and CdSe and 
ZnS core shell AMPQuantum Dots  [69] . In this reaction, cationic gold (Au 3+ ) is 
coordinated to the amine groups of the G4 PAMAM dendrimer, where it is 
reduced to Au 0  by NaBH 4 . After lyophilization,  energy dispersive X - ray spectrom-
etry  ( EDS ) analysis determined that the gold was either surface - passivated or 
incorporated with within the dendrimer matrix (Figure  1.24 ).   

 Although many of the surface dendrimer amines are occluded by the gold or 
quantum dot nanoparticles, silica condensation still occurs. In fact, the CdSe/ZnS 
core shell quantum dots with negatively charged surface carboxylates were encap-
sulated with 99% effi ciency, which suggests that the electrostatic attraction between 
the quantum dots and the templates was suffi cient for encapsulation of these 
materials  [69] . 

  Enzymes  have also been incorporated into the PAMAM dendrimer to produce 
silica nanoparticles. At physiological pH, the interaction between an enzyme and 
the cationic surface of the PAMAM dendrimer plays an important role in forming 
supramolecular complexes. As a result, the cationic dendrimer (p K  a   ∼ 9.5) interacts 
with low - p I  enzymes. For example, glucose oxidase (GO, p I   ∼ 4.2) was encapsulated 
in water with a quantitative yield. As phosphate ions compete with the enzyme, 
GO was poorly encapsulated as phosphate buffer concentrations increased because 
the phosphate ions signifi cantly reduced the electrostatic interactions between the 
enzyme and dendrimer (Figure  1.25 ).   

    Figure 1.24     Schematic silica encapsulation of Au 0  
nanoparticles (left) and CdSe/ZnS core shell AMP quantum 
dots.  Reprinted with permission from Ref.  [69] ;  ©  2004, 
American Chemical Society.   



 A 50% loss in enzymatic activity under optimal conditions was most likely due 
to unfavorable orientations in the silica framework, or to alterations in steady - state 
conditions due to a local increase in enzyme concentration in the silica. Long - term 
storage effects were examined and enzymatic activity was consistent after 30 days 
of storage at room temperature in buffered solutions. The silica framework pro-
vides not only a structural matrix around the enzyme, which physically blocks 
much of the natural degradation of the enzyme, but also a physical barrier against 
invading species such as bacteria  [62] .  

  1.5.3.2.6   Effects of Variations of Unbranched Polyamines     Unbranched polyamines 
were modifi ed to direct control over the size and morphology of silica composites. 
In order to assess the role of polyamine structure in controlling the morphology 
of silica nanoparticles, Belton and coworkers have utilized modifi ed polyamines 
with different degrees of polymerization, different levels of amine methylation, 
and different lengths of amine chain spacers (Figure  1.26 )  [77] . The degree of 
polymerization was evaluated by comparing two naturally occurring polyamines, 
spermidine and spermine, to the other synthetic polyamines. Amine methylation 
was investigated through a set of  N,N  ′  - (bis - 3 - aminopropyl) - 1 - 3 - diaminopropanes 
with levels of methylation from 0 to 4. For each experiment, dipotassium tris(1,2 -
 benzenediolato -  O,O  ′ )silicate served as the silica precursor.   

 Hollow silica nanoparticles are of particular interest due to their potential appli-
cations in adsorptive fi lters, ultrasound imaging, photonic band gap materials and 

    Figure 1.25     Effect of increasing the phosphate buffer 
concentration on GO encapsulation. Note: initial reactions 
contained 400    μ g of GO.  Reproduced with permission from 
Ref.  [62] ;  ©  Wiley-VCH Verlag GmbH & Co. KGaA.   
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catalysis  [39] . For all of investigated samples, there were mixtures of solid and 
hollow particles associated with the number of amines per molecule, the amine –
 amine separation and the size of the polyamine. The larger propylamines, which 
are the most hydrophobic and most readily form microemulsions, were the most 
effi cient in generating hollow silica nanoparticles. 

 Two critical factors were identifi ed for controlling the nature of the resultant 
silica composite in this reaction. First, the template ’ s ability to produce micro-
emulsions determined whether solid or hollow silica was formed (Figure  1.27 ) 
 [77] . Second, the reaction kinetics of the composite was shown to increase accord-
ing to the degree of charge associated with the microemulsions. A positively 

    Figure 1.26     Polyamines used in this study. (a) 
Ethyleneamines; (b) Propylamines; (c) Natural amines 
spermine and spermidine; (d) C3N3 with varying degrees of 
methylation.  Reproduced with permission from Ref.  [77] ; 
 ©  2008, National Academy of Sciences, USA.   
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    Figure 1.27     Schematic representation of the microemulsion 
formation leading to hollow silica structures.  Reproduced with 
permission from Ref.  [77] ;  ©  2008, National Academy of 
Sciences, USA.   



charged microemulsion introduced a water - free microenvironment, where water 
removal promoted the condensation of controllable silica.   

 The kinetics of each silica condensation reaction were quantifi ed using the 
molybdenum blue method, which is sensitive to monomeric and dimeric silicic 
acid. Within the initial condensation time, there was a third - order linear relation-
ship between [Si(OH) 4 ] 2 −   and time. As a result, it was concluded that polyamines 
with a threefold increase in their third - order rate constant were kinetically active. 
C2N2 - 4 and the naturally occurring polyamines spermidine and spermine observed 
no rate enhancement. All of the propylamines and longer - chain ethyleneamines 
signifi cantly infl uenced condensation rates, with C3N7 having a 14 - fold increase 
in catalytic activity. 

 Increasing the methylation levels in the C3N3 species also increased the third -
 order rate constant. For all of the kinetically active species, the silica nanoparticles 
produced were nonporous, which is most likely due to rapid nucleation. Thus, by 
modifying the composition of the polyamine, the ability to produce micro emulsions 
which lead to hollow silica and the porosity of the silica can be tailored, leading to 
the production of a variety of potential nanomaterials  [77] .   

  1.5.3.3   Other Biomimetic Templates 
 Other natural biomimetic templates that utilize amines as the catalytic sites for 
silica precipitation have also been reported  [74, 78] .  Cellulose  was recently used as 
a rigid backbone for silica nanotube formation by introducing oligopropylamido 
side chains derived from  dipropylenetriamine  ( DPTA ) to the C - 6 position of almost 
all of the  anhydroglucose unit s ( AGU s) (Figure  1.28 )  [74] .   

    Figure 1.28     Structure of dipropylenetriamine (DPTA) cellulose 
tosylate. Note that some tosylate residues are present at the 
C - 2 and C - 6 positions during the synthesis, as indicated by 
 13 N NMR spectroscopy.  Reproduced with permission from 
Ref.  [74] ;  ©  2007, Wiley-VCH Verlag GmbH & Co. KGaA.   
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 These silica nanotubes are technologically signifi cant because they could be 
used as a nonconductive substitute for carbon nanotubes and as templates for 
further reactivity. The rigidity of the cellulose backbone exposes its surface amines 
in water, inducing a hydrogen - bonded amine – silica network (Figure  1.29 ).   

 The resultant nanotubes exhibited diameters of 10 – 30   nm, inner core diameters 
of  ∼ 3   nm, and lengths of up to 500   nm. The proposed mechanism of condensation 
shows that the silica monomers interact with two amino groups on the DPTA 
through hydrogen bonding. This localization of silica precursor along the catalytic 
amine sites of cellulose then induces a lateral growth of nanotubes. Following the 
initial silica growth, the condensation is repeated (albeit in a disordered fashion), 
and this results in a tubular coating of amorphous silica  [74] .  

    Figure 1.29     (a) Schematic representation of the formation of 
silica nanotubes from a functionalized biopolymer; (b) TEM 
images of silica nanotubes formed using the DPTA cellulose 
tosylate template.  Reproduced with permission from Ref.  [74] ; 
 ©  2007, Wiley-VCH Verlag GmbH & Co. KGaA.   



  1.5.3.4   Non - natural Metal Oxide Synthesis Using Biomimetic Peptides 
 Although fewer reports have been made than for the biomimetic synthesis of silica, 
other metal oxides have also been created under ambient conditions using syn-
thetic and natural templates. For example,  germania  (GeO 2 ) was synthesized under 
ambient conditions and neutral pH with  poly (allylamine hydrochloride ) ( PAH ) as 
the condensation template  [86] . The physical and chemical properties of germania 
are of interest because of its potential application for enhancing optical fi bers and 
other optoelectronic applications  [87] . The reaction of PAH and a germanium pre-
cursor induced germania nanospheres when the reaction mixture was simply 
combined, but highly anisotropic rod - like morphologies were observed when the 
reaction mixture was stirred. This change in morphology was most likely caused by 
perturbation of the orientation of the self - assembled PAH molecules and solution, 
which was then followed by nucleation and growth of the germania nanoparticles 
 [86] . These changes in morphology suggest that different types of nanostructures 
could be formed simply by agitating the reaction mixture at different frequencies. 

  Titania  (TiO 2 ) has been synthesized incorporating a variety of peptides, includ-
ing R5 peptide, PLL, spermidine and spermine  [88, 89] . Although it is not as natu-
rally abundant as silica, TiO 2  has been identifi ed in the comb of the hornet  Vespa 
orientalis , the test (skeleton) of the foraminiferan  Bathysiphon argenteus , and also 
in leukocytes and osteosarcomas in humans  [89] . Recently, Sewell and coworkers 
have utilized a PLL and R5 peptide template to catalyze the precipitation of titania 
nanoparticles (sizes of 80 – 200   nm and 30 – 60   nm, respectively) under ambient 
conditions  [88] . Interestingly, the presence of phosphate ions in the R5 peptide 
reaction had no effect on titania precipitation, unlike that observed for silica. The 
same was true for the PLL - synthesized titania nanoparticles; in contrast to observa-
tions with silica, the length of the PLL chain did not affect the resultant shape of 
titania nanoparticles. The fact that the latter were all spherical suggested that the 
titania plays a larger role in its own developing structure than does PLL during 
condensation  [88] . 

 Cole and coworkers have also synthesized titania nanoparticles by incorporating 
spermidine and spermine as the condensation templates  [89] . A SEM analysis of 
the resultant nanoparticles revealed that the structures were composed of irregular 
polyhedra, ranging from 100 to 800   nm in diameter for spermidine and from 50 
to 300   nm for spermine. A powder analysis showed that both the spermidine -  and 
spermine - templated titania nanoparticles were X - ray amorphous at room tempera-
ture. Crystallization was induced at higher temperatures (800    ° C). For the spermi-
dine titania, crystalline patterns were evident at 600    ° C and 800    ° C (Figure  1.30 ), 
which corresponded to an anatase phase with trace amounts of rutile.   

 An interesting pH and temperature dependence of titania formation was also 
identifi ed. At higher temperatures, the titania nanoparticles for spermidine - 
templated titania became smaller in diameter, which was predicted to be caused 
by a faster nucleation rate. Interestingly, there was no notable temperature depen-
dence for the signifi cantly faster spermine - templated titania precipitation over the 
range of 5 – 80    ° C; at this temperature, the reaction was kinetically faster, negating 
any temperature effects. A similar trend was observed for pH dependence, where 
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spermine precipitated titania independent of the pH (2.9 – 12.6). Spermidine - 
templated precipitation, however, occurred only between pH 5.3 – 12.6, where poly-
hedrals were documented in the pH range of 8 – 9.   

  1.5.4 
 Conclusions 

 Today, as increasing amounts of information are produced relating to the biologi-
cal mechanisms that drive the silica formation of diatoms, evolved biomimics are 
being created that will continue to reveal applications beyond catalysis, biosensing 
and drug delivery. Among all of the templates described here, however, one point 
is clear    –    that templates have a major infl uence on the size and morphology of the 
silica nanoparticle. For example, the recent discovery of silacidins (polyanions 
required for silica formation  in vivo ) suggests that the anion might have an effect 
on the size and morphology of the silica nanoparticles produced. Clearly, a more 
complete understanding of how factors such as template structure and reaction 
conditions (i.e. pH, temperature, anion concentration) affect the sizes and shapes 
of silica nanoparticles will have a profound infl uence on the investigations of 
future materials scientists in this area.   

  1.6 
 Future Perspectives: Processing Metal Oxide Nanomaterials 

 Lessons learned from the biomimetic,  in vitro  syntheses of metal oxides have 
resulted in effi cient, low - temperature approaches towards the development of 

    Figure 1.30     X - ray diffraction data from titania precipitated 
with spermidine and annealed to (A) room temperature, 
(B) 200    ° C, (C) 400    ° C, (D) 600    ° C and (E) 800    ° C.  Reprinted 
with permission from Ref.  [89] ;  ©  2007, American Chemical 
Society.   
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nanoengineered materials. In fact, these approaches are already being harnessed 
in the next generation of biomimetic materials, namely 2 - D patterned metal oxides. 
For example, a number of different deposition techniques for biomimetic pattern-
ing have been incorporated to mimic the microstructure of the diatom cell 
wall. Specifi cally, techniques which include solenoid jet printing, lithographic 
patterning and  direct ink writing  ( DIW ) have been used to deposit a variety of 
silica - precipitating precursors  [90 – 92] . Coffman and coworkers have used both 
solenoid jet printing and photolithography to pattern PLL and (3 - aminopropyl) - 
trimethoxysilane, respectively. Although these methods have provided a unique 
approach towards developing a controllable template for silica precipitation, they 
have been limited either by large, non - uniform spots (solenoid jet printing), or by 
smaller, unresolved spots (lithography)  [90] . 

 Rapid prototyping techniques using computer - aided deposition have been 
developed to eradicate these setbacks. For instance, Xu and coworkers have inte-
grated DIW to directly deposit (40    μ m   s  − 1 ) polyamine - rich inks  [91] . In these 
experiments, polyelectrolyte inks were loaded into a syringe and robo - casted onto 
a substrate using a computer - animated design. The patterned surfaces were 
then hydrolyzed with silicic acid to condense the micropatterned silica. When 
auger electron microscopy was used to map the distribution of silica along the 
patterns, both silicon and oxygen were seen to be distributed uniformly about 
the pattern  [91] . 

 Using a different approach, Kisailus and coworkers integrated soft - lithography 
stamping to micropattern  γ  - Ga 2 O 3  using a selection of catalytic enzymes associated 
with silicatein peptides  [92] . Here, thiolyated ligands composed of nucleophilic 
hydroxyl and hydrogen - bonded amine moieties derived from silicatein were 
assembled onto  poly(dimethylsiloxane ) ( PDMS ) stamps which were then applied 
to gold substrates and reacted with precursor solution. The strong binding affi nity 
between the  − SH group and gold substrates induced the formation of hydroxyl 
 self - assembled monolayer s ( SAM s) available for further reactivity  [92] . In fact, once 
immersed in a precursor solution of gallium nitrate, these hydroxyl groups served 
as a site for the condensation of  γ  - Ga 2 O 3 . The surface energy of the ordered mono-
layers provided a defi ned area for hydrolysis of gallium nitrate and subsequent 
ripening, dissolution and precipitation of  γ  - Ga 2 O 3 . This control could be used for 
the surface - catalyzed systems at low temperatures for novel electronic or optical 
applications. 

 Additional rapid prototyping techniques today are beginning to attract interest 
in biomaterials deposition. One such technique    –     piezoelectric inkjet printing     –    is 
a noncontact method that employs a user - controlled waveform to deposit 
known amounts of material onto a variety of substrates  [93] . With the advent of 
such readily available deposition techniques, even more metal oxides could be 
printed on the 2 - D scale  [88, 93] . The constrained and unconstrained syntheses 
of metal oxides reported to date can now be incorporated with these 
newer technologies to bridge the  in vitro  and macromolecular worlds of 
biology and materials science, together expanding new frontiers in nanomaterial 
design.  
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 Depending on their coordination  in vivo , metal clusters operate as oxygen or elec-
tron transporters, structural determinants, or as signals for cellular communica-
tion. The basic chemistry behind these genetically controlled nanomaterials can 
be identifi ed, once the coordinated metals have been isolated from their natural 
environment, and applied towards the synthesis of a wide range of materials. A 
bioinspired, or biomimetic, approach to materials synthesis would reduce the 
generation of excess waste from the high - temperature reaction environments 
currently used, and enable further functionalization with specifi c control of 
nanoparticle morphology. In this chapter, we will focus exclusively on metal oxide 
clusters and crystals, presenting an overview of current techniques used for the 
biomimetic syntheses of nanomaterials. 

Abstract

Keywords

 biomineralization ,  biomimetics ,  synthesis ,  metal oxide ,  nanomaterials ,  materials 
synthesis 
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  2.1 
 Introduction 

 Silica (SiO 2 ), which is one of the most abundant compounds on Earth, is composed 
of the two most abundant elements    –    oxygen and silicon. Although the potential 
application of silica could be enormous, aside from windows, glass, optical fi bers 
and quartz watches (a form of crystalline silica), it has found only a limited use. 
One might question whether this lack of utility of such a widely available material 
is due to lack of understanding of the material itself, to a lack of more advanced 
research on this popular material, or both. In this chapter we will examine this 
situation from a specifi c angle, namely the symmetry of silica nanomaterials, 
the aim being to analyze those results which have been reported in order to help 
answer the question posed above. 

 Among all forms of silica, silica nanomaterials or  nanosilica  have become more 
popular in recent years. The obvious benefi ts of nanosilica are its biological com-
patibility, synthetic and geometric versatility, and low cost. The OH groups on the 
surface of SiO 2  can be easily modifi ed to chemically link the surface of nanosilica 
to other organic and inorganic compounds. In addition, because bulk silica or glass 
is optically transparent (both ultraviolet and visible), its nanoscale counterparts 
may also be used as light transmitters or platforms while having their surfaces 
decorated with a variety of chemical entities. These properties make nanosilica a 
good candidate for sensors and, more specifi cally, for optical signal transducers. 
For any nanomaterials which include nanosilica, their transparency changes as a 
function of their size; consequently, other size - related effects (such as quantum 
confi nement effects) in combination with this transparency dependency means 
that nanosilica should be an interesting candidate as a critical component in 
sensors. 

 The newly developed nanosilica discussed here can adopt many forms, includ-
ing nanocoils, helices, nanoparticles and nanotubes, that differ widely from the 
other more traditional silica materials that have long been recognized. For example, 

 Synthesis of Symmetric and Asymmetric Nanosilica for 
Materials, Optical and Medical Applications  
  Yongquan   Qu  ,   Jennifer   Lien   and   Ting   Guo        



 56  2 Synthesis of Symmetric and Asymmetric Nanosilica

a silica sol – gel has nanoscale features such as pore size, and represents a special-
ized form of silica that has been widely used to date. Consequently, the discussions 
here are limited to those new nanomaterials that have true nanometer - sized outer 
dimensions and have been developed within the past decade. All of these should 
exist as isolated nanomaterials, without the formation of extensive networks. 

 The geometry of the true nanosilica forms can be defi ned using two general 
parameters, namely shape and size. Among the range of nanosilica forms (see 
Figure  2.1 ), all have at least one dimension that is on the order of nanometers 
(1 – 1000   nm). While it is possible to categorize all of these nanosilica according to 
their exact shapes, to do so would be tedious and less conducive to explaining the 
signifi cance of structure and its link to functionality. Consequently, it is suggested 
that these nanomaterials be divided into two general categories, namely  symmetric  
and  asymmetric . Among the examples shown in Figure  2.1 , the top panel shows 
six symmetric nanosilica materials, and the lower panel six asymmetric 
materials.   

 The benefi t of this division can be illustrated from several perspectives. From a 
synthetic point of view, the division is signifi cant as synthesis normally results in 
the production of symmetric materials. Hence, the synthesis of asymmetric nano-
silica and molecular species are quite unique by themselves. The division can thus 
be viewed as a helpful hint to understanding the synthesis of helical materials 
and other asymmetric nanomaterials. The origin of the production of asymmetric 
nanosilica is believed to be the nature of the different catalysts or templates 
involved, while the exact growth mechanism depends on the structure of these 
catalysts or templates. To date, asymmetric nanosilica has not been prepared 
without these two assisting species. 

 This division can also be viewed favorably from the perspective of  functionality . 
Asymmetric materials possess certain unique properties, with the symmetry 
making interactions with other materials more selective and specifi c. An example 
is DNA, which is helical;  helicity  is a special type of asymmetry where the pitch 
and diameter of the helix determine how the materials interact with their coun-
terparts. Asymmetric catalysis follows the same principle. Furthermore, the 
interaction between helical nanomaterials and other materials can be tuned by 
using the surfactants on the helices, and manipulating this factor of symmetry 
will provide another  ‘ handle ’  to control the function of the materials. 

 From the mechanical application point of view, asymmetric nanomaterials such 
as silica nanocoils should have a much greater compressibility and expansibility 
than symmetric nanowires or nanorods. This unique property may be employed 
to create unique applications. For example, the magnetically controlled opening 
and closing of pitches in the helical coils may be used as a drug delivery vehicle, 
although until now this property has not been utilized, most likely due to the lack 
of manipulation of these asymmetric nanomaterials. 

 The signifi cance of the symmetry of nanosilica can also play a role in optical 
applications. For example, nanocoils may have intriguing optical properties due 
to their lack of symmetry although, again, such applications have not yet been 
developed due to a lack of precise control of the nanocoils or helices. 



    Figure 2.1     The shapes of nanosilica. The top 
panel shows symmetric nanomaterials: 
(a) nanoparticles  [1] ; (b) nanorods  [2] ; 
(c) nanowires and nanofi bers (straight)  [3] ; 
(d) nanotubes  [4] ; and (e,f ) mesoporous 
nanomaterials [radially (f ) and parallel 

(e) channels]  [5] . The lower panel shows 
asymmetric nanomaterials: (a) coiled 
nanowires; (b) coiled nanotubes  [6] ; 
(c) nanostar; (d) nanoropes; (e)  ‘ nano 
French - fries ’   [7] ; and (f ) nanofl owers  [8] .  
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 From a pure geometric point of view, asymmetric nanomaterials are of interest 
because they create unique topological shapes that normal symmetric materials 
do not possess. Controlling the pitch and diameter of the helical coils provides yet 
another  ‘ handle ’  by which the surface area can be tuned, in turn to maximize the 
protected or noncontact area and to incorporate other nanomaterials into the asym-
metric nanomaterial. This arrangement may be explained more easily using Figure 
 2.2 , which shows a nanocoil and its geometrically signifi cant regions, including 
the inside or more - protected area that is shielded from the attack of other nano-
materials around the nanocoil, the space between the pitches, the diameter, length 
and the outer area. Other nanomaterials such as nanoparticles can be integrated 
into the asymmetric nanomaterials to increase functionality, and thus applicability 
(these are not shown in Figure  2.2 ). Therefore, asymmetric nanomaterials will 
possess not only unique properties but also the common properties of symmetric 
nanosilica.   

 A typical asymmetric nanosilica, a chiral/helical nanowire, is shown in Figure 
 2.3  (the cobalt catalyst that assists the growth of this coil is not shown here). The 
cross - section of the nanowire is not cylindrical but more marquise - like, which 
makes this nanomaterial even more asymmetric. In most cases, the occurrence of 
left - handed and right - handed nanocoils, counting from the origin of nanoparticle 
catalyst - attaching end, is approximately the same. It is worth pointing out that 
chirality is a more general and widely applicable defi nition than helicity, which 
refers to materials with many repeating units along a direction. Chiral materials, 
on the other hand, can have just one unit, although both chiral and helical mate-
rials are asymmetric. Hence, asymmetry is not necessarily the synonymous 
with chirality; rather, chirality is simply one form of asymmetry. Other asym-
metric nanomaterials include nanostars, nanorods and  ‘ nano French - fries ’  (see 
Figure  2.1 ).   

 Within this chapter we will survey the relevant literature by summarizing the 
results according to the synthesis (Section  2.2 ), characterization (Section  2.3 ) and 

    Figure 2.2     A silica nanocoil in two states    –    expanded and 
compressed. The inner or protected surface and the outer or 
exposed surface are shown.  
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applications (Section  2.4 ) of these nanosilicas. Because most applications have a 
synthesis section, but not vice versa, the description of synthetic efforts listed 
under applications may be duplicate in the synthesis section. In addition, the 
methods available to date for characterizing these nanosilicas will be reviewed, 
and comments made on those methods that might be critical in improving our 
understanding of such nanomaterials and their applications. Finally, the applica-
tions of both symmetric and asymmetric nanosilica will be reviewed.  

  2.2 
 Synthesis of Nanosilica 

 As nanosilica include both symmetric and asymmetric types, many methods exist 
by which these nanomaterials can be prepared. Those methods used to synthesize 
nanosilica, whether symmetric or asymmetric, are listed in Table  2.1  (methods 
used to functionalize the nanomaterials after creation of the nanosilica have been 
excluded).   

  2.2.1 
 Symmetric Nanosilica 

 The most common means of preparing symmetric nanosilica (e.g. nanobeads) is 
via the St ö ber reaction, by the hydrolysis and condensation of  tetraethylorthosilicate  

    Figure 2.3     Illustration of an asymmetric silica nanocoil 
catalyzed with a cubic cobalt oxide nanoparticle. Note the 
edges of a marquise - like cross - section.  
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 Table 2.1     Synthesis of nanosilica. The data relate to the types 
of material synthesized, symmetry of the material, whether it 
is made via catalytic processes, a brief description of the 
method, and the appropriate reference. 

  Material    Symmetry    Catalytic    Methods    Reference  

  Silica nanospheres 
200 – 1500   nm in diameter  

  Symmetric    No    Hydrolysis of TEOS in basic 
solution of NaOH and 
NH 3 (aq.) (St ö ber method)  

   [9]   

  Silica nanowires 
15 – 40   nm in diameter  

  Symmetric    Yes 
(silica)  

  1050    ° C in presence of 
methane and hydrogen gas.  

   [10]   

  Silica nanowires of 
consistent diameter, 
50   nm  

  Symmetric    Yes (Ga)    Side reactions with gallium 
on silicon substrate, 
ammonium, and In 2 O 3  as a 
catalyst. GaN nanowires and 
spheres are also formed in 
the reaction.  

   [11]   

  Nanocables or tubes, 
10 nm - thick shell, hollow 
inside, and with full 
diameter anywhere 
between 50 and 150   nm  

  Symmetric    Yes (Au)    Simultaneously evaporating 
ZnSe and SiO. Au on Si 
wafers is used, and absorbs 
SiO vapors carried by H 2  
gas. Silica nanotubes have 
ZnSe core and silica coating.  

   [12]   

  Silica nanotubes with 
radial mesopores of 
average diameter of 94, 
62, 27, 33 and 45   nm  

  Symmetric    No    Made by changing 
parameters in the gel. Inner 
wall stayed at a constant 
thickness of 4   nm. This 
synthesis uses chiral anionic 
surfactants with silica and 
aminosilane, a costructure -
 directing agent.  

   [13]   

  Silica - coated multiwalled 
carbon nanotubes  

  Symmetric/Asymmetric    No    Chemical oxidation using a 
phase - transfer catalyst.  

   [14]   

  Silica nanocomposites    N/A    No    Polymerization from a 
monomer yields 
polydiacetylene/silica 
nanocomposites. Crystals 
precipitate in solution and 
then exposure to UV, X - ray 
or gamma - ray light initiates 
a coupling to form a single 
polymer chain that is 
malleable and soluble.  

   [15]   
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  Material    Symmetry    Catalytic    Methods    Reference  

  Nanoquartz    Symmetric    No    Amorphous silica dissolved 
in NaOH can be reformed as 
quartz under controlled 
conditions. Care should be 
taken to maintain a pH just 
over neutral because yields 
are affected by changes in 
pH.  

   [16]   

  Magnetic hollow silica 
nanospheres  

  Symmetric    No    First, Fe 3 O 4 /CaCO 3  
nanoparticles are made 
through rotating packed - bed 
method with reaction 
occurring in two  ‘ phases ’ . A 
sol – gel technique is then 
employed to make magnetic 
hollow silica nanospheres. 
Finally, templates are used 
to make the material porous.  

   [17]   

  S - FITC - MSN between 
80 – 150   nm and T - FITC -
 MSN also between 
80 – 150   nm with 
lengths   between to 
400 – 1000   nm  

  Symmetric    No    MSN material prepared by 
mixing fl uorescein 
isothiocyanate with 3 -
 aminopropyltrimethoxysilane 
with anhydrous DMF 
as solvent.  N  -
 cetyltrimethylammonium 
bromide is then dissolved in 
water and made basic. TEOS 
is added to CTAB solution 
and mixed with the other 
prepared solution to give 
S - FITC - MSN.  

   [18]   

  Silica nanobeads, 
roughly 20   nm  

  Symmetric    No    Aq. solution of TMOS 
and Ru(bpy) 3  added to 
nanoemulsion of 
cyclohexane, Triton X - 100, 
and  n  - hexanol. Consistent 
shaking to promote diffusion 
of TMOS into aq. droplets. 
TMOS followed by APTS 
and THPMP. Capped with 
CTMS.  

   [19]   

  Helical silica nanofi bers, 
100 – 300   nm  

  Symmetric/Asymmetric    No    Achiral cationic surfactant 
under acidic conditions  

   [20]   

Table 2.1 Continued
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  Material    Symmetry    Catalytic    Methods    Reference  

  Silica nanocoils/springs    Asymmetric    Yes (Au)    Liquid – vapor – solid growth 
mechanism. Milder 
temperatures needed to 
produce two types of 
nanowire: single and 
multiple intertwined  

   [20]   

  Silica nanoparticles, 
length of 50   nm and 
diameter of 20   nm  

  Asymmetric    Yes (Co)    High temperatures between 
1035 – 1075    ° C. Catalysis with 
isotropic or spherical Co 
nanoparticles as well as 
anisotropic or cubic are used  

   [21]   

  Amorphous helical silica 
nanosprings, 80 – 140   nm 
in diameter, up to 8 
microns in length  

  Asymmetric    Yes (Fe)    Chemical vapor deposition 
technique  

   [22]   

  Helical silica 
nanostructures  

  Asymmetric    No    Sol – gel polymerization using 
chiral cationic gelator to 
induce formation of helical 
bundles (many silica 
nanotubes). Acidic conditions 
needed for helicity. Straight 
nanotubes obtained under 
basic conditions.  

   [23]   

  Silica nanofi bers or 
bundles  

  Asymmetric    No    Binary sol – gel method     [24]   

  Helical silica 
nanostructures  

  Asymmetric    No    Surfactants used as 
templates  

   [25]   

  Helical nanomaterials    Asymmetric    No    Cosurfactants used to modify 
synthesis of regular 
mesoporous silica 
nanomaterials  

   [26]   

  Hierarchical silica 
nanotubes with radially 
oriented mesoporous 
channels perpendicular 
to central axis of tube  

  Asymmetric    No    Costructure - directing agent 
used along with silica 
precursor. Chiral surfactant 
necessary. Modifying 
synthesis gel composition 
changes average inner 
diameter; diameter of wall 
remains constant at 4   nm.  

   [13]   

   NA   =   Not available.   

Table 2.1 Continued
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( TEOS ) in methanol or ethanol with base catalysts, as discussed recently by 
Halas  [27] . Other common methods of preparing symmetric silica nanowires 
include the condensation of silicon sources in the gas phase on nanoparticle 
catalysts  [21, 27, 28] . The size of the silica beads can be controlled by changing 
the silicates, base catalyst, and the amount of water in the system  [1] . For example, 
the metal catalysts in the case of a nanowire can be used to control the diameter 
of long, straight silica nanowires with a circular cross - section. Moreover, both 
catalytic and noncatalytic methods can be used to synthesize these symmetric 
nanosilica. 

  2.2.1.1   Catalytic Methods 
 When a catalyst is used in the preparation, three basic growth mechanisms are 
usually possible: 

   •      A  vapor – liquid – solid  ( VLS ) growth model.  
   •      A  vapor – solid – solid  ( VSS ) model.  
   •      An all - solid model (SSS) or a  solid – liquid – solid  ( SLS ) model.    

 The three phases refer to the feedstocks, the catalysts, and the form of the nano-
materials produced, respectively. As nanosilica are usually in a solid form at the 
growth temperatures, the fi nal phase is almost always solid, while the catalysts 
may be either solid or liquid (see Figure  2.4 ). Solid - form catalysts may represent 
the key for producing asymmetric nanosilica such as nanocoils, where the phase 
of the feedstocks may be gas, liquid or solid. The three mechanisms are depicted 
diagrammatically in Figure  2.4 ; any variations to these methods usually focus on 
changes to the phase of the feedstock and the catalysts.   

 Many nanosilica are prepared catalytically, most likely due to the increased 
mobility of SiO 2  in these catalysts at these relatively high reaction temperatures. 
For example, various forms of symmetric silica nanostructures such as capsules, 
rods, tubes and thorns can be synthesized via catalytic methods. In one example, 
cobalt nanoparticles were used by Carter  et al . as catalysts to synthesize straight 
silica nanowires  [21] . Here, cobalt nanoparticles were deposited on silicon wafers, 
which were then placed in a high - temperature furnace for nanowire production. 
After growth, amorphous silica nanowires of 5 to 50   nm diameter and with lengths 
of microns to millimeters were produced. The Co nanoparticles could be clearly 
seen at the tips of many nanowires, the cross - sections of which were round, with 
lengths persisting in the region of many microns, rendering the wires both straight 
and symmetric. 

 In another investigation, Zhang  et al . synthesized nanosilica by reacting  pol-
yvinylpyrrolidone  ( PVP ) with water and Au. First, a concentrated gold nanoparticle 
suspension was diluted with ethanol, after which the solution was mixed with PVP 
in  n  - pentanol and stirred for 20   min before the addition of aqueous ammonia  [29] . 
The reaction led to the formation of PVP – water - malleable structures which acted 
as a surface where the hydrolysis of TEOS could take place. This gave rise to pure 
silica nanostructures that were symmetric along an axis, but bent in different ways 
under various experimental parameters including the amount of PVP, the quantity 
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of ethanol used to dilute the Au nanoparticle suspension, and the volume of 
ammonia solution used. 

 Another synthesis by Wang  et al . involved the use of pre - made nanoparticle 
catalysts. Here, silica nanowire arrays were synthesized as a side product of the 
reaction with gallium and ammonium in the presence of the catalyst, In 2 O 3   [11] . 
The synthesis involved placing liquefi ed Ga over a Si substrate, dissolving In 2 O 3  
powder in ethanol, followed by addition of the mixture on top of the Ga – Si 
substrate. The system was then heated to 400    ° C for 2   h under a continuous fl ow 
of argon, after which the temperature was slowly increased to 900    ° C for 20   min 
with a continuous fl ow of NH 3  (gas) and argon. The products were deposited on 
the substrate surface and, upon reaction completion, GaN nanowires and spheres 
and silica nanowire arrays were all found on the Si substrate. This synthesis rep-
resents an example of the VLS growth model shown in Figure  2.4 . 

 Another method of preparing silica nanotubes, again via the VLS pathway, was 
through a simultaneous evaporation of ZnSe and SiO  [12] . For this, the SiO 
powder was placed in a quartz tube with the ZnSe powder on top by some distance, 
and with a gold - coated silicon wafer located below, again by some further distance. 
In this way, a pressure of 10   Torr was created by heating, after which argon mixed 

    Figure 2.4     Three typical growth models for the catalytic 
synthesis of nanosilica. (a) VLS   =   vapor – liquid – solid; 
(b) VSS   =   vapor – solid – solid; (c) SLS   =   solid – liquid – solid. 
 Solid – solid – solid  ( SSS ) is similar to SLS).  
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with 8% H 2  gas was added, followed by a steady increase in temperature. The ZnSe 
powder began to react with the hydrogen gas to form Zn and H 2 Se. Under these 
reaction conditions the SiO powder became vaporized, and the vapors were carried 
down to the gold by the carrier gas. Eventually, the vapors were absorbed by the 
Au on the silicon wafers at a temperature between 800 and 900    ° C. After a suffi -
ciently long reaction time, and if the concentrations of Zn, H 2 Se and SiO vapors 
were suffi ciently high, the Zn and H 2 Se would react to form ZnSe and hydrogen 
gas. At higher temperatures, the SiO was seen to decompose to produce silica and 
silicon, whereas at lower temperatures (800    ° C) cables were observed with a ZnSe 
core and a silica outer coating. 

 Occasionally, the catalyst may even be the silica itself. For example, silica nan-
owires can be produced using silica nanoparticles as catalysts at very high tem-
peratures in the presence of methane and hydrogen gas, as described by Lee  et al . 
 [10] . In this reaction the silica nanowires are synthesized from graphite - like layers 
that form around the base silica nanoparticles, which suggests that the silica 
nanowires grow either through the vapor (stock) – solid (catalysts) phases, or 
through the VSS model shown in Figure  2.4 .  

  2.2.1.2   Noncatalytic Growth 
 Several methods are available to prepare nanosilica without the use of catalysts, 
and one of the most frequently used is shown schematically in Figure  2.5 . As an 
example, Yu  et al . used chiral anionic surfactants and a silica precursor in the 

    Figure 2.5     A typical method for the synthesis of nanosilica, 
without using catalysts or catalysts in the traditional sense. 
In this case, TEOS is condensed to form nanotubes on the 
surface of cylindrical micelles. After removal of the micelles 
and treatment of the TEOS nanotubes, silica nanotubes are 
formed.  (Adopted from Ref.  [30] .)   
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presence of a costructure - directing agent such as aminosilane to synthesize silica 
nanotubes with many radial mesoporous channels traveling perpendicular to the 
axis along the tube  [13] . Although the mechanisms were unclear, the chiral sur-
factant was seen to play an important role in the success of this synthesis, which 
does not function with achiral or racemic surfactants. The carboxylic surfactants 
used were partially neutralized, and formed lipid bilayers when reacted with inor-
ganic acids. The lipid bilayer template exhibited helicity, and this mold    –    along with 
the aminosilane and silica precursor    –    helped to form the radial mesopores in the 
fi nal structure. In this process, the width of the porous nanotubes could be varied, 
by changing either the neutralization of the surfactants or the hydrochloric acid -
 to - surfactant ratio.   

 Another noncatalytic procedure involved modifying the surface of  multiwalled 
carbon nanotube s ( MWNT s) to create silica nanotubes  [14] . For this, the critical 
point is to fi nd a way for the MWNTs to adhere well to silica, and by modifying 
the MWNT surface using  phase - transfer catalyst s ( PTC s), it was possible to syn-
thesize evenly coated MWNTs. Acids (nitric, sulfuric, etc.) are often used as oxidiz-
ing agents on carbon nanotubes; however, as these may cause damage to the 
nanotubes the use of a PTC to achieve chemical oxidation represents a good alter-
native. Kim  et al . carried out an oxidation using a PTC to increase effi ciency and 
selectivity while reducing damage to the MWNTs. The latter were modifi ed with 
OH groups by using  tetrapropyl ammonium bromide  ( TPABr ) as the PTC with 
KMnO 4 , and the product then modifi ed with SiH 4 . This helped to maximize the 
amount of silica that could be accommodated by the MWNTs. Silane - modifi ed 
MWNTs were shown to undergo a reaction with TEOS which occurred very pref-
erentially, mainly because the now - basic MWNTs showed an affi nity towards the 
acidic silicate compound. As the reaction proceeded favorably, this overall method 
would allow the effective formation of silica nanotubes of desired thickness. 

 Lu  et al . prepared  polydiacetylene  ( PDA ) in a single crystal form via a solid - state 
polymerization. From the monomer, single crystals were formed by a slow pre-
cipitation in solution  [15] , after which exposure to UV, X - ray or gamma - ray sources 
initiated a reaction that coupled the conjugated diacetylenic linkages to form a 
single polymer chain. The fi nal polymers proved to be both malleable and soluble. 
In this synthesis, the silica nanocomposites became a part of the PDA system and 
were present in the fi nal nanocomposites, which exhibited transparency and had 
an adequate mechanical strength. The formation of micelles is important in order 
to locate the silica surfactant micelles in the correct order, and for this the diacety-
lene surfactants must have their hydrophilic ends facing the water or nanocom-
posites. Increasing hydrophilicity favors more orderly structures, and in this way 
the silica nanocomposites create a much greater functionality than the polymer 
would have alone. 

 As noted above, straight silica nanowires are usually prepared using metallic 
catalysis and, in the absence of these catalysts, straight amorphous silica nanow-
ires are less commonly produced. Wei Q.  et al . prepared straight silica nanowires 
without catalytic assistance somewhat accidentally, because their original aim was 
to produce ZnO nanomaterials using zinc carbonate hydroxide and graphite at 
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high temperatures  [31] . Yet, rather than ZnO nanostructures, straight silica nano-
wires were obtained. As the silicon wafer was the only source of silicon able to 
facilitate the observed reaction, the authors suggested that, to account for the 
unexpected formation of straight silica nanowires, the high temperature had 
caused the ZnO to decompose. This would then react with graphite, creating 
excess carbon dioxide and water vapor that would readily oxidize the Si wafer 
to produce silica materials that would then stack up to produce the silica 
nanowires. 

 Bertone  et al . prepared synthetic silica or amorphous silica by using particles 
bonded together by hydrogen bonds to form linked aggregates with a high surface 
area and good solubility  [16] . These particles could be dissolved in NaOH and 
reformed as quartz. After reacting in base for about 2   h, a white powder appeared 
in solution, but this could be recovered by a separation based on the different 
rates of diffusion through a semipermeable membrane (a mesoporous material 
or powder). Here, it is important to maintain a weak basic solution throughout 
the reaction to avoid reduced yields; typically, a too - basic solution would reduce 
the quartz formed, whereas a too - acid solution would yield impure products (e.g. 
quartz mixed perhaps with the original amorphous silica). After separation, the 
quartz would precipitate out within 5   h at 0.1    M  NaOH and 250    ° C. Both,  X - ray 
diffraction  ( XRD ) analysis and  transmission electron microscopy  ( TEM ) confi rmed 
that the material synthesized was  α  - quartz. 

 Both  spherical fl uorescein isothiocyanate - doped mesoporous silica nanomate-
rials  ( S - FITC - MSN ) and  tubular fl uorescein isothiocyanate - doped mesoporous 
silica nanomaterials  ( T - FITC - MSN ) are synthesized to assess the rate of endocy-
tosis based on several factors, as described by Trewyn  et al .  [18] . For general syn-
thetic methods, the mesoporous silica nanomaterials can be prepared by mixing 
 fl uorescein isothiocyanate  ( FTIC ) with 3 - aminopropyltrimethoxysilane with anhy-
drous  dimethylformamide  ( DMF ) as solvent.   N  - cetyltrimethylammonium bromide  
( CTAB ) is then dissolved in water and made basic with NaOH, followed by a tem-
perature increase. TEOS is added dropwise to the CTAB solution, after which the 
other prepared solution is mixed in to produce S - FITC - MSN as an orange powder. 
The synthesis for tubular structure is very similar; the only differences being the 
concentrations of TEOS, CTAB and NaOH. The size for spherical FITC - MSN 
ranges from 80 to 150   nm; a similar range was seen for tubular FITC - MSN, but 
with the tube stretching out for up to 100 to 400   nm. The aggregation of MSNs is 
typically investigated by use of the  zeta potential , for which the tubular FITC - MSN 
has a lower value. It should be noted that the zeta potential is an indication of how 
much repulsion exists between like particles in dispersion. A lower zeta potential 
means less stability, and thus more ability to aggregate    –    which is another reason 
why the tubular structure is less effi cient than the spherical. 

  Magnetic nanoparticles  that have superparamagnetic properties are useful for 
controlled drug delivery, bioseparation, image enhancement in  magnetic reso-
nance imaging  ( MRI ), and thermal therapy for treating cancer. However, a major 
problem that occurs with their use in pure form is that they degrade rapidly and 
form aggregates in nature. Nonetheless, in order to utilize these properties while 
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avoiding the problems, it is possible to completely coat the outside of the magnetic 
nanoparticles with silica. In the synthesis by Zhou  et al ., Fe 3 O 4 /CaCO 3  nanoparti-
cles were fi rst prepared using a  rotating packed bed  ( RPB ) method, with a physical 
fl ow through the two phases  [32] . Here, the two phases fl ow against each other; 
the gas phase fl ows radially inward while the liquid phase fl ows radially outward. 
In one phase of the continuously rotating reaction, the Fe 3 O 4  is hydrolyzed, while 
in the other phase the carbon dioxide and Ca(OH) 2  react. A sol – gel technique can 
then be used to generate the magnetic hollow silica nanospheres. As porous struc-
tures are more functional, the nanospheres were made to be porous by using 
templates of hexadecyltrimethylammonium bromide and octane. 

 Hollow silica nanoparticles can be synthesized under moderate conditions using 
luminescent CdSe/ZnS nanoparticles, as described by Darbandi  et al .  [9] . The 
synthesis is conducted at room temperature within reverse micelles and by way 
of a modifi ed water - in - oil microemulsion system, where silica is formed from the 
hydrolysis of TEOS. Here, the silica acts as a host for the CdSe/ZnS nanoparticles 
while the latter is simultaneously dissolved. The extent of this dissolution is deter-
mined by the amount of ammonia aqueous solution used and the reaction time. 
In a typical synthesis, cyclohexane is added to polyethylene glycol nonylphenyl 
ether (the surfactant), pre - prepared luminescent CdSe/ZnS nanoparticles in chlo-
roform, and TEOS, and the mixture then stirred vigorously to form the microemul-
sion. After 30   min, aqueous ammonia is added to initiate the encapsulation, and 
the reaction is then left overnight at room temperature before the nanoparticles 
are precipitated. By increasing the amount of ammonia used, the core particles 
become increasingly dissolved to the point where hollow spheres can be obtained 
(250    μ l ammonia solution). Similarly, an increase in the duration of the reaction 
will yield nanoparticles with increasingly dissolved cores.   

  2.2.2 
 Asymmetric Silica Nanomaterials 

 The preparation of asymmetric nanosilica differs slightly from that of their sym-
metric counterparts, the main difference being an involvement of templates or 
anisotropic catalysts  [28] . The addition of these materials initiates an asymmetric 
growth of nanomaterials, thus producing helical nanomaterials. In the template 
nanosilica, a further treatment of as - made silica - like nanomaterials is required to 
convert them into real silica nanomaterials. However, in the catalytic growth of 
helical nanomaterials such as nanocoils, no post - synthesis treatment is required. 

  2.2.2.1   Catalytic Growth 
 Catalysts are used to synthesize silica nanocoils or nanosprings. For example, 
Wang and coworkers used gold nanoparticles as catalysts to produce silica nano-
springs  [20] . Here, mats of nanosprings were grown via the VLS mechanism using 
a gold catalyst, where the deposition temperature was at as low as 350    ° C. The yield 
was very high (close to 100%), the results repeatable, and two types of nanospring 
were observed: the fi rst type was formed from a single nanowire, whereas the 
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second consisted of multiple intertwined nanowires. A patterned deposition of 
nanosprings could be achieved using this technology. 

  Cobalt nanoparticles  have been used to produce silica nanocoils by Qu  et al .  [28] , 
who employed a much higher reaction temperature (ca. 1000    ° C). Although silicon 
wafer was the only source of silicon, the growth model could be either VSS or SSS. 
Moreover, the nanocoils had a much shorter persistence in length and diameter, 
of the order of 50   nm and 20   nm, respectively, than the straight silica nanowires 
mentioned above. Both, isotropic or spherical cobalt nanoparticles and anisotropic 
nanoparticles or cubic Co 3 O 4  nanoparticles were employed as catalysts  [33]  and, 
within a narrow temperature window between 1035 and 1075    ° C coiled silica 
nanowires could be prepared. With small spherical cobalt nanoparticles, the 
authors created alternating coiled – straight nanowires simply by raising and lower-
ing the reaction temperature, allegedly by controlling the isotropy of the nanopar-
ticle catalysts. The persistence in length was much shorter than that of straight 
wires, and the cross - sections ranged from round to irregular (see Figure  2.3 ), with 
a marquise - like shape. The authors attributed the growth of these irregular cross -
 sectioned silica nanowires to the use of anisotropic cobalt catalysts. 

 Zhang  et al . synthesized amorphous helical SiO 2  nanosprings (80 – 140   nm diam-
eter, up to 8    μ m length) by using a  chemical vapor deposition  ( CVD ) technique 
 [22]  and Fe nanoparticles as catalyst. In this reaction, an alternating growth of 
helical nanosprings was also observed in the middle of a straight nanowire, which 
the authors suggested was caused by a perturbation during growth of the straight 
nanowire. Such perturbation could be derived from the addition of trace amounts 
of carbon into the Fe nanoparticles, thus rendering them anisotropic and creating 
a VSS growth environment.  

  2.2.2.2   Noncatalytic Growth 
 The condensation of silica can also be controlled with surfactants or, in other 
words, a  template effect , as demonstrated by many groups. This is because the 
hydrophobic force created by high - density surfactants on the surface of silica 
nanofi bers or nanotubes is suffi cient to twist the nanomaterials to become helical 
or asymmetric. 

 Helical silica were fi rst synthesized, using a template effect, by Ono  et al .  [34] . 
The template used was a cholesterol - based organogel system, while the cationic 
charge was shown to be sparsely distributed among the organogel fi bers and to 
play an essential role. During the past few years, more research groups have 
employed this approach. For example, Yang  et al . used a noncatalytic method to 
synthesize silica helical nanostructures with probably the longest persistence 
length  [35] . For this, they used a gelator to induce the formation of helical bundles, 
which comprise multiple - strand gel fi bers. The helical nanobundles were prepared 
via sol – gel polymerization using a chiral cationic gelator, with the extent of helicity 
depending on the synthetic environment. For example, in acidic conditions the 
bundles were helical, while under basic conditions they were straight. This clearly 
showed that the formation of helical bundles depended on the interactions between 
individual silica nanotubes. The same authors also synthesized other helical 
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nanostructures, which they referred to as  nanofi bers   [23] . In a separate study, Li 
 et al . identifi ed similar nanosilica under similar acidic conditions using TEOS and 
CTAB  [36] . Again, the helicity was believed to derive from the hydrogen bonding 
between the surfactants as they stacked together. In a similarly procedure, and 
using cationic gelators, Yang  et al . also prepared silica nanosprings  [37] . 

 This surfactant - controlled synthesis of helical silica nanofi bers or nanobundles 
has also been reported by Jung  et al .  [24] , who used a binary sol – gel process to 
produce a helical form of silica nanofi bers. The formation was explained as  ‘ hydro-
gen bonding - controlled ’ . Later, Sugiyasu  et al . used the same method to produce 
a double helix system  [38] , while Seddon  et al . used the surfactants as a template 
to control the growth of helical silica nanostructures  [25] . Zhang  et al . employed 
bona fi de cosurfactants to alter the synthesis of regular mesoporous silica nano-
materials into making helical nanomaterials  [26] , although the helicity was not 
greatly apparent. 

 Previously, helical silica nanotubes were prepared by Yu  et al . by using the 
surfactant template method  [13] . Here, hierarchical silica nanotubes with radially 
oriented mesoporous channels perpendicular to the central axis of the tube 
were synthesized using a self - assembled chiral anionic surfactant, a  costructure -
 directing agent  ( CSDA ), and a silica precursor. By manipulating the synthesis gel 
composition, silica nanotubes with varying dimensions were prepared, with 
average inner diameters of 94, 62   and 62   nm corresponding to wall thicknesses of 
27, 33 and 45   nm, respectively. For all three nanotubes, the diameter of the wall 
mesopores was kept constant at 4   nm. These materials with such a unique struc-
ture may be produced only with chiral surfactant, and the existence of helicity in 
the lipid bilayer template was confi rmed using circular dichroism spectroscopy. 
The mesopores which penetrated from outside to inside of the silica nanotubes 
were thought to originate from the initial formation of self - assembled lipid tubes 
with helical bilayers, which in turn reassembled to form mesopores in the wall of 
the nanotubes upon the addition of a CSDA and a silica source. These studies 
were based on some earlier investigations conducted by Wu  et al .  [7] .    

  2.3 
 Characterization 

 The characterization of nanosilica incorporates many conventional microscopic 
and analytical methods. The details of such methods, the parameters that can be 
determined with them, and the associated references are summarized in Table 
 2.2 . The main parameters to be identifi ed are the morphology, surface character-
ization and measurement of optical properties of either the silica core or the sur-
factants. Although, in order to produce specifi c nanosilica, a good knowledge of 
these methods and other novel techniques is clearly required, they will not be 
described in great detail at this point.   

 The fi rst type of measurement is morphologically oriented, and for this electron 
microscopy offers both dimensional and elemental analysis of the nanomaterials. 



 Table 2.2     Analytical methods used for characterizing nanosilica. 

  Method    Description    Properties    Reference  

  TEM/EDX/EELS    TEM and X - ray analysis or 
spectroscopy are used to analyze 
structure and composition. EELS is 
used for additional characterization.  

  Morphology, composition     [9]   

  SEM/FESEM    SEM is similarly used with energy -
 dispersive analysis (EDS) to 
characterize and analyze structure. 
 FESEM used to determine size and 
morphology.  

  Morphology, composition     [12]   

  HRTEM    HRTEM also used with EDS    Morphology, composition     [39]   

  CD    Characterization of surfactants (or 
other structures with handedness) 
can be made using  circular 
dichroism  ( CD ).  

  Helicity     [13]   

  EDAX    Energy - dispersive analysis by X - ray 
spectrum  

  Composition     [13]   

  XRD    XRD is used to characterize the 
structure of materials as well as to 
compare newly synthesized 
materials to a reference starting 
material for instance.  

  Structure     [40]   

  Raman spectroscopy    Provides information about 
molecular structure and orientation 
based on the different vibrational 
relaxations observed by unique 
structures.  

  Vibrations between 
chemical bonds  

   [41]   

  Fluorescence    Analyzes fl uorescence    Emission, band gap     [42]   

  NMR    Nuclear magnetic resonance.    Composition, surface 
composition  

   [28]   

  SQUID    Superconducting quantum 
interference magnetometry  

  Magnetism     [17]   

  Photoluminescence 
spectroscopy  

  Provides intensity of light emission    Shows peaks of excitation     [39]   

   Rutherford backscattering 
spectroscopy  ( RBS )  

  High - energy ion scattering    Structure and 
composition  

   [41]   

 2.3 Characterization  71
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  Method    Description    Properties    Reference  

  SAXS    Small - angle X - ray scattering. 
Nonuniform structures at the nano 
size level will scatter X - ray light at 
various low angles to provide 
information about structure and 
characteristics.  

  Shape, size (even pore 
size), surface to volume 
ratio  

   [43]   

  SFM/AFM    Scanning force microscopy/atomic 
force microscopy  

  Structure and 
composition  

   [43]   

  STEM    Scanning transmission electron 
microscope (dark - fi eld method)  

  Structure and 
composition  

   [43]   

Table 2.2 Continued

A relatively new method, which is based on high - resolution transmission electron 
microscopy (HR - TEM), may prove to be critical in our understanding of these new 
materials  [9] . With HR - TEM, it is possible to use elemental analysis to create ele-
mental specifi c high - resolution morphological images, the main benefi t being that 
it is possible to isolate the morphology of each element and thus achieve a much 
better understanding of the nanomaterial structure. 

 The second type of measurement deals with the composition and surface 
characterization. Here,  nuclear magnetic resonance  ( NMR ) typically can be used 
to selectively determine the surfactants  [44] . Alternatively,  electron energy loss 
spectroscopy  ( EELS ) can be used to obtain composition information, including the 
surface composition. 

 A third type of measurement is aimed at characterizing the optical properties 
of the nanomaterials, and for this both conventional optical microscopy and 
transmission UV - visible spectroscopy are applicable. Another method    –    circular 
dichroism    –    can be used to study the helicity of silica nanomaterials, while Raman 
spectroscopy has also been used for their characterization.  

  2.4 
 Applications of Symmetric and Asymmetric Nanosilica 

 The thrust behind the advancement of any fi eld depends on the application poten-
tial or real benefi ts, much more so than the materials themselves, and the same 
rule applies to nanosilica    –    whether symmetric or asymmetric. In the following 
sections we will survey the applications of both symmetric and asymmetric nano-
silica. It will become clear that asymmetric nanosilica, at present, have far fewer 
applications than their symmetric counterparts, although several excellent obvious 



potential uses have been identifi ed. It is hoped that, by comparing these two types 
of material, research groups will be more likely to expand the applications of 
asymmetric nanomaterials into the traditional territories presently occupied by 
symmetric nanosilica, especially as the asymmetric nanomaterials possess certain 
unique properties that symmetric nanomaterials do not. 

 Several excellent reviews, each with a different emphasis, have been published 
in recent years. An example is the review of Halas, who discusses in particular the 
chemistry of silica nanostructures  [27] . However, the present discussion will center 
on a comparison between symmetric and asymmetric nanosilica. 

  2.4.1 
 Symmetric Nanosilica 

 Nanosilica possess many properties that make them suitable for medical and bio-
logical applications, the details of which are summarized for both symmetric and 
asymmetric silica nanomaterials in Table  2.3 . It is clear from these data that the 
applications of asymmetric nanosilica still require much effort, with the  ‘ road 
block ’  perhaps being caused by a lack of manipulation of the asymmetric silica 
nanostructures such as silica nanocoils. Yet, when the synthesis and manipulation 
are fully under control, it is believed that the applications will be developed very 
quickly. In the following sections we summarize and compare the applications 
of these nanomaterials, with the hope that those interested in using asymmetric 
nanosilica will gain the necessary insight and background knowledge to develop 
and improve these applications. In the following section, we review those applica-
tions based on the properties of nanosilica.   

  2.4.1.1   Silica Nanomaterials as Drug Delivery Vehicles 
 Nanosilica can be used to deliver drugs, such as new genes, proteins, small - 
molecule drugs or other nanoscale materials. In particular, the versatility of either 
the silica surface or the pores could be utilized as an effective delivery vehicle. 

 In one example, Trewyn  et al . showed how silica nanoparticles could penetrate 
membranes  [18]  by using spherical and tube - shaped MCM - 41 fl uorescein - labeled 
 mesoporous silica nanomaterial s ( MSN s). Both materials have hexagonally 
arranged mesopores with a high surface area ( > 950   m 2    g  − 1 ) and a narrow distribu-
tion of pore diameters, while an overall size of the order of a few hundred nano-
meters. In these studies, fl ow cytometry and fl uorescence confocal microscopy 
were used to characterize the cellular uptake effi ciency and kinetics of both MSNs, 
measured in a cancer cell line ( Chinese hamster ovary ;  CHO ) and a noncancerous 
cell line (fi broblasts). The correlation was investigated between the particle 
morphology and aggregation of MSNs and the effectiveness of cellular uptake. 
In another report, Radu  et al . discussed the use of MSNs in performing gene 
trans fection, when second - generation PAMAMs covalently linked to the surface 
of the MSNs were used to deliver the gene into cells  [48] . Lai  et al . also used 
the same MSNs to deliver neurotransmitters encapsulated within the pores of 
MSNs  [49] . 
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 Table 2.3     Applications of symmetric and asymmetric nanosilica. 

  Material    Properties    Applications    Reference  

  Silica nanofi bers    Structural fl exibility    Nanomechanical, 
electronmagnetic devices, 
resonators, composite 
materials  

   [20]   

  Mesoporous silica nanospheres    Symmetry, thousands of 
loadable parallel channels 
running from one end to 
other, large surface area - to -
 volume ratio  

  Diagnosis, therapeutics, 
carriers (drugs and more), 
gas/metal ion absorbance  

   [40]   

  CdSe/ZnS/SiO 2     Luminescence (core)    Optical nanoscale 
applications.  

   [12]   

  Silica nanowires    Luminescence (blue)    Nanoscale optical - based 
electronics. In particular, 
amorphous silica nanowires 
have been shown to emit 
blue light that could serve 
well in integrated optical 
nanodevices. Also have 
applications in photonics and 
biosensing.  

   [39]   

  Carbon nanotubes coated with 
silica  

  General in catalysis, 
magnetic and optical  

  Applications in light - related 
studies, magnetism and 
catalysis.  

   [14]   

  Silica nanocomposites 
(polydiacetylene/silica)  

  Optical transparency and 
mechanical strength  

  Biomolecular sensors and 
light - emitting electronics.  

   [15]   

  Nanoquartz    Piezoelectric    Material engineering, motors 
and actuators.  

   [16]   

  Magnetic hollow silica 
nanospheres  

  Superparamagnetic    Controlled drug delivery, 
bioseparation, enhancing 
image in MRI, thermal 
therapy (form of cancer 
treatment)  

   [17]   

  Spherical fl uorescein 
isothiocyanate - doped MSNs 
(S - FITC - MSN) and tubular 
fl uorescein isothiocyanate -
 doped MSNs (T - FITC - MSN)  

  Fluoresces, large surface 
area, tunable pore size  

  Biological marker, imaging, 
controlled drug delivery/
release  

   [18]   



  Material    Properties    Applications    Reference  

  Silica nanobeads    Doping capacity (with 
fl uorescent materials), large 
surface - area - to volume ratio  

  Drug delivery, biosensing, 
and fl uorescent labeling of 
biomolecules to aid in 
biological studies. Also have 
optical, magnetic and 
catalytic applications.  

   [45] ,  [19]   

  Silica nanotubes    Hydrophilic inner and 
outer walls, highly 
functional surface  

  Nanoscale sensors and 
electric devices, optical, 
magnetic, catalytic 
applications as well as 
bioseparation  

   [13]   

  Hollow silica nanocapsules    Insulation    Catalysis, bioseparation, 
controlled drug release and 
delivery, man - made cells, 
materials modifi ed to have 
better insulating properties, 
or lower dielectric constant.  

   [46]   

  Silica nanorods    Combined functionalities, 
rigid structure, large pore 
volume, biocompatibility, 
surface functionality  

  Biomarker, drug delivery 
(carrier), can be made to 
fl uoresce, MRI, contrast 
agents  

   [47]   

  Silica nanosprings    Luminescence, type of 
nanowire  

  Nanoscale electronics and 
optics, nanomechanical, and 
composite materials  

   [22]   

Table 2.3 Continued

 Elsewhere, various other hollow mesoporous nanosilica have also been explored 
for their medical applications. Zhou  et al . discussed the use of hollow silica nano-
spheres with magnetic nanoparticles (e.g. Fe 3 O 4 ) within the pores to deliver ibu-
profen. When the drug had been stored inside the pores, the openings were 
encapsulated  [17] . As a consequence, the size of the nanospheres was of the order 
of a few hundred nanometers, while the magnetic Fe 3 O 4  nanoparticles were about 
5 – 10   nm. It should be noted here that these nanomaterials were used exclusively 
for delivery purposes. 

 Another popular application, almost equivalent to drug delivery, was to use the 
nanosilica chemically linked to various other labeling agents such as fl uorophores 
to perform imaging tasks. As an example, Tsai  et al . used mesoporous silica nano-
rods as a multifunctional cell - imaging probe  [47] , performing both  magnetic 
resonance imaging  ( MRI ) using a Gd agent and confocal light imaging with a dye 
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molecule. Because magnetic nanomaterials can also be attached to nanosilica (as 
has been shown by many groups), these multicomponent nanomaterials can be 
used in magnetic imaging. Giri  et al . have shown that it is possible to use magnetic 
nanoparticles to control the release of substances trapped inside mesoporous silica 
nanorods  [50] . This is similar to the effect described above, where materials trapped 
inside the host porous silica nanomaterials could be set free when the capping 
materials were removed. Hu  et al . develop magnetic - sensitive nanosilica to control 
the release of drugs remotely  [40] , by using a high - frequency magnetic fi eld to 
burst open the magnetic fi eld - sensitive silica nanospheres.  

  2.4.1.2   Silica Nanomaterials as a Catalyst Host and Sensors 
 Nanosilica can also be used as a host for catalysis and as a material for separation. 
Yang  et al . coated magnetite with silica and showed the product to be a bioactive, 
mechanically stable and magnetically separable nanomaterial  [51]  of which the 
particles were  ∼ 50   nm in diameter, with a pore size of 1.5   nm. Peroxidase entrapped 
in silica - covered porous nanoparticles was shown to possess a high catalytic 
activity, a direct benefi t being that the nanoparticles could easily be separated from 
solution using an external magnetic fi eld. When using this material, the authors 
demonstrated a detection limit of 160   ng   ml  − 1  for gentamicin. 

 In another study, Grant  et al . immobilized the acceptor end of biological donor –
 acceptor pairs linked via peptides onto the surface of nanosilica  [45] , such that the 
silica nanoparticles acted as an optical platform. Upon interacting with a biological 
molecule (enzyme) that could cleave the peptide bond between the donor and 
acceptor, the latter pair would separate, thus reducing the fl uorescence which 
originated from  fl uorescence resonance energy transfer  ( FRET ). The detection 
limit of this assay (which measured fl uorescence intensity or yield) was 
 ∼ 10    μ g   ml  − 1 .  

  2.4.1.3   Silica Nanomaterials as Optical Materials 
 Silica nanomaterials may also have many optical applications, as they themselves 
can emit light at various wavelengths, as well hosting different fl uorophores as 
sensors. In one study, Elliman  et al . showed that erbium ions (Er 3+ ) could be 
excited by light sources to their  4 I 13/2  state where they pass through various energy 
channels and then relax back to a ground state of  4 I 15/2   [52] . By doping silica nano-
wires with erbium, the nanowires became optically active, while the duration of 
the luminescence could be controlled by the nature of the nanowire surface. The 
decay rate was slower because lower optical density states in the nanowires (the 
lower the optical density, the higher the light transmittance) caused less quenching 
of its own fl uorescence at high concentrations, and greater thermal quenching due 
to the closeness of the surface to the site of light emission and large surface area -
 to - volume ratio for nanostructures. As erbium is so sensitive to the surface of 
the nanowire, the luminescence could be monitored on the surface as a means of 
detecting adsorbed molecules. 

 Bottini  et al . used luminescent silica nanobeads to investigate the transportation 
of T lymphocytes  [19] . Silica nanobeads are known to be useful for biosensing and 



catalysis, due to their easy synthesis, doping capacity/surface functionalization, 
and large surface area - to - volume ratio. Silica nanobeads can also adopt fl uorescent, 
magnetic and semiconducting properties by linking to molecules that have such 
properties. Silica nanobeads doped with tris(2,2 ′  - bipyridine) dichlororuthenium(II) 
hexahydrate [Ru(bpy) 3 ] (RuSNBs) are luminous under a certain pH. To test for 
luminescence, the cells were incubated with RuSNB, such that luminescence 
occurred. A momentary luminescence was seen to occur in the cytosol for those 
nanoparticles capable of leaving the lysosomes. Based on these fi ndings, Bottini 
 et al . concluded that nanobeads might be useful for obtaining a specifi c cytoplas-
mic effect in target cells, with no cell - toxic effect being observed. 

 Sekhar  et al . identifi ed another means of using metal - coated silica nanowires 
for the detection of cancer  [41] . Here, the metal - decorated silica nanowires under 
study acted as a fi lter, such that their high selectivity made them effective in the 
diagnosis of cancers and other diseases. Specifi cally, the nanowires could detect 
 interleukin - 10  ( IL - 10 ) and  osteopontin  ( OPN ). For a closer examination of the 
selectivity of the metal nanoclusters, Raman spectroscopy can be used to study the 
affi nity of certain substrate surfaces towards biomarkers. The substrate itself must 
be chosen carefully as this will affect the Raman scattering from the biomarkers. 
The applications of these metal - decorated nanowires demonstrate unique func-
tionality compared to uncoated silica nanowires. 

 In a further study, Wei  et al . synthesized aligned silica nanowires as fl uoro-
phores, where the straight nanowires were shown to emit two bands of green light 
in the visible range, at 510 and 560   nm  [31] . Alignment was important to the pho-
toluminescent properties exhibited at room temperature, while the light emission 
suggested possible applications in nanoscale optical electronics. 

 Amorphous silica nanowires have also been tested for their blue light emission 
properties by Yu  et al .  [53] . Silica nanowires that emit blue light would be applica-
ble in both industry and in research. For example, in  scanning near - fi eld optical 
microscopy  ( SNOM ), the resolution depends on the diameter of the tip and space 
between the tip and sample. In this respect, silicon nanowires may be used as the 
optical head in the microscope in order to provide a better resolution. It should 
also be noted that, aside from applications in industry, silicon nanowires have 
recently also been of great help in extending our understanding of optical theory 
and diffraction.  

  2.4.1.4   Nanosilica in Other Applications 
 When investigating other uses of nanomaterials, Taylor  et al . examined the possi-
bility of using MSNs as highly effi cient MRI contrast agents  [42] . At present, 
gadolinium functions as an effective contrast agent in MRI studies by enhancing 
image visibility; however, this can be further enhanced by grafting Gd chelated 
onto MSNs as carriers, thus enabling the design of highly effi cient MRI contrast 
agents. 

 Block copolymers with both hydrophilic and hydrophobic properties have been 
used by Garcia  et al . in the synthesis of nanoparticles  [43] . Reverse block copolymer 
mesophases have been used to prepare iron oxide - aluminosilicate nanoparticles, 
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with good control over shape and size, by regulating the amount of inorganic 
material used. The subsequent decomposition of materials by calcination pro-
motes the formation of crystalline, magnetic gamma ferric oxide in the amorphous 
phase, which in turn allows the structure and features of the particles to be 
adjusted, so as to achieve varying functionalities (both magnetic and optical). 
Moreover, as the silica nanofi bers are more structurally fl exible, they may have 
potential applications in nanomechanical, nanoelectronmagnetic devices, resona-
tors and composite materials.   

  2.4.2 
 Asymmetric Nanosilica 

 In recent years, asymmetric nanosilica have not been widely used, most likely due 
to a lack of convenient ways in which they can be manipulated. Nonetheless, these 
materials should have an effective application potential in asymmetric catalysis, 
although their sizes (e.g. nanocoils) must be tightly controlled. The details of 
asymmetric colloids of many compositions have been discussed. For example, 
Correa - Duarte  et al . described the creation of asymmetric functional colloids 
through selective hemisphere modifi cation  [54] , a method which could easily be 
expanded for the modifi cation of silica nanoparticles and asymmetric nanosilica.   

  2.5 
 Conclusions 

 In this chapter, we have reviewed the current state of research into symmetric 
and asymmetric nanosilica. Although, approximately equal numbers of synthetic 
methods are available for both types of nanomaterial, a much greater disparity 
exists between their numbers of application. However, as the development of 
better synthetic and analytical methods continues to advance, it is foreseeable that 
both types of nanomaterial will fi nd signifi cantly more applications, especially 
considering the current lack of applications for the asymmetric forms.  
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 In this chapter we review the current state of research on symmetric and asymmetric 
silica nanomaterials, or nanosilica, in terms of their synthesis, characterization and 
applications. Both, catalytically and noncatalytically grown nanosilica are discussed, 
and several types of application for these nanomaterials are described. For asymmetric 
nanosilica, the focus is on helical nanosilica such as silica nanocoils and other heli-
cal nanosilica, whereas for symmetric silica nanomaterials the discussion covers more 
general forms of nanosilica, including nanoparticles, mesoporous nanomaterials and 
silica nanotubes. 

 silica ;  nanocoils ;  nanowires ;  catalysis ;  nanoparticles 
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   3.1 
 Introduction 

 One practical reason for the study of nanostructures is the ever - present drive 
towards smaller sizes in the electronics industry. As features in electronic devices 
achieve dimensions smaller than the  de Bloglie wavelength , it is imperative to 
explore and understand the physical properties, such as electrical transport, 
thermal conductivity, mechanical strength, magnetism and light emission, in this 
regime. During the early years of nanomaterials development, the only types of 
nanomaterial that could be produced in suffi cient quantities for biological research 
were  nanoparticles     –    materials having an aspect ratio of one. However, during the 
past few years other types of nanomaterial, with high aspect ratios as well as 
complex shapes (e.g. nanowires, nanorods, nanosprings and carbon nanotubes) 
have become available. In particular,  one - dimensional  ( 1 - D ) nanomaterials    –    the 
so - called  nanowires  and  nanotubes     –    have emerged as one of the three types of 
attractive nanostructure (0 - D, 1 - D and 2 - D) caused by the 1 - D quantum confi ne-
ment that can lead to the enhanced transport of signals along the wires. Moreover, 
the structure of these materials is more compatible with device design in terms 
of unique geometry  [1, 2] , and consequently nanowires have therefore been used 
for building blocks in electronics  [3] , optics  [4]  and sensing technologies, including 
biomedical applications  [5 – 7] . 

 Today, the most broadly utilized nanowires are formed from silicon, whether 
pure silicon or silicon oxide (silica; SiO 2 ), with silicon - based nanowires being used 
as building blocks for a variety of technologies such as electronics  [3] , photonics 
 [4]  and sensing technology  [8, 9] . Given the vast experience of the semiconductor 
and optics communities while working with silicon and silica, silicon - based 
nanowires will likely become the most widely utilized family of nanowires. 
Although many books and reviews have described the details of 1 - D silicon or silica 
nanostructures for a variety of applications, details on their biological applications 
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are sparse. Hence, in this chapter we will focus on the practical biological applica-
tions of 1 - D silica structures.  

  3.2 
 Synthesis of Silica Nanowires and Nanosprings 

 The  vapor – liquid – solid  ( VLS ) mechanism fi rst proposed by Wagner and Ellis  [10]  
is simplistic in nature, yet subtly complex. The VLS model is most readily grasped 
pictorially; a schematic representation of nanowire formation by to the VLS mecha-
nism is shown in Figure  3.1 . The key feature here is a liquid catalyst that is able 
to absorb material from the surrounding vapor. If the catalyst is not liquid, then 
material in the vapor will not be absorbed and the nanowire formation will be 
prohibited. Under the appropriate conditions of temperature and vapor pressure, 
the liquid will absorb material from the vapor phase, introduced either in elemen-
tal form or as a molecular precursor.   

 In the  chemical vapor deposition  ( CVD ) process, a molecular precursor is used 
 [11 – 13] . Here, as the catalyst absorbs an increasing amount of material it eventu-
ally becomes supersaturated, at which point material is deposited at the cata-
lyst – substrate interface (Figure  3.1 b), thereby establishing nanowire formation 
(Figure  3.1 c). Extended formation of the nanowire can be maintained as long as 
a suffi cient quantity of reactant is present, and the temperature of the catalyst is 
maintained above the melting point. If either of these conditions is not met, 
nanowire formation will cease. Based on the above description of the VLS 
mechanism, it is clear that the catalyst dictates whether or not nanowire 
formation will occur. 

    Figure 3.1     A schematic representation of the vapor – liquid –
 solid (VLS) growth mechanism for nanowire formation.  
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  3.2.1 
 Catalyst Preparation and Application 

 A variety of ways exists by which the catalyst may be prepared and introduced into 
the process, although ultimately the synthesis process will dictate the appropriate 
methodology. For the laser ablation synthesis of nanowires, the catalyst is intro-
duced directly into the ablation target. This is easily achieved by mixing powders 
of the catalyst and the nanowire material and then pressing the mixture into a 
target. In the case of  fl ow reactors , the catalyst can either be deposited onto the 
substrate prior to insertion into the furnace, or placed in a crucible directly in the 
furnace, upstream from the substrate upon which the nanowires will be deposited, 
and where transport to the substrate is facilitated by the fl ow of a background gas. 
For the CVD synthesis of nanowires, the catalyst is typically applied to the surface 
prior to nanowire synthesis, this being done either  in situ  or  ex situ . 

 An  in situ  application in CVD processes is achieved by fi rst introducing a metal-
locene precursor (e.g. ferrocene [(C 5 H 5 ) 2 Fe]) into the deposition chamber for a 
short period of time, thereby depositing an extremely thin metal fi lm on the order 
of tens of monolayers onto the substrate. The deposition temperature for the cata-
lyst is typically well below the nanowire synthesis temperature, although again this 
will depend on the choice of the precursor and the types of nanowire to be syn-
thesized. This step is then followed by nanowire synthesis. 

 In the case of  ex situ  application of an elemental catalyst, a number of physical 
vapor deposition techniques can be utilized, including  sputtering  and  molecular 
beam epitaxy . In this way, a few to tens of monolayers of the catalyst metal are 
deposited onto the substrate, which is then inserted into the CVD reactor. For both 
of these choices the rationale for depositing a few monolayers of the catalyst is 
twofold. First, an extremely low coverage of the catalyst material will facilitate 
islanding, which is critical to nanowire formation. Second, the amount of catalyst 
on the substrate will dictate the size of the metal islands, which in turn will dictate 
the diameter of the nanowires. The primary drawback to these two approaches is 
that the size distribution of the islands cannot be readily controlled. 

 An alternative approach to  ex situ  application of the catalyst is to produce 
extremely fi ne powders that can be suspended in a solvent and then applied to the 
substrate; this method is ideally suited to the use of eutectics as the catalyst. Cur-
rently, a number of commercially available sources exist for metallic nanoparticles. 
In the case of more exotic eutectic materials (e.g. NiB or FeB), powders consisting 
of particles with diameters of the order of hundreds of microns must be processed 
to achieve nanoscale particles. The procedure utilized in our laboratory is to grind 
the purchased powder in a pestle and mortar for 10 – 12   h, to suspend the fi ne 
powder in ethanol, and then to pass the suspension sequentially through a series 
of polycarbonate membranes in decreasing order of pore size (fi nal pore size 
100   nm). The end product is an ethanol - based suspension of particles with a diam-
eter of  ≤ 100   nm. Before applying the catalyst to the substrate surface, the suspen-
sion is sonicated for approximately 5   min and then left to stand for 12   h. The latter 
step allows the larger particles to settle out of suspension, leaving only the smallest 
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nanoparticles suspended in solution, such that the nanoparticle distribution is in 
the range of 20 to 100   nm. The solution is then applied to the substrate using a 
dropper, and the ethanol allowed to evaporate. This procedure is repeated until 
the desired concentration of nanoparticles is achieved. Unfortunately, a rapid 
evaporation of the ethanol causes the nanoparticles to agglomerate in patches on 
the surface; this is undesirable since, upon heating, the small nanoparticles will 
coalesce into larger particles and produce nanowires with large diameters. An 
alternative method of applying the ethanol nanoparticle solution would be to spin -
 coat the solution onto the substrate.  

  3.2.2 
 Methods for  VLS  Synthesis of Nanowires 

 The VLS synthesis requires only the presence of a metallic catalyst and nanowire 
material in the vapor. Consequently, a broad spectrum of VLS - based techniques 
has been developed for synthesizing nanowires. Here, only the three primary 
techniques will be described, namely, fl ow reaction, laser ablation and CVD, which 
includes  plasma - enhanced chemical vapor deposition  ( PECVD ). However, the 
primary focus will be on CVD - based techniques utilized in the authors ’  
laboratory. 

  3.2.2.1   Flow Reaction Formation of Nanowires 
 The most common fl ow reactor consists of a quartz fl ow tube inside a furnace; a 
schematic representation of a fl ow tube is shown in Figure  3.2 . The reactor is split 
into temperature zones, thereby establishing a temperature gradient across the 
fl ow tube. A carrier gas is introduced at the high - temperature end, while pumping 
occurs at the low - temperature end. The source materials are placed in a crucible 
upstream (zone A) from the nanowire collection (zone B), which is maintained at 
a lower temperature than zone A. The temperature and pressure in zone A must 
be balanced such that sublimation or vaporization of the source materials is facili-
tated. The geometry and temperature differential of the fl ow reactor lead to the 
condensation of source materials on the substrate. The temperature in zone B 

    Figure 3.2     A schematic diagram of a fl ow reactor design used 
to synthesize nanowires.  
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must exceed the melting point of the catalyst, yet be below its sublimation or 
vaporization temperature.   

 The catalyst can be introduced either by seeding the substrate prior to insertion 
into the reactor, or by simultaneously introducing it into the vapor with the source 
materials for the nanowires. In the latter case, the catalyst is either placed in zone 
A with the source material, mixed in with the source material, or placed in an 
intermediate zone. The operating temperatures and gas fl ow rates are dependent 
on the geometry of the reactor, the type of nanowires to be synthesized, and the 
types of source material and catalyst used in the process. 

 The advantages of these reactors are that they are relatively inexpensive to build, 
and they are versatile, simple to operate and easy to maintain. In addition, the use 
of solid, sublimeable precursors in the form of powders simplifi es the identifi ca-
tion of optimal operating conditions for the synthesis of nanowires. One shortcom-
ing of these systems is that oxygen contamination can be problematic. although 
if judicious efforts are made to eliminate any oxygen then extremely pure nanow-
ires can be realized. 

 The heating of a silicon powder using Au as catalyst to 1050    ° C for 2   h in 
argon in this fl ow reactor, and fl owing oxygen during the cool down to 850    ° C, can 
result in the formation of silica nanowires. A  fi eld emission scanning electron 
microscopy  ( FESEM ) image of fi bronectin - coated silica nanowire is shown in 
Figure  3.3 .     

  3.2.3 
 Laser Ablation of Nanowires 

 In some ways, the laser ablation of nanowires is very similar to fl ow reaction syn-
thesis, and fairly straightforward to conduct. First, a target is constructed from 

    Figure 3.3     Field emission scanning electron microscopy 
(FESEM) image of fi bronectin - coated silica nanowires.  
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powders of the materials forming the desired nanowire, as well as a metallic cata-
lyst, also in powder form. The powders are combined in the appropriate ratios, 
mixed, and pressed into a solid target. In the case of Si nanowires, a Si substrate 
with a metallic catalyst applied to the surface suffi ces. The target is then placed in 
a vacuum vessel which is back - fi lled with an inert gas. The role of the background 
gas is to facilitate thermalization and condensation of the catalyst, where subse-
quent nucleation and nanowire formation is due to absorption of materials from 
the surrounding vapor. Either Nd   :   YAG lasers  [14, 15]  or excimer lasers  [16 – 21]  
are typically used in these ablation processes. Although these two types of laser 
have the necessary power for ablation, they operate at signifi cantly different wave-
lengths. The primary factors for the successful laser ablation of nanowires are the 
choice of catalyst, the correct ratio of nanowire material and catalyst in the target, 
and background gas pressure. 

 A hybrid approach to nanowire synthesis developed by Wu  et al.   [22]  combines 
laser ablation with a fl ow reactor process, and has yielded superlattice nanowires 
of Si/SiGe. The role of the fl ow furnace is to produce Si nanowires, while the laser 
ablation process introduces Ge periodically into the vapor. The Ge is absorbed by 
the catalyst and incorporated into the forming nanowire. Through judicious 
control of the process, Wu ’ s group has achieved superlattice periodicities of Si/
SiGe of approximately 250   nm. Moreover, the results of this study bode well for 
superlattice nanowire devices.  

  3.2.4 
 Chemical Vapor Deposition and Plasma - Enhanced Chemical Vapor Deposition 
of Nanowires 

 The primary distinction between CVD processes for VLS synthesis of nanowires 
and the preceding processes is that the precursor materials are either gases or 
vapors. The term CVD is very generic, and therefore encompasses many variants 
of the same theme. Consequently, a fl ow reactor could either be used as intended 
or modifi ed to operate as a CVD reactor. Along these lines, a CVD system could 
be combined with laser ablation, similar to the system used by Wu  et al.   [22]  to 
grow superlattice nanowires. The construction of a CVD system is fairly simple 
and straightforward; in fact, the basic reactor is very similar to a fl ow reactor. What 
sets CVD apart from a fl ow reactor is gas handling; in CVD the only requirement 
of the precursor is that it be a vapor upon introduction into the reactor, and con-
sequently gases, liquids and sublimeable solids are all candidates as CVD precur-
sors. Gaseous precursors are in general the simplest of the three for use in CVD 
as their introduction into the reactor can be readily metered using mass fl ow 
control valve technology. 

 The use of liquid precursors is more involved than gases, but still easily manage-
able. Typically, an inert (carrier) gas such as Ar or N 2  is bubbled through a vessel 
containing the liquid precursor (the vessel is often referred to as a  ‘ bubbler ’ ). 
Through judicious control of the liquid temperature and carrier gas fl ow rate, the 
concentration of the precursor in the gas – vapor mixture can be metered with a 
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high degree of precision. It should be noted that, in some cases, a bubbler is not 
required if very dilute concentrations of the precursor are required. The only dis-
advantage of using a liquid precursor over gases is the added complexity of the 
vapor - handling system. 

 The vapor delivery system for sublimeable solid precursors is similar to liquid 
precursor delivery systems, specifi cally in its use of a carrier gas. Heating the solid 
precursor increases the sublimation rate. Sublimeable solid precursors are the 
most diffi cult to handle for the following reasons. The sublimation rate of a solid 
is a function of temperature, the quantity of the solid precursor in the vessel and 
the carrier gas fl ow rate. Consequently, the delivery rate of precursor to the 
chamber can vary during the course of consecutive experiments unless the quan-
tity and form of the starting material is the same at the start of each experiment. 
However, if care is taken this is typically not a problem. 

 The most common diffi culty encountered with the use of sublimeable precur-
sors is condensation onto the walls of the delivery lines and valves. Condensation 
occurs most often in the valve housings, but the effect can be minimized by 
heating the gas lines and valves to a temperature above that of the precursor 
vessel. 

 A schematic of the PECVD system in the authors ’  laboratory is shown in Figure 
 3.4 . The system can be operated in either the CVD mode (plasma off) or the 
PECVD mode. The plasma is struck between two 8   cm - diameter circular parallel 
plates (capacitor design) spaced approximately 2 – 3   cm apart. The sample is 
mounted on the grounded anode, which is also the sample heater. The sample 

    Figure 3.4     A schematic diagram of a parallel plate design of a 
plasma - enhanced chemical vapor deposition (PECVD) system 
used to synthesize nanowires.  
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heater is a boroelectric heater (manufactured by GE Advanced Ceramics), and the 
plasma frequency is the industry standard of 13.56   MHz. The solid precursor  closo  -
 1,2 - dicarbadodecaborane (C 2 B 10 H 12 ) (which from here on will be referred to as 
 orthocarborane ) is used in the synthesis of boron carbide and silicon carbide 
nanowires and nanosprings. The system can be broken down into three subsys-
tems: gas handling, reactor, and pumping system. The gas - handling system con-
sists of stainless steel tubing and metal gasket sealed fi ttings, with the gas fl ow 
rates being controlled using mass fl ow control valves. The reactor consists of a 
six - way stainless steel cross with metal seal fl anges. The system is pumped with 
a 300   l   s  − 1  diffusion pump, backed by a mechanical pump, such that the achievable 
base pressure of the reactor is 5    ×    10  − 5    Torr. A static pressure in the reactor is 
achieved by balancing the gas - vapor fl ow rates and the pumping speed, where 
regulation of the pumping speed is achieved by throttling the valve between the 
reactor and the diffusion pump.  Transmission electron microscopy  ( TEM ) images 
of silicon nanowires and silicon carbide nanowires are shown in Figure  3.5 , and 
of silicon carbide nanosprings in Figure  3.6 .     

  3.3 
 Functionalization of Silica 1 -  D  Silica Nanomaterials 

 Two conceptually different strategies are utilized to attach biomolecules such as 
proteins, nucleic acids, carbohydrates and lipids to silica surfaces    –    that is, nonspe-

    Figure 3.5     (a) Transmission electron microscopy (TEM) 
image of a biphase coaxial silicon nanowire consisting of a 
crystalline core and an amorphous sheath; (b) A biphase 
silicon carbide nanowire, where the amorphous material has 
grown predominantly on one side of the nanowire. Silica 
nanowires can result from the oxidation of silicon/silica 
nanowires.  



cifi c physiosorption or chemically targeted covalent attachment. Nonspecifi c phys-
iosorption takes advantage of the chemical properties of the surface, biomolecule 
and adsorption solution to provide an environment that is conducive to irreversible 
(or close to irreversible) interactions between the biomolecule and surface. Due to 
concern over the long - term stability and biological activity of such surfaces, most 
current techniques tend away from nonspecifi c adsorption processes. However, 
the ease and satisfactory attachment that results allows continued use of this 
technique. 

 A chemically targeted covalent attachment allows more stable and defi ned inter-
actions between biomolecules and nanosurfaces. The silanization of oxide surfaces 
is a common method to provide a handle to a silica surface for further function-
alization, for example allowing biological recognition layers to be built  [23] . Alter-
natively, amine, sulfhydryl or epoxide groups have been added to silica surfaces, 
allowing direct attachment of the biomolecule to the active surface, via chemically 
reactive linkers such as   N  - hydroxysuccinimide esters  ( NHS ) or succinimidyl 4 - 
( N  - maleimidomethyl)cyclohexane - 1 - carboxylate. By using these approaches, the 
surface chemistry can be tuned to provide a variety of surface environments such 
as hydrophilicity, biomolecular surface density and electronic/chemical properties, 
all of which can be important to the specifi c biological application of the material. 
The same chemical approaches that have been applied to bulk silica surfaces can 
also be used for the functionalization of 1 - D silica nanomaterials. 

 The metallization of 1 - D silica nanostructures with noble metals provides an 
alternative method for the attachment of biomolecules. The robust interaction 

    Figure 3.6     Transmission electron microscopy (TEM) images 
of silicon carbide nanosprings formed from nanowires with 
circular cross - sections, where the nanospring diameter - to -
 pitch ratios are (a) 1.8 and (b) 1.23.  
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between sulfhydryl groups and noble metals forms the basis of the formation of 
 self - assembled monolayer s ( SAM s), which provide a fl exible architecture for the 
design of novel interfaces  [24] . This nanoscale tuning of gold surfaces using SAMs 
is an important component in many recent areas of biosensor development  [24, 
25] . Two SAM - based architectures can be used to construct the biological recogni-
tion interface on gold - coated silicon nanomaterials. The fi rst approach utilizes 
well - ordered monolayers using bifunctionalized alkane thiols    –    that is, units where 
a reactive amine/epoxide/carboxyl is separated by a linker and terminated with a 
sulfhydryl group. The sulfhydryl is used to directly link the SAM to the metal 
surface. The biomolecule can subsequently be attached to the nanoconstruct in a 
similar manner, as described above, such that the biomolecule is attached to the 
silicon via a SAM on a gold interface. 

 The second approach for constructing the biological recognition layers on gold -
 coated silicon nanomaterials utilizes DNA probes modifi ed with alkylthiols, which 
allows the direct functionalization of gold surfaces  [26] . Mercaptohexanol is typi-
cally used to passivate the surface and direct the probes in a more constructive 
orientation for hybridization  [27] . 

 Recently, investigations have been started into DNA attachment and hybridiza-
tion on metallized 1 - D silica nanostructures. For this, a process has been devel-
oped where nanosprings in a mat can be coated with a sparse or dense layer of 
Au nanoparticles, to provide 25 to 100% coverage  [28] . The process produces 
uniform nanoparticle size distributions, and has been successfully applied to the 
metallization of nanowires with Au, Ni and Pt; it can also be used with other metals 
by identifying a suitable organometallic precursor. The degree of coverage depends 
on the deposition time, while the particle size and size distribution depend on the 
chamber pressure and substrate temperature. Supporting the Au nanoparticles on 
the nanospring scaffold provides an architecture with a high surface area due 
to the nanoparticle and nanospring mat, along with 3 - D, geometric spacing of 
the nanoparticles; this allows unique interactions between the nanomaterial and 
solution phases. 

 In order to allow attachment to the surface, the DNA probes are synthesized 
with a terminal thiol group. The covalent bond between the sulfur atom of the 
thiol moiety and the gold is used to link the derivatized molecule to the nanopar-
ticle. In addition to DNA probes, the head group can be designed to provide virtu-
ally any desired surface chemistry, either alone or in combination with the DNA. 
As the nanosprings are physically attached to the substrate, the device can be 
placed directly into solution, without removing the nanosprings. 

 For biological activity, the surface must not only be modifi able but also maintain 
function. In this model system, hybridization is the biological function, and some 
preliminary studies have been conducted with metallized nanosprings to demon-
strate selectivity. Hybridization with biotin - labeled DNA molecules and subse-
quent enzyme - linked signal enhancement, was used to determine a specifi c 
hybridization event. The results of these studies are presented in Figure  3.7 . Here, 
two regions were fi rst pretreated with thiolated oligonucleotide probe sequences. 
Square sections were then treated with a probe sequence complementary to a 



genomic sequence ( hly A) from pathogenic  Escherichia coli  O157   :   H7 (the upper 
square in Figure  3.7 ) or with a probe sequence ( inv A) for  Salmonella  species (lower, 
dashed square). A biotin - labeled  hly A target sequence, complementary to the  E. 
coli  - specifi c probe, was introduced to the surface. Following hybridization, enzyme -
 labeled streptavidin reacted with the biotin sequence, and the surface was devel-
oped with a precipitating enzyme substrate. The selective reaction between the  E. 
coli  probe and the biotin target sequence localized the enzyme to the upper square 
(causing darkening), while the lower square showed no visually detectable differ-
ence from the untreated surface. Further testing confi rmed that a biotin - labeled 
 inv A sequence could be selectively hybridized to the  Salmonella  probe with no 
detectable hybridization to the  E. coli  probe. These experiments support the feasi-
bility of introducing DNA sequence - specifi c selectivity to the Au nanoparticle -
 decorated nanosprings.   

 A more quantitative analysis of the available DNA surface probe density is also 
being investigated. This approach can be used to quantify fl uorescently labeled 
DNA molecules that are specifi cally bound to the nanosurface  [29] . Quantifi cation 
of the results using a standard curve allows an estimation of active surface area 
(no. of hybridized molecules/apparent substrate area) and hybridization effi ciency 
(no. of probes hybridized/no. of probes on surface). The preliminary results show 
that metallized nanospring surfaces can achieve an active surface area of greater 
than 30   pmol   cm  − 2 .  

    Figure 3.7     An image of sequence - specifi c 
hybridization on a gold nanoparticle -
 decorated nanospring surface. The upper 
square section was treated with the  E. coli 
hly A probe sequence, and the lower square 
(dashed borders) was modifi ed with 

 Salmonella inv A probe sequence. 
Hybridization with a biotin - labeled  hly A target 
(10 n M ) and subsequent enzyme - linked 
enhancement produced a dark precipitate only 
in the region of the  E. coli  probe.  
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  3.4 
 Toxicology Studies on 1 -  D  Silica Nanomaterials 

 In this section, we provide an overview of the physical characteristics of nanoma-
terials that enable them to interact with animal cells and cellular compartments. 
Because they are chemically stable and relatively inert, 1 - D nanostructures (1 - D 
NS) have relatively low cell cytotoxicity (as outlined above), while their chemical 
modifi cation also provides a means for linkage with specifi c biomolecules. Thus, 
1 - D NS may interact directly with cellular substructures. In addition, a typical cel-
lular targeted delivery strategy is also discussed that can support the cellular uptake 
of these nanostructures. Notably, 1 - D NS with dimensions of 2 to 100   nm are par-
ticularly suited to the adoption of intrinsic cellular transport mechanisms, and can 
be used for the targeted delivery of specifi c biomolecules to specifi c cells and 
tissues. Moreover, 1 - D NS may also provide nanoplatform constructs for the deliv-
ery of specifi c biomolecules through interactions in well - characterized intracellu-
lar traffi cking pathways. 

  3.4.1 
 Intracellular Targeted Delivery 

 The mechanisms that traffi c materials around the cell have enormous potential to 
be used for the effi cient delivery of biomolecules or other therapeutics. However, 
in order to design delivery strategies that employ these intrinsic cellular transport 
mechanisms within cells, it is fi rst necessary to understand their functional regula-
tion and mechanism of action. Only then can rigorous approaches be designed 
for the targeted intracellular delivery of biomolecules and other therapeutics. At 
least two (partly understood) endocytosis systems exist that can be used in this 
role, namely clathrin - mediated and caveolin - mediated mechanisms (Figure  3.8 ). 
 [30, 31]  Clathrin - coated pits are typically 200   nm, and caveolin pits approximately 
80   nm, in diameter. As any strategy that utilizes 1 - D NS as delivery platforms must 
account for these cellular mechanisms, nanostructures (including the linked bio-
molecules) should be designed with a maximum diameter of less than 200   nm. It 
must also be realized that other cellular transport mechanisms might exist that 
utilize structures which are both larger and smaller than the two mentioned here. 
Nonetheless, these two mechanisms represent examples of the better - understood 
systems, and may serve as a reference point when considering the design of 1 - D 
NS to interact with cellular pathways and mechanisms.    

  3.4.2 
 A Typical Cellular Targeting Strategy Using 1 -  D   NS  - Based Nanostructures 

 A range of synthetic peptides has been proposed for the delivery of nanostructures 
bearing cargo molecules through the plasma membrane barrier. These are derived 
from sequences expressed on viruses, such as HIV  transactivator of transcription  
( TAT )  [32 – 36] , for which internalization via a  glycosaminoglycan  ( GAG ) - mediated 



    Figure 3.8     (a) Clathrin - mediated endocytosis in which typical 
vesicles are approximately 200   nm diameter. Reproduced with 
permission from Ref.  [32] ; (b) Caveolin - mediated endocytosis 
in which typical vesicles are approximately 80   nm diameter. 
Both mechanisms have potential for the uptake of 
nanostructures. Reproduced with permission from Ref.  [33] .  
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mechanism has been proposed. At least one such mechanism for intracellular 
uptake via association of GAGs with caveoli has also been described  [37] . 

 Despite an incomplete knowledge of the mechanism for the cellular internaliza-
tion of cationic  cell - penetrating peptide s ( CPP s), they appear to be effi ciently 
internalized, but may be disbursed to different cellular compartments. Antenna-
pedia peptide appeared to colocalize with lysosomes, while TAT remained close 
to the cell periphery  [32] . The potential intracellular pathways that may lead to the 
transport of specifi c molecules to the cytoplasm are shown in Figure  3.9 .   

 Thus, an understanding is available of at least some of the mechanisms via 
which 1 - D NS nanostructures can interact directly with cells. In the following text 
we will discuss the range of biomolecules that can be chemically linked to these 
structures. 

 As discussed above, one reason why nanomaterials have generated so much 
excitement among the research and medical communities is that their small size 
often provides them with novel chemical and physical properties that are not found 
in bulk materials composed of the same substances. This may be due to a variety 
of factors, including the small size of nanomaterials, their composition, their 
surface chemistry and their ability to aggregate. The use of nanomaterials in the 

    Figure 3.9     Possible pathways for the import 
and release of nanostructures into the 
cytoplasm. These include possible receptor -
 mediated internalization and vesicular 
transport via either a retrograde transport 
pathways that leads to the endoplasmic 

reticulum and cytoplasm through Sec61 
translocons, or via the lysosomal pathway. 
Neither of these mechanisms is well 
understood. Other, undescribed, pathways 
may also be involved.  
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biological sciences is based on the concept that these novel physico - chemical 
properties can be exploited for biological applications and, indeed, recent advances 
in nanotechnology have revolutionized and integrated science disciplines such as 
biology, chemistry, physics, chemical and mechanical engineering, materials 
science and clinical medicine. Today, substantial progress has been made in the 
application of nanotechnology in healthcare and medicine, such that a new term 
has now evolved,  nanomedicine . It is clear that this new discipline will provide 
many exciting developments in the fi elds of nanomaterials design, and the use of 
nanomaterials for diagnostics, biosensors and bioactive drug delivery  [38 – 40] . 

 Unfortunately, along with the novel properties exhibited by nanomaterials, come 
novel interactions with biological systems and the environment that can result in 
unexpected health and safety issues compared to bulk materials  [41 – 44] . A growing 
awareness of this issue prompted the U.S. National Science and Technology 
Council to recommend, among other things, increased funding for research aimed 
at understanding the interaction between nanomaterials and biological systems, 
from the molecular level to the level of the whole organism  [45] . Similarly, the 
Royal Society and the Royal Academy of Engineering in the United Kingdom 
recently recommended that research centers be established where one priority was 
the development of better methods to study and evaluate the toxicological impact 
of nanomaterials on human health  [46] . 

  3.4.2.1    In Vitro  Toxicity of 1 -  D  Nanostructures 
 Currently, very few reports have been made addressing the issue of toxicity as it 
pertains to 1 - D silica nanomaterials. In general, minimal toxicity has been reported 
for cells in tissue culture exposed to relatively low doses of SiO 2  nanowires. For 
example, by using a neutral red assay to measure cell viability, Kwon  et al.  showed 
that the exposure of either human HEp - 2 or bovine MAC - T cells to SiO 2  nanowires 
at a concentration of 40    μ g   ml  − 1  for 72   h had no negative effect on cellular survival 
 [47] . These results were in good agreement with those of Qi  et al.  who reported 
only a modest effect on the viability of a variety of established mouse and human 
cell lines when exposed to 50    μ g   ml  − 1  SiO 2  nanowires for 48   h  [48] . However, at 
the highest concentrations tested (100    μ g   ml  − 1 ), an approximately 30% reduction 
in cell viability was observed for all cell lines tested  [48] . Another group found that 
the exposure of HeLa and HEp - 2 cells to 190    μ g   ml  − 1  SiO 2  nanowires also caused 
a modest increase in the proportion of dead cells by 48   h, and that this increased 
to approximately 20% by 72   h  [49] . Interestingly, at higher concentrations, the tox-
icity was increased dramatically. For example, when HeLa or HEp - 2 cells were 
exposed to 1.9   mg   ml  − 1  SiO 2  nanowires for 72   h, almost 75% of the cell population 
was killed  [49] . When these results were examined together, it appeared that in 
most tissue culture cell lines examined the SiO 2  nanowires at concentrations of 
 ∼ 100 – 200    μ g   ml  − 1  caused modest (but detectable) toxicity in 10 – 30% of the cells 
within 48   h, whereas lower concentrations had a negligible effect on cell viability. 
Notably, although a 72   h exposure at higher concentrations resulted in extensive 
cytotoxicity, shorter exposure times (24   h) were tolerated reasonably well, with only 
5 – 15% of the exposed cells showing signs of lysis  [49] . Thus, it is possible that 
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applications requiring exposure to higher levels of SiO 2  nanowires may be feasible, 
provided that the exposure times are limited. 

 The mechanisms responsible for this observed toxicity of SiO 2  nanowires at 
concentrations exceeding  ∼ 100    μ g   ml  − 1  have not yet been determined. In cells 
treated with high concentrations of SiO 2  nanowires, caspase activity was not ele-
vated and an analysis of low - molecular - weight DNA did not reveal the laddering so 
characteristic of apoptosis  [49] . In fact, the results suggested that such cell death 
was not due to apoptosis but rather involved necrotic mechanisms. An analysis of 
HepG2 cells showed that their exposure to 100    μ g   ml  − 1  SiO 2  nanowires interfered 
with the attachment and spreading of the cells on tissue culture plates  [48] . Subse-
quently, using energy - dispersive X - ray spectroscopy, it could be shown that the 
 ‘ rounded - up ’  HepG2 cells in cultures treated with SiO 2  nanowires had higher sur-
rounding silicon levels than did any neighboring cells that were more spread out 
 [48] . Hence, any impaired cell attachment could be directly attributed to an interac-
tion with the SiO 2  nanowires. An analysis of several cellular  messenger RNA s 
( mRNA )s) in HepG2 cells exposed to SiO 2  nanowires revealed a downregulation 
of transcripts encoding for  focal adhesion kinase  ( FAK ) and type I collagen  [48] . 
FAK is a nonreceptor protein tyrsosine kinase that regulates cell motility and pro-
liferation  [50] , while type I collagen is a component of the  extracellular matrix  
( ECM ) that may also infl uence cell motility and proliferation by interacting with 
cell - surface integrin receptors  [51] . Although these results were intriguing, it is still 
not clear whether the downregulation of either FAK or type I collagen is a cause 
or a consequence of the impaired attachment exhibited by HepG2 cells in the pres-
ence of SiO 2  nanowires. It follows that other important experiments must be con-
ducted: (i) to determine whether the downregulation of FAK and type I collagen 
mRNA results in a decrease in protein levels; and (ii) to identify the extent of 
downregulation of these factors in cells exposed to high levels of SiO 2  nanowires. 

 One surprising fi nding from the study conducted by Adili  et al.  was that SiO 2  
nanowires and nanoparticles exhibited differential cytotoxicity towards cells in 
culture  [49] . While neither nanowires nor nanoparticles exhibited signifi cant cyto-
toxicity on HeLa or HEp - 2 cells at concentrations below 100    μ g   ml  − 1 , this was not 
the case at higher concentrations. As described above, when cells were exposed to 
1.9   mg   ml  − 1  nanowires, approximately 75% died within 72   h, whereas the exposure 
of cells to similar concentrations of nanoparticles resulted in only 10 – 15% cell 
death. Thus, SiO 2  nanoparticles and nanowires, despite having the same chemical 
composition, interact with cells in very different ways. Although the exact nature 
of these differences is unknown, they can likely be attributed to the different 
shapes, structures or surface chemistry of nanowires compared to nanoparticles. 
These results highlight the problems associated with extrapolating toxicity data 
from bulk materials to nanomaterials, or from one nanomaterial to another, even 
when their chemical composition is identical. In addition, the fi ndings of Adili 
 et al.  illustrated a need for the careful evaluation of physico - chemical and biological 
properties of new nanomaterials as they are developed. 

 Within the context of developing silica nanoparticles as platforms for drug or 
biomolecule delivery, it will be important to ascertain the required dose of the 



material required to deliver (or carry) the active agent to its site of action. For 
many biomedical applications, this may require that the material is ultimately 
delivered to an intracellular compartment. Whilst it is diffi cult to speculate about 
what might constitute an effective dose of these (presently hypothetical) delivery 
platforms, preliminary cell culture studies have provided some hint of the mag-
nitude of the quantity of material required. One of the present authors (RAH) 
has observed that, both silica and gold nanoparticles, can be effectively used to 
deliver biomolecules using nanoparticle doses below 5   ng   ml  − 1  (unpublished 
results). Others have also reported an enhanced delivery of gene therapeutics 
using silica nanoparticles  [52, 53] , although in each of these studies, other trans-
fection strategies were used in concert with the nanostructures, including com-
mercial liposome - forming agents or dendrimers. If only low concentrations (in 
the picomolar range) are required for the effective delivery of bioactive materials, 
the present literature    –    albeit based on  in vitro  studies    –    indicates that toxic effects 
on cells will be minimal  [47 – 49] . However, the confi rmation of these proposals 
will require appropriately designed toxicolcogical studies initially in animal 
models, and eventually in clinical trials.  

  3.4.2.2    In Vivo  Toxicity of 1 -  D  Nanostructures 
 As noted above, all of the toxicological studies conducted to date have focused on 
the effect of SiO 2  nanowires on cells in various tissue culture systems, and have 
not explored the consequences of exposure in intact animal models. An extensive 
search of the available literature revealed that no reports have been made regarding 
the  in vivo  toxicity of 1 - D silica nanomaterials. Here, we will instead briefl y sum-
marize the literature on the  in vivo  toxicity of related materials, making predictions 
based not only on these studies but also on those focusing on particles and 1 - D 
silica nanomaterials in cell culture. 

 In order to understand the potential impacts of silica nanowires on the body, it 
is useful briefl y to describe how the human body deals with foreign bodies and 
particulates. These are functions of the immune system, and drugs or particulates 
that enter the circulation are scavenged and cleared by Kupffer cells and macro-
phages of the  reticuloendothelial system  ( RES )  [54 – 56] . The RES forms part of the 
immune system that consists of phagocytic cells located in reticular connective 
tissue, primarily the monocytes, macrophages and tissue histiocytes. These cells 
accumulate in the lymph nodes and spleen, whereas the Kupffer cells reside in 
the liver. Nanoparticles will usually be taken up by the liver, spleen and other parts 
of the RES, depending on their surface characteristics. Particles with more hydro-
phobic surfaces will preferentially be taken up by the liver, followed by the spleen 
and lungs. Hydrophilic nanoparticles (35   nm diameter) appear to be less easily 
detected and will be scavenged by the spleen and liver and circulate for longer in 
the bloodstream  [56, 57] . 

 Potential exposure routes for silica nanowires include the skin and mucosal 
membranes, as well as intentional internal exposure for proposed biomedical 
purposes. The inhalational toxicity of silica and silica - based materials is well 
known and has been extensively reviewed  [58 – 60] . Crystalline silica, a multidimen-
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sional, microscale form of silica, is associated with numerous lung pathologies 
(including the namesake, silicosis), autoimmune disorders and cancers. Mecha-
nisms for this toxicity remain under investigation, but may include the creation 
of free radicals, the mechanical disruption of lysosomes, or the modifi cation of 
lung surfactants  [59] . Of additional relevance here is the fate of inhaled crystalline 
silica, a material which rarely travels outside the pulmonary system and is not 
metabolized  [61] . However, amorphous silica    –    a particulate, nanoscale form of 
silica that is also a potential respiratory hazard    –    causes only transient and moder-
ate lung infl ammation and tissue damage in mice  [62] . This may be because 
amorphous silica particles are capable of dispersing beyond the lungs, and there-
fore do not accumulate in a manner that causes damage to the pulmonary tissues. 
Nanosized silica particles are, nonetheless, toxic in the mouse model  [63] , and 
because they are more widely dispersed can potentially cause damage to multiple 
organ systems, in addition to the initial exposure route  [64, 65] . The target organs 
involved in toxicological studies should include those also considered as targets 
for toxic compounds in other (non - nano) forms, such as the vascular endothelium, 
blood, spleen, liver, nervous system, heart and kidney  [44, 66] . 

 While inhalational toxicity may be the most likely threat posed by the use of 
silica nanowires, the potential consequences of internal exposure may be more 
relevant, depending upon the proposed biomedical application. In this regard, not 
only is the route of administration/exposure important but so too is the potential 
dose and the physico - chemical properties that determine the nanomaterial ’ s 
mobility, solubility and bioactivity in biological systems. Although it is impossible 
to predict accurately the exact toxicological profi le of SiO 2  nanowires, information 
derived from inhalational toxicity studies of other microscale and nanoscale silica 
materials allow speculation regarding potential deleterious effects of silica nanow-
ires  in vivo . One prediction is that the small size of silica nanowires will permit 
dispersion and render them less toxic than the larger crystalline silica particles. 
An alternative prediction is that the high surface area and/or other properties 
conferred by the high aspect ratio of silica nanowires will result in a high toxicity. 
The latter, rather simplistic, prediction is supported by the  in vitro  toxicity studies 
described above, which demonstrate a greater toxicity for silica nanowires than for 
silica nanoparticles  [49] . The present authors ’  ongoing studies using the zebrafi sh 
embryo as a model organism for the study of nanomaterial toxicity and teratology 
also provide support for this prediction. In these studies, silica nanowires caused 
extensive embryonic death and deformity, whereas silica nanoparticles (at the 
same dose) were nontoxic. The use of other animal models will be necessary to 
determine if silica nanowires affect the development of other organisms, at doses 
relevant to any proposed biological applications. 

 Ultimately, the development of silica nanowires or any other nanomaterial for 
use in biological systems will require a clear demonstration that they do not pose 
any risks to patients, practitioners, employees at manufacturing facilities, or the 
general public. As particular applications are developed, a greater and more accu-
rate knowledge of the nanomaterial formulation, including surface modifi cations, 
possible dosage and potential administration routes, will become available. This 
information will need to be used in the design of toxicity studies that can be used 



effectively to evaluate the potential harmful effects, if any, of these materials. Such 
studies should include an analysis of cell lines in tissue culture that are representa-
tive of those likely to be encountered by the nanomaterial when delivered  in vivo . 
Similarly, animal studies    –    and, eventually, also clinical trials    –    should be designed 
that will provide an assessment of the toxicity associated with relevant tissues and 
organs. Careful attention to detail in the design, implementation and analysis of 
these toxicity studies is necessary to ensure that the full potential of using nano-
materials in biological applications is reached as quickly as possible.    

  3.5 
 Biological Applications of 1 -  D  Silica Nanomaterials 

 Nanotechnology for biological applications is initiating a  ‘ Second Industrial Revo-
lution ’  in the twenty - fi rst century. There are two advantages of 1 - D silica nano-
structures in situations where interactions with biomolecules (e.g. proteins, DNA), 
living cells or whole organisms (either prokaryote or eukaryote) are contemplated. 
The fi rst advantage is the surface geometry of the materials, as a large surface - to -
 volume ratio provides an increased interaction space. In addition, the dimensions 
of 1 - D silica nanostructures approach those of biological molecules. The second 
advantage of 1 - D silica nanostructures is the ability to tune one or more of the 
surface characteristics. The surface can easily be modifi ed or functionalized by 
covalent or adhesive chemical moieties to make it biocompatible. The relatively 
abundant hydroxyl groups on the surface are readily reacted through various 
schemes to form amino, carboxyl or thiol units  [67] , for the conjugation of mole-
cules recognized by biological systems. Silica surfaces will also directly adsorb 
either proteins  [68, 69]  or DNA  [70] . In the  in vitro  case studied to date, silica 
nanowires showed no cytotoxic effects below the reported concentration thresh-
olds  [49] . The uptake of fi bronectin - coated silica nanowires by bacteria showed that 
these cells can incorporate 1 - D silica nanostructures  [47] . However, some toxicity 
has been noted  in vivo , once silica nanowires have been internalized into eukary-
otic organisms (see Sections  3.4.2.1  and  3.4.2.2 ). Because of the limited number 
of studies conducted to date, however, broad generalizations regarding the bio-
compatibility of 1 - D silica nanostructures in cells or whole organisms hold little 
merit at the present time. 

  3.5.1 
 Biodetection 

 The most common application of 1 - D silica nanostructures to date has been in 
electrical sensors to detect small quantities of biomolecules in solution  [71 – 78] . 
The 1 - D nature of these materials provides an enhanced sensitivity to surface 
charge variations in comparison with bulk 2 - D surfaces. The fi rst reported biode-
tection utilized the well - characterized interaction between biotin and streptavidin 
 [79] . Here, the streptavidin target was detected in solution by covalently immobiliz-
ing biotin on the surface of the silicon nanostructure. A single nanowire was then 
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fabricated to span the gap between two contact electrodes, which allowed the con-
ductivity of the wire to be measured. Binding of streptavidin to the surface - bound 
biotin resulted in a change in conductance of the wire specifi c to the biological 
interaction  [79] . Alternate sensor fabrication processes for 1 - D silica nanostruc-
tures have also been used to detect the biotin – streptavidin interaction  [68] . Single 
protein detection has been extended to the multiplex detection of proteins by fab-
ricating arrays of single nanowire circuits, each specifi c for a different protein  [80] . 
Other investigators have proposed that a single silica nanofi ber might be used as 
an optical waveguide sensor element, being highly surface - sensitive with respect 
to changes in the intensity and phase of the evanescent fi eld surrounding the 
nanowire  [81] . As in most other scenarios, the nanowire could be modifi ed to 
promote specifi c chemical or biological binding for a target species, and each event 
would result in a change in the local refractive index that would infl uence the 
optical behavior of the device in a measurement fashion. 

 In addition to protein targets, a number of groups have reported the detection 
of  nucleic acids  on 1 - D silica nanostructures  [68, 82 – 84] . Here, single silica nanow-
ires were used to measure the sequence - specifi c hybridization of DNA to DNA 
receptors that were covalently attached to the nanowires  [68, 82 – 84] . DNA was 
detected by changes in the conductance of the device, and detection limits down 
to femtomolar DNA concentrations were reported  [82] . 

 An alternative to single nanowire biosensor designs is the construction of a 
mesh, mat or network surface between the contact electrodes. One distinct advan-
tage of extended nanostructures over single nanowire devices is the inherent 
redundancy in the active material; a single, irreversible material modifi cation or 
nanowire failure will not render the device useless. These surfaces are fabricated 
to produce a random network geometry as an extended surface comprised of 
multiple 1 - D silica nanostructures within a single device circuit. This approach 
has previously been applied to DNA biosensor construction using carbon nano-
tubes  [85] . Recently, 1 - D silica nanostructures (silica nanosprings) were integrated 
into the microfabrication of a DNA sensor. By using this device, which consisted 
of multiple silica nanosprings (i.e. a nanospring mat) between two contact elec-
trodes  [70] , it could be shown that DNA would attach to the nanospring surface, 
after which conductance differences in the mat were measured based on specifi c 
DNA hybridization. Metal nanoparticle - coated silica nanowires have also been 
employed in surface - enhanced Raman detection of the cancer biomarker protein, 
interleukin - 10  [86] , again demonstrating the versatility in detection methods 
(optical versus electrical) for 1 - D silica nanostructures networks. The use of 1 - D 
silica nanostructures in sensors to detect small, whole organisms has also been 
accomplished. For this, a single silica nanowire detection of viruses was based on 
the cell binding to virus - specifi c antibodies that were covalently attached to the 
nanowires  [87] . Conductance changes in the circuit caused by a single virus parti-
cle binding to the nanowire were then detected, underlining the exceptional sen-
sitivity of this application. 

 To date, the applications of 1 - D silica nanostructures to biological systems have 
been limited to sensor developments for the detection of biomolecules (e.g. DNA, 



 References  103

proteins) or, in one case, a small, whole organism (e.g. virus). This modest prog-
ress in 1 - D silica nanostructures applications indicates an enormous potential for 
device development that could provide the specifi c, rapid and sensitive detection 
required for a multitude of applications in the fi elds of biomedicine, food - safety, 
environmental monitoring and/or bioterrorism.   
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4

  4.1 
 Introduction 

 Nanobiotechnology is an interdisciplinary research area that fuses various scien-
tifi c fi elds such as chemistry, physics, materials science, molecular biology, bio-
technology and medicine. Functional nanoparticles are at the leading edge of the 
rapidly evolving fi eld of nanobiotechnology. Indeed, nanoparticles are becoming 
important components of biomedical applications including bioanalysis, multitar-
get detection systems,  in vitro  and  in vivo  multimodal imaging and nanomedicine 
 [1 – 13] . The biofunctionalization of nanoparticles is very important for the progress 
of nanobiotechnology, as nanoparticles have great potential for bioanalysis and 
biotechnological applications due to their unique signal properties for imaging, 
their high surface - to - volume ratio, and other size - dependent qualities. When com-
bined with surface modifi cations for specifi c binding and internal biofunctional-
ization to enhance signal strength, these qualities make nanoparticles excellent 
probes for the highly specifi c and ultrasensitive detection of biomolecules. Fur-
thermore, such functional nanoparticles can be tailored to create drug delivery 
systems through the addition of a pharmacological effect. Therefore, the creation 
of multifunctional nanoparticles which possess both diagnostic and therapeutic 
capabilities, has become a major goal of nanobiotechnology. 

 Various functional nanoparticles such as quantum dots, gold nanoparticles and 
iron oxide nanoparticles have been developed and utilized in a range of applica-
tions. For example,  quantum dots  have nanocrystalline structures and can be 
produced from a variety of different compounds, such as cadmium selenide. 
Quantum dots absorb white light and then emit specifi c wavelengths of the 
absorbed light with a delay of a few nanoseconds. Quantum dots can be used to 
label biological systems for detection by optical or electronic means, both  in vitro  
and    –    to some extent    –     in vivo   [14 – 24] . By varying the size and composition of the 
quantum dots, this fl uorescence emission can be tuned from  ultraviolet  ( UV ) to 
near - infrared wavelengths; thus, these nanosystems have the potential to revolu-
tionize cell, receptor, antigen and enzyme imaging  [21 – 24] . As an example, recent 
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studies have been conducted demonstrating the use of quantum dots for tracking 
metastatic tumor cell extravasation  [22] . 

  Gold nanoparticles  are an ideal material for merging nanotechnology with bio-
technology because of gold ’ s affi nity toward bonding with thiol functional groups, 
thereby allowing the surface biofunctionalization of gold nanoparticles with thiol -
 modifi ed molecules. For oligonucleotide detection  [25 – 33] , probes have been con-
structed from gold nanoparticles immobilized with thiol - modifi ed oligonucleotides. 
These gold nanoparticle probes were used to detect target oligonucleotide hybrid-
ization by monitoring changes in the color of the sample solution caused by the 
formation of polymeric gold nanoparticle/polynucleotide aggregates  [20, 21] . Gold 
nanoparticles have also been used as quenchers in  fl uorescence resonance energy 
transfer  ( FRET ) measurements  [25, 34] . For example, the distance - dependent 
optical property of gold nanoparticles has permitted an evaluation of the binding 
of DNA - conjugated gold nanoparticles to a complementary RNA sequence  [25] . 
The use of gold nanoparticles as highly enhanced photoabsorbing agents (due to 
their surface plasmon) has also afforded a selective and effi cient cancer therapy 
strategy known as  plasmonic photothermal therapy   [35] . The synthetic tunability 
of these optothermal properties, coupled to the biotargeting abilities of the plas-
monic gold nanostructures, means that plasmonic photothermal therapy will dem-
onstrate even more promise in this respect. 

  Iron oxide nanoparticles  with superparamagnetic properties are used as contrast 
agents in  magnetic resonance imaging  ( MRI ), based on their ability to cause 
changes in the spin – spin relaxation times of neighboring water molecules, thereby 
enabling the monitoring of gene expression or the detection of pathologies such 
as cancer, brain infl ammation, arthritis or atherosclerotic plaques  [36 – 43] . 

 In addition to the three types of functional nanoparticle described above,  silica 
(silicon dioxide) nanoparticles  are also used extensively in biological and medical 
applications. Although many types of silica nanomaterial have been used in these 
applications, the discussion in this chapter will be limited to silica nanoparticles. 
Unlike quantum dots or iron oxide nanoparticles, silica nanoparticles do not 
possess an inherent signal that can be exploited for sensitive imaging applications. 
However, they can be easily functionalized for a variety of biological applications, 
for example with stem cells in regenerative medicine. Here, silica nanoparticles 
are made to fl uoresce via an internal biofunctionalization, and can bind with target 
molecules via surface biofunctionalization. As a result, silica nanoparticles have 
shown great potential for use as  ‘ stem nanomaterials ’  for multifunctionalization. 
Silica nanoparticles can also be adapted to specifi c applications by controlling the 
particle diameter; this in turn can be used to induce desirable properties for bio-
logical applications, and may also be highly advantageous in biotechnology and 
bioanalysis. 

 Silica nanoparticles are highly hydrophilic and easy to prepare, separate and 
functionalize with biomolecules. The conjugation of various biomolecules such as 
proteins, enzymes, peptides, drugs and DNA to the surfaces of silica nanoparticles 
via surface biofunctionalization represents a key technology for various applica-
tions, including highly specifi c and sensitive bioassays, targeted drug delivery and 



gene delivery. The incorporation of various bioreagents such as fl uorescent dyes 
into silica nanoparticles is also important for applications such as imaging and 
multiplexed bioassays. 

 Although fl uorescent silica nanoparticles have been extensively studied and have 
enabled major advances to be made in imaging, labeling and sensing technologies, 
they still must overcome a number of challenges before being generally accepted 
as fl uorescent dyes for such applications, and replacing the specialized use of 
quantum dots. Notably, the dispersion of silica nanoparticles should be improved 
to prevent their agglomeration, to decrease background noise, and also reduce 
nonspecifi c binding. Other challenges include improving the manipulation of the 
silica nanoparticle surface composition during synthesis, and the subsequent 
attachment and simultaneous maintenance of the activity of biomolecules. Clearly, 
until these challenges are addressed, silica nanoparticles cannot achieve their full 
potential for a variety of biomedical applications. 

 In order to overcome the above - listed problems, new biofunctionalization routes 
for silica nanoparticles are currently being explored, and many novel types have 
recently been developed. The potential for the surface and internal functionaliza-
tion of silica nanoparticles is determined by their surface and internal structure, 
and their method of synthesis. Novel silica nanoparticles have been prepared from 
a variety of organosilicates, and contain modifi ed organic and functional groups 
(e.g. thiol residues), both inside and on their surfaces. The organosilica silica 
nanoparticles differ both structurally and functionally from classical silica nanopar-
ticles prepared from  tetraethoxysilicate  ( TEOS ; these traditional silica nanoparti-
cles are referred to here as inorganic silica nanoparticles), because they contain 
both interior and exterior functionalities that allow effi cient functionalization 
with biomolecules. The organic and functional groups on the surface of and 
inside organosilica nanoparticles continue to reveal innovative effects for 
silica nanoparticle technology, with the ability of silica nanoparticles to function 
as  ‘ stem nanoparticles ’  for multifunctionalization showing excellent progress. 
Whilst the organosilica nanoparticles have the potential to overcome the above -
 mentioned challenges, they might also expand the multifunctionalization capabili-
ties of silica nanoparticles. Although several reviews and reports  [8 – 10]  have 
described advances in the synthesis, biofunctionalization and application of silica 
nanoparticles, none of these has covered the development of novel organic silica 
nanoparticles. 

 The main focus of this chapter is to provide an overview of recent developments 
of novel silica nanoparticles, both inorganic and organic, and their functionaliza-
tion through both internal and surface processes. The development and classifi ca-
tion of silica nanoparticles (again, both inorganic and organic) are summarized in 
Section  4.2 , as are their syntheses and characterizations. As the biofunctionaliza-
tion of silica nanoparticles depends on their method of synthesis (as mentioned 
above), clear descriptions of both synthesis and characterization are important in 
order to understand biofunctionalization capabilities. More recent developments, 
including the conjugation of biomolecules to the surfaces of silica nanoparticles 
via surface biofunctionalization, and the addition of bioreagents to nanoparticles 
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via internal biofunctionalization, are described in Section  4.3 . The biofunctional-
ization of novel organosilica nanoparticles is also emphasized, as this differs sub-
stantially from that of inorganic nanoparticles. Finally, in Section  4.4  we review 
recent biological and biomedical applications of biofunctionalized silica nanopar-
ticles, aiming to promote them as potential  ‘ stem nanomaterials ’  capable of 
multifunctionalization.  

  4.2 
 Silica Nanoparticles 

 In 1968, St ö ber and coworkers reported a pioneering method for the synthesis of 
spherical, monodisperse silica nanoparticles from aqueous alcohol solutions of 
alkoxysilane in the presence of ammonia as catalyst  [44] . In this method, the silica 
nanoparticles were formed through the hydrolysis and condensation of alkoxysi-
lane. In addition to the silica nanoparticles prepared using St ö ber ’ s method, 
various other types have also been prepared and reported (Table  4.1 )  [44 – 53] . 
Although the alkoxysilanes contain carbon, the formed silica nanoparticles do not 
contain any exposed interior or surface carbons, and therefore can be considered 
as  ‘ inorganic silica nanoparticles ’  (and are referred to as such). Recently, novel 

 Table 4.1     Classifi cation of silica nanoparticles and their source. 

  Type of silica nanoparticle    Sources  

  (a) Inorganic silica    Tetraethylorthosilicate (TEOS)  

  Tetramethylorthosilicate (TMOS)  

  (b) Organosilica  
     (b - 1) Organically modifi ed silane 

(ORMOSIL)  
  Octyl triethoxysilane (OTES)  
  Vinyl triethoxysilane (VTES)  

     (b - 2) Functional organosilica  
        (b - 2 - 1) Thiol - organosilica    3 - Mercaptopropyltrimethoxysilane (MPMS)  

  3 - Mercaptopropyltriethoxysilane (MPES)  
  3 - Mercaptopropylmethyldimethoxysilane 

(MPDMS)  
        (b - 2 - 2) Epoxy - organosilica    2 - (3,4 - Epoxycyclohexyl)ethyltrimethoxysilane 

(EpoMS)  

  (c) Multi - silicate  
     (c - 1) TEOS - based multi - silicate    Carboxyethylsilanetriol sodium salt  

  Octadecyltriethoxysilane  
  3 - Aminopropyl triethoxysilane  
  3 - (Trihydroxysilyl) - propylmethylphosphonate  

     (c - 2) ORMOSIL - based multi - silicate    3 - Aminopropyltrimethoxysilane and VTES  
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silica nanoparticles containing exposed interior and surface carbons as well as 
organic and functional groups were synthesized  [45, 46] , and these are referred to 
as  ‘ organosilica nanoparticles ’ . The latter include various types of nanoparticle 
such as  ‘  organically modifi ed silane  ( ORMOSIL ) nanoparticles ’   [46 – 48]  and  ‘ func-
tional organosilica nanoparticles ’ , which include thiol - organosilica and epoxy -
 organosilica nanoparticles  [49 – 52] . Although ORMOSIL nanoparticles contain 
carbonaceous moieties (e.g. octyl and vinyl groups), single organosilicate nanopar-
ticles of ORMOSIL do not contain any functional residues (e.g. amines or 
thiols). Functional organosilica nanoparticles are prepared from organosilica - 
containing functional residues, such as thiols and epoxies, and when prepared 
contain interior and surface functional resides as well as organic chains. Organo-
silica nanoparticles may be classifi ed as either  ‘ single silicate nanoparticles ’ , which 
comprise only one type of silicate (such as the above - mentioned silica source), or 
as  ‘ multi - silicate nanoparticles ’ , which comprise at least two types of silicate pre-
cursor  [53] . The type and extent of possible biofunctionalization of silica nanopar-
ticles are largely controlled by their surface and internal properties, as well as 
their method of synthesis. Although a wide variety of novel inorganic and organic 
silica nanoparticles has recently been developed, no reports have been made 
summarizing their synthesis and characterization. In the following sections, we 
provide a summary of the surface and internal properties and synthesis of the 
silica nanoparticles listed in Table  4.1 . As different approaches for the biofunc-
tionalization of silica nanoparticles must be developed according to their type, an 
understanding of their properties is essential in order to realize their role in 
biofunctionalization.   

  4.2.1 
 Inorganic Silica Nanoparticles 

 Traditionally, inorganic silica nanoparticles have been prepared from either TEOS 
( 1 ) or  tetramethoxyorthosilicate  ( TMOS ) ( 2 ). When prepared, TEOS nanoparticles 
are composed internally of a simple silica network ( − O − Si − O − ), and have silanol 
groups on their surfaces. However, as they lack any exposed organic residues, both 
inside and on their surfaces (as shown schematically in Figure  4.1 ), they will 
require further modifi cation with functional residues (e.g. amine or thiol) prior to 
their surface biofunctionalization.   

 

TEOS (CH3CH2O)4-Si

TMOS (CH3O)4-Si

(1)

(2)   

 Inorganic silica nanoparticles have been prepared using both the St ö ber method 
 [44]  and reverse microemulsion  [45] . With the St ö ber method, submicron - sized 
TEOS nanoparticles can be obtained, and the synthetic mixtures typically contain 
ethanol, ammonium hydroxide and water. Although the method is simple and 
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requires only a few hours, the silica nanoparticles produced are polydisperse and 
further separation and purifi cation are required to obtain a monodisperse product. 
With reverse microemulsion, monodisperse particles in the nanometer size range 
are obtained. The reverse microemulsions are isotropic and thermodynamically 
stable single - phase systems which contain water, oil and a surfactant. This method 
is advantageous because it affords diameter control of silica nanoparticles by 
varying the water - to - surfactant ratio, and through the dynamic properties of the 
microemulsion.  

  4.2.2 
 Organosilica Nanoparticles 

 Recently, novel silica nanoparticles made from various organosilica precursors 
including  octyl triethoxysilane  ( OTES ) and 3 -  mercaptopropyltrimethoxysilane  
( MPMS ) were prepared successfully. These as - prepared organosilica nanoparticles 
have various exposed organic and functional groups both on their inside and sur-
faces, depending on the organosilica source, and can be biofunctionalized via these 
groups. Such organosilica nanoparticles include ORMOSIL nanoparticles, thiol -
 organosilica nanoparticles and epoxy - organosilica nanoparticles (see below). Multi -
 silicate nanoparticles containing many types of surface group (e.g. silanols and 
carbon chains) can also be prepared from two or more types of silicate. 

  4.2.2.1   Organically Modifi ed Silane Nanoparticles ( ORMOSIL  Nanoparticles) 
 Single - source ORMOSIL nanoparticles have been prepared with reverse micro-
emulsion using OTES ( 3 )  [46]  and  vinyl triethoxysilane  ( VTES ) ( 4 )  [47] . The as -
 prepared ORMOSIL nanoparticles contain interior  n  - octyl groups and surface vinyl 

    Figure 4.1     Schematic structure of inorganic silica nanoparticles.  
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groups, and have been prepared from two types of organosilicate  [48] . Moreover, 
the surface vinyl groups of ORMOSIL nanoparticles can be converted to surface 
carboxylic groups, and then biofunctionalized. 

 

OTES

VTES

(CH3CH2O)3-Si-C7H14-CH3

(CH3CH2O)3-Si-CH=CH2

(3)

(4)    

  4.2.2.2   Functional Organosilica Nanoparticles 

  4.2.2.2.1   Thiol - Organosilica Nanoparticles     Thiol - organosilica nanoparticles are 
prepared from MPMS ( 5 ), 3 -  mercaptopropyltriethoxysilane  ( MPES ) ( 6 ) and 3 -  
mercaptopropylmethyldimethoxysilane  ( MPDMS ) ( 7 )  [49, 50] . The as - prepared 
nanoparticles contain interior and surface carbon chains as well as interior and 
surface thiol residues, as shown schematically in Figure  4.2 . These thiol residues 
are useful for direct biofunctionalization of the particles, as the zeta potentials of 
thiol - organosilica nanoparticles are more negative than those of TEOS nanoparti-
cles  [49, 50] . Recently, the synthesis of thiol - organosilica nanoparticles was 
described  [49, 50] , in which varying concentrations of MPMS were used under six 
types of synthetic conditions to prepare particles from a single silicate source 
(Table  4.2 ). Here, the condition A and D solutions contained 65% ethanol, 33% 
water and 2% ammonium hydroxide (traditional St ö ber conditions), condition B 
and E solutions contained 98% water and 2% ammonium hydroxide but no 

    Figure 4.2     Schematic structure of thiol - organosilica nanoparticles.  
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 Table 4.2     Synthetic conditions. 

  Solvent mixture    RT    100    ° C  

  33% water/2% ammonium hydroxide/65% ethanol    A    D  
  98% water/2% ammonium hydroxide    B    E  
  73% water/27% ammonium hydroxide    C    F  

   RT; room temperature.   

ethanol, and condition C and F solutions contained 73% water and 27% ammo-
nium hydroxide. The syntheses conducted under conditions A, B and C were per-
formed at room temperature, and those under conditions D, E and F at 100    ° C.     

 

(CH3O)3-Si-C3H6-SH

(CH3CH2O)3-Si-C3H6-SH

(CH3O)2-Si-C3H6-SH

CH3-

MPMS

MPES

MPDMS

(5)

(6)

(7)   

 The results indicated that thiol - organosilica nanoparticles could be prepared 
via the St ö ber method, and also using an entirely aqueous solvent containing 
ammonium hydroxide, but not ethanol. The formation of thiol - organosilica 
nanoparticles is dependent on the type and concentration of organosilicate in the 
synthetic solutions, as well as the synthetic conditions (see Figures  4.3, 4.4  and 
Table  4.3 )  [50] . The particle diameter of the formed MPMS nanoparticles was seen 
to depend on the MPMS concentration used in the reaction mixture, although the 
average diameters of particles obtained from identical MPMS concentrations 
varied between different synthetic conditions (see Table  4.4 ). Size - controlled thiol -
 organosilica nanoparticles can be obtained under synthetic conditions at high 
temperature (100    ° C). Under conditions D, E and F, the  coeffi cient of variation  
( CV ) of formed MPMS nanoparticles was close to or less than 20%, with an average 
value of 16.4% for all three synthetic conditions. In contrast, under conditions A, 
B and C the CVs of MPMS nanoparticles were 21.6 – 51.9%, with an average for 
the three conditions of 39.1%. These results indicated that the increased tempera-
ture used in conditions D, E and F produced MPMS nanoparticles which pos-
sessed a greater monodispersity. The average CVs for conditions D, E and F were 
19.6, 16.0 and 13.6%, respectively. The average CVs of MPMS nanoparticles 
formed at lower MPMS concentrations (from 6.25 to 25   m M ) were smaller than 
those for MPMS particles formed at higher MPMS concentrations (from 50 to 
200   m M ) under conditions E and F (see Table  4.4 ). These results indicate that 
conditions E and F were suitable for the synthesis of size - controlled MPMS 
nanoparticles with diameters of a few hundred nanometers from synthetic mix-
tures containing lower MPMS concentrations.     
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    Figure 4.3     Transmission electron microscopy 
(TEM) images of inorganic silica 
nanoparticles prepared from TEOS as a 
function of time and TEOS concentration. 
TEOS nanoparticles prepared under condition 
A (a), condition B (b) and condition C (c) 

were observed after incubation periods of 1 
day [(a) and upper row in (b) and (b)] and 3 
days [lower row in (b) and (c)]. Scale bars: (a) 
500   nm; (b) 5000   nm; (c) 200   nm  (Reproduced 
with permission from Ref.  [50] ;  ©  2008, 
American Chemical Society.).   

 Thiol - organosilica nanoparticles have also been produced using a two - step 
process of acid - catalyzed hydrolysis and condensation of MPMS, followed by base -
 catalyzed condensation; this resulted in a rapid formation of emulsion droplets 
with a narrow size distribution  [51] .  

  4.2.2.2.2   Epoxy - Organosilica Nanoparticles     Epoxy - organosilica nanoparticles are 
prepared from  2 - (3,4 - epoxycyclohexyl)ethyltrimethoxysilane  ( EpoMS ) ( 8 )  [52] . The 
as - prepared epoxy - organosilica nanoparticles contain interior and surface epoxy 
residues that can be used for direct biofunctionalization of the particles, while the 
zeta potentials are positive  [52] . Epoxy - organosilica nanoparticles may be prepared 
using entirely aqueous solvent methods containing ammonium hydroxide, but not 
via the St ö ber method. A variety of concentrations (from 6.25 to 200   m M ) of 
EpoMS was used under synthetic conditions A, B and C (as described above) to 
prepare particles from a single silicate source (see Figure  4.5  and Table  4.5 ). No 
epoxy - organosilica nanoparticles were formed under condition A for any of the 
EpoMS concentrations, even after incubation for 3 days. However, under condi-
tions B and C, particles were clearly observed after 1 day at all EpoMS concentra-
tions except the lowest (6.25   m M ) when, even after 3 days, no particles were 
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    Figure 4.4     TEM images of thiol - organosilica nanoparticles 
prepared from MPMS as a function of time and MPMS 
concentration. MPMS nanoparticles prepared under condition 
A (a), condition B (b) and condition C (c) were observed after 
incubation periods of 1 day (upper row) and 3 days (lower 
row). Scale bars: 1000   nm  (Reproduced with permission from 
Ref.  [50] ;  ©  2008, American Chemical Society.).   
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 Table 4.3     Formation of silica nanoparticles under conditions 
A, B and C with incubation periods of 1 day. 

      Conc. (m M )    Condition A    Condition B    Condition C  

  TEOS    200     �      ×      �   
  100     �      ×      ×   

  50     �      ×      ×   
  25     �      ×      ×   
  12.5     �      ×      ×   
  6.25     �      ×      ×   

  MPMS    200     �      �      ×   
  100     ×      �      �   
  50     ×      �      �   
  25     ×      ×      �   
  12.5     ×      ×      �   
  6.25     ×      ×      �   

   The formation and incomplete formation of nanoparticles are indicated as  �  and  × , respectively.    
 (Reproduced with permission from Ref.  [50] ;  ©  2008, American Chemical Society.). 

observed. The extent of formation of the epoxy - organosilica nanoparticles depended 
on the organosilicate concentration and the synthetic conditions. Size - controlled 
epoxy - organosilica nanoparticles were obtained under synthetic conditions at 
room temperature, and showed a narrow size distributions (see Table  4.6 ). The 
CV were seen to vary with the EpoMS concentration, and at higher concentrations 
(50 – 200   m M ) was less than 20%. The best CV values were obtained at the highest 
EpoMS concentrations under both conditions B and C.     

 
EpoMS (CH3O)3-Si-C2H4-

O
(8)

     

  4.2.2.3   Multisilicate Nanoparticles 
 In order to facilitate the surface biofunctionalization of particles, multisilicate 
nanoparticles are synthesized based either on the synthesis of TEOS nanoparticles 
(TEOS - based) or of ORMOSIL nanoparticles (ORMOSIL - based). Multisilicate 
nanoparticles contain surface functional residues (e.g. vinyl or amine groups) that 
allow biomolecules to be linked to the particles. TEOS - based multi - silicate nanopar-
ticles have been prepared by reverse microemulsion, and are subsequently surface -
 modifi ed via cohydrolysis with TEOS and various organosilicates such as 
carboxyethylsilanetriol sodium salt, 3 - (aminopropyl)triethoxysilane, 3 - (trihydroxys-
ilyl) - propylmethylphosphonate and octadecyltriethoxysilane  [53] . TEOS - based mul-
tisilicate nanoparticles containing different functional groups, including 
carboxylate, amine, amine/phosphonate,  polyethylene glycol  ( PEG ), octadecyl 
and carboxylate/octadecyl groups, have also been synthesized  [53] . ORMOSIL -
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 Table 4.4     Size evaluation of silica nanoparticles prepared under conditions A, B, C, D, E and F. 

  Silica    Condition    Concentration (m M )    Average diameter (nm)    CV (%)  

  TEOS    A    200    447    44.7  
  TEOS    A    100    381    27.8  
  TEOS    A    50    314    29.0  
  TEOS    A    25    192    35.9  
  TEOS    A    12.5    117    59.8  
  TEOS    A    6.25    62    72.5  

  TEOS    C    200    177    34.5  
  TEOS    C    100    80    40.0  
  TEOS    C    50    40    40.0  

  TEOS    D    200    380    20.3  
  TEOS    D    100    250    20.4  
  TEOS    D    50    118    30.7  
  TEOS    D    25    36    26.8  
  TEOS    D    12.5    29    32.2  

  TEOS    F    200    78    49.8  
  TEOS    F    100    100    89.3  
  TEOS    F    50    98    64.9  
  TEOS    F    25    77    23.8  

  MPMS    A    200    705    51.9  
  MPMS    A    100    484    49.2  
  MPMS    A    50    380    39.2  
  MPMS    A    25    333    33.6  
  MPMS    A    12.5    233    51.1  
  MPMS    A    6.25    154    43.5  

  MPMS    B    200    740    50.8  
  MPMS    B    100    677    42.4  
  MPMS    B    50    502    24.9  
  MPMS    B    25    295    25.4  
  MPMS    B    12.5    234    35.0  
  MPMS    B    6.25    147    31.3  

  MPMS    C    100    882    43.3  
  MPMS    C    50    407    50.1  
  MPMS    C    25    248    29.8  
  MPMS    C    12.5    125    21.6  
  MPMS    C    6.25    66    40.9  

  (Reproduced with permission from Ref.  [50] ;  ©  2008, American Chemical Society.). 

 Table 4.5     Formation of  E  po  MS  particles under conditions A, B 
and C with incubation periods of 1 day. 

  Conc. (m M )    Condition A    Condition B    Condition C  

  200     ×      �      �   
  100     ×      �      �   
  50     ×      �      �   
  25     ×      �      �   
  12.5     ×      �      �   
  6.25     ×      ×      ×   

   The formation and incomplete formation of EpoMS particles are indicated as  �  and  × , 
respectively     (Reproduced with permission from Ref.  [52] ;  ©  2008, American Chemical Society.). 
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    Figure 4.5     TEM images of epoxy - organosilica nanoparticles 
prepared from EpoMS as a function of EpoMS concentration. 
Epoxy - organosilica nanoparticles prepared under condition A 
(a), condition B (b) and condition C (c) were observed after 
incubation periods of 1 day. Scale bars: 1000   nm  (Reproduced 
with permission from Ref.  [52] ;  ©  2008, American Chemical 
Society.).   
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 Table 4.6     Size evaluation of  E  po  MS  particles prepared using conditions B and C. 

  Condition    Concentration (m M )    Diameter (nm)    CV (%)  

  B    200    1630    5.7  
  B    100    1407    8.1  
  B    50    824    9.5  
  B    25    512    21.2  
  B    12.5    362    22.3  

  C    200    1436    10.9  
  C    100    1139    13.2  
  C    50    879    17.0  
  C    25    533    33.4  
  C    12.5    92    46.2  

  (Reproduced with permission from Ref.  [52] ;  ©  2008, American Chemical Society) 

 based multisilicate nanoparticles are prepared from VTES and  aminopropyl 
triethoxysilane  ( APS )  [48] , using methods based on reverse microemulsion, and 
contain surface amine groups as prepared.    

  4.3 
 Biofunctionalization of Silica Nanoparticles 

 The biofunctionalization of silica nanoparticles is very important for biomedical 
applications such as bioanalysis, multitarget detection systems,  in vitro  and  in vivo  
imaging and nanomedicine  [8 – 10, 54 – 58] . Biofunctionalized silica nanoparticles 
must be able to provide strong analytical signals, bind targets with high affi nity 
and specifi city, and be adaptable for use in systems for the controlled release of 
drugs or to demonstrate a specifi c physiological or pharmacological effect. Today, 
silica nanoparticles are becoming increasingly attractive as the core particles for 
such applications since they are easily prepared and separated, their surfaces and 
internal structures can be modifi ed or labeled, they are highly hydrophilic, and 
they are safe. The biofunctionalization of nanoparticles can be classifi ed as either 
surface or internal: 

   •      The surface biofunctionalization of silica nanoparticles by conjugation with 
biomolecules such as proteins, enzymes, peptides and DNA represents a key 
technology for applications which include bioassays, imaging, and drug or gene 
delivery systems. The conjugation of biomolecules such as antibodies on the 
surface of silica nanoparticles can provide specifi c and sensitive binding and 
detection of target molecules. Additionally, the attachment of plasmid DNA to 
the surface of nanoparticles enables gene delivery into cells.  



   •      The internal biofunctionalization of silica nanoparticles with functional 
molecules, such as fl uorescent dyes and drugs, is also very important for 
bioassays, imaging and drug delivery. Internally biofunctionalized silica 
nanoparticles that can provide strong and stable signals for imaging are 
particularly useful.    

 The optimal fusion of surface and internal biofunctionalization of silica 
nanoparticles can lead to the creation of useful multifunctional nanoparticles. 
Although several reviews  [8 – 10]  have detailed the advances in biofunctionalization 
of inorganic silica nanoparticles, none of these has summarized recent 
developments in this area, such as ORMOSIL and functional organosilica 
nanoparticles. In the following section we describe both surface and internal 
biofunctionalization strategies for various types of inorganic silica and 
organosilica nanoparticles. 

  4.3.1 
 Surface Biofunctionalization 

 Both, inorganic silica and organic silica nanoparticles possess a silica network 
( − O − Si − O − ) within their particles, but have various different reactive groups on 
their surfaces, depending on the composition of the silicate source. For example, 
inorganic silica nanoparticles display silanol residues on their surface, while thiol -
 organosilica nanoparticles display surface thiol residues. The surface charge of 
silica nanoparticles is also dependent on the type of nanoparticle and their reactive 
groups on the surface. While inorganic silica and thiol - organosilica nanoparticles 
both have negative surface charges, epoxy - organosilica nanoparticles have positive 
surface charges. Hence, a broad spectrum of conjugation chemistry approaches 
can be applied to the surfaces of these silica nanoparticles, a detailed discussion 
of which approaches is presented below. 

  4.3.1.1   Surface Biofunctionalization of Inorganic Silica Nanoparticles 
 When inorganic silica nanoparticles are prepared from TEOS using either the 
St ö ber method  [44]  or reverse microemulsion  [45] , they display surface silanol 
groups and have negatively charged surfaces. A variety of biofunctionalization 
methods have been used to conjugate the surface of inorganic silica nanoparticles 
to biomolecules including nucleic acids, antibodies, enzymes and other proteins, 
including physical absorption, silanization and chemical coupling  [57, 59, 
64 – 77] . 

  4.3.1.1.1   Physical Adsorption     Physical adsorption via electrostatic coupling is 
often used to modify the surface of biofunctionalized TEOS nanoparticles with 
 proteins  such as avidin for bioanalysis and biosensing  [57, 59, 64] . Avidin, a gly-
coprotein with four subunits, has a positive charge and binds electrostatically 
with the negatively charged surface of TEOS nanoparticles, which are then 
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stabilized by crosslinking with glutaraldehyde. The strong binding affi nity of 
avidin to biotin ( K  d    =   10  − 15     M )  [60]  is often exploited for biotechnological, diagnos-
tic and therapeutic applications  [61 – 63] . Hence, TEOS nanoparticles coated with 
avidin can be used to detect biotinylated biomolecules with high sensitivity 
through avidin – biotin binding.  Antibodies  may also be used for the surface bio-
functionalization of TEOS nanoparticles; for example, immunoglobulin E has 
been adsorbed to the surface of TEOS nanoparticles and the resultant particles 
used for cell imaging  [64] .  

  4.3.1.1.2   Silanization     Silanization allows a surface containing silanol groups to 
be covered with various types of functionalized silicate, and has been well studied 
and developed in the case of inorganic silica nanoparticles. For example, TEOS 
nanoparticles containing surface amine, thiol, cyanate ester or carboxyl groups 
can be prepared by using silanization. As most biomolecules contain amino 
groups, complementary cyanate ester, amine and carboxyl functionalities are 
often created at the surface of inorganic silica nanoparticles through surface 
biofunctionalization. 

 The amino group is commonly used for the immobilization of enzymes and 
antibodies; hence, TEOS nanoparticles may be silanized with  N 1 - [3 - (trimethoxysilyl) -
 propyl]diethylenetriamine,  N  - (2 - amino - ethyl) - 3 - aminopropyltrimethoxysilane,  N  -
 (6 - amino - hexyl) - 3 - aminopropyltrimethoxysilane or APS for the direct preparation 
of amino - modifi ed TEOS nanoparticles  [65 – 75] . Alternatively, an indirect prepara-
tion may be carried out through silanization with 3 - glycidoxypropyltrimethoxysi-
lane, followed by diamines  [76] . Amino - modifi ed TEOS nanoparticles are positively 
charged due to the cationic amino ( − NH 3  + ) groups on the surface, and further 
biofunctionalization may be conducted using various methods. 

 Antibody - conjugated silica nanoparticles have been prepared from amino - 
modifi ed TEOS nanoparticles. For this, the latter are activated with glutaraldehyde 
and reacted with anti - rh  interleukin - 6  ( IL - 6 ) antibody  [65] . Amino - modifi ed TEOS 
nanoparticles can also be reacted with biotin – PEG5000 –   N  - hydroxysuccinimide  
( NHS ) to conjugate biotin with the surface of the particles via NHS ester – amino 
linkages. The resulting biotin - modifi ed TEOS nanoparticles are fi rst bound with 
avidin and then with biotin - labeled antibodies. Such biofunctionalized nanoparti-
cles have been used for the detection of pathogenic bacteria  [66] . By using small 
gold colloids, nanoparticles modifi ed with antibodies have been designed to scatter 
and absorb light over a broad spectral range, including the near - infrared, a wave-
length region that provides maximal penetration of light through tissue. Here, the 
surface of amino - modifi ed TEOS nanoparticles is bound with small gold colloids, 
and the antibody attached to a  ortho  - pyridyl disulfi de – PEG – NHS linker via NHS. 
The antibody – PEG linker complex is then attached to gold colloid - modifi ed TEOS 
nanoparticles via the interaction between a sulfur - containing group located at the 
distal end of the PEG linker and gold  [67] . 

 A peptide has also been conjugated on the surface of amino - modifi ed TEOS 
nanoparticles. TAT peptide  [48 – 56] , an amino acid residue of the HIV - coded TAT 
regulatory protein, is a cell - penetrating peptide and was conjugated with amino -



 modifi ed TEOS nanoparticles through heterobifunctional  N  - hydroxysuccinimidyl 
3 - (2 - pyridyldithio) propionate coupling chemistry. These biofunctionalized 
amino - modifi ed TEOS nanoparticles were subsequently applied to bioimaging 
 [68] . 

 DNA can also be conjugated with amino - modifi ed TEOS nanoparticles following 
their activation with 1,2,3 - triazine and 1,2,4 - triazine, and subsequent reaction with 
amino - labeled synthetic oligonucleotides  [69] . Alternatively, the amino - modifi ed 
TEOS nanoparticles can be activated with  m  - maleimidobenzoyl -  N  - hydroxysuccin-
imide ester cross - linkers and then reacted with thiol - labeled synthetic oligonucle-
otides  [70] . 

 A additional surface biofunctionalization procedure for amino - modifi ed TEOS 
nanoparticles yields carboxyl - modifi ed nanoparticles  [54, 56, 71, 72] . The nanopar-
ticles are fi rst treated with succinic anhydride in  dimethylformamide  ( DMF ), after 
which the resulting carboxyl - modifi ed TEOS nanoparticles can be further reacted 
with carbodiimide hydrochloride before subsequent enzyme conjugation. Enzymes 
(e.g. glutamate dehydrogenase) conjugated to the surface of the particles have 
shown excellent enzymatic activity  [71] .  β  - Cyclodextrin, a seven - sugar ring mole-
cule, has also been conjugated to the carboxyl - modifi ed nanoparticles using 
carbodiimide hydrochloride and NHS  [72] . 

 Silanization followed by physical adsorption represents another method for the 
biofunctionalization of TEOS nanoparticles. The cationic properties of the surfaces 
of these nanoparticles can be used for biofunctionalization with negatively charged 
biomolecules, and the formation of a complex consisting of amino - modifi ed TEOS 
nanoparticles and plasmid DNA has been reported  [73 – 75] . Such a complex is 
formed simply by mixing amino - modifi ed TEOS nanoparticles and plasmid DNA; 
the resultant complex is stable and capable of transfecting plasmids into cells 
 in vitro . 

 Thiol - modifi ed TEOS nanoparticles have been prepared by their silanization 
with 1% MPMS  [77] . For this, the nanoparticles were reacted with 1% MPMS in 
a solution containing ethanol and acetic acid. Disulfi de coupling chemistry can 
also be applied for the immobilization of oligonucleotides onto particles, when 
thiol - modifi ed silica nanoparticles are conjugated with disulfi de - modifi ed oligo-
nucleotides via a thiol/disulfi de exchange reaction in carbonate buffer at pH 9.0. 
Thiol or disulfi de coupling is a simple and effi cient procedure for the direct immo-
bilization of disulfi de - containing biomolecules on the surface of thiol - modifi ed 
silica nanoparticles through a thiol – disulfi de exchange reaction, and the resultant 
disulfi de bond can be severed under strong reducing conditions.  

  4.3.1.1.3   Chemical Coupling     By using silanol groups on the surface of inorganic 
silica nanoparticles, a variety of biofunctionalizations of TEOS nanoparticles 
with chemical coupling has been reported. The nanoparticles are fi rst surface -
 modifi ed with sodium carbonate, after which a solution of cyanogen bromide 
in acetonitrile is added to the suspension to yield surface cyanogen bromide -
 pretreated nanoparticles  [78, 79]  that may then bind directly with the free 
amino groups of biomolecules. For example, anti - human CD10 antibody and 
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Annexin V (a small protein that binds to phosphatidylserine in the presence 
of Ca 2+ ) have been conjugated on the surface of cyanogen bromide - treated 
nanoparticles  [79] . 

 Another route for the surface modifi cation of TEOS nanoparticles involves the 
surface binding of Zr 4+ , followed by binding with phosphoric acid to form terminal 
phosphate groups  [80] . Oligonucleotide probes modifi ed with amine groups at 
the 5 ′  - end bind strongly to the phosphate - terminated silica nanoparticles with 
imidazole in the presence of  N  - ethyl -  N  ′  - (3 - dimethylaminopropyl) carbodiimide, as 
the phosphate groups are reactive towards amine groups. Silica nanoparticles 
bound with oligonucleotide probes have been used for the detection of DNA 
hybridization.   

  4.3.1.2   Surface Biofunctionalization of Organosilica Nanoparticles 
 When prepared, organosilica nanoparticles contain a variety of surface and inter-
nal carbon chains and functional groups. Fore example, ORMOSIL nanoparticles 
have carbon chains, while functional organosilica nanoparticles have carbon 
chains as well as functional groups such as thiol and epoxy residues. When located 
on organosilica nanoparticle surface, the carbon chains and functional groups 
provide an easy surface biofunctionalization of the nanoparticles. The presence of 
functional groups also eliminates some steps in biofunctionalization reactions and 
reduces the extent of nanoparticle aggregation during modifi cation procedures. 
Approaches to the biofunctionalization of organosilica nanoparticles depend on 
their surface properties; these are described below for ORMOSIL, thiol - organosilica 
and epoxy - organosilica nanoparticles. 

  4.3.1.2.1    ORMOSIL  Nanoparticles     ORMOSIL nanoparticles composed of vinyl 
triethoxysilane contain surface vinyl groups that may be oxidized with KMnO 4  
solution to form surface carboxylic groups. The resultant carboxy - modifi ed 
ORMOSIL nanoparticles are conjugated with PEG by reaction with ethyl - 3 - (3 -
 dimethylaminopropyl) carbodiimide  [47] . In contrast, ORMOSIL nanoparticles 
made from VTES and APS are amino - modifi ed  [48]  and may be biofunctionalized 
with plasmid DNA by simple mixing, as the plasmid DNA can bind electrostati-
cally to the nanoparticles via the positively charged amino groups on the particle 
surface. Such nanoparticle – DNA complexes have been used for gene delivery both 
 in vitro  and  in vivo .  

  4.3.1.2.2   Thiol - Organosilica Nanoparticles     Thiol - organosilica nanoparticles have 
thiol residues on their surfaces, without requiring any additional procedures. Such 
nanoparticles are prepared from thiol - organosilicates (MPMS, MPES, MPDMS) 
which possess one thiol residue per silicate molecule; therefore, thiol - organosilica 
nanoparticles contain a large proportion of thiol residues. Thiol residues on 
nanoparticles may be subjected to various surface biofunctionalizations, as shown 
in Figure  4.6 . The zeta potentials of thiol - organosilica nanoparticles are more 
negative than those of TEOS nanoparticles; typical values for MPMS, MPES and 



    Figure 4.6     Strategies for the conjugation of biomolecules to thiol - organosilica nanoparticles.  
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MPDMS nanoparticles are  − 50.2,  − 49.4 and  − 50.6   mV, respectively. The zeta 
potentials of MPMS nanoparticles incorporating fl uorescent dye (e.g. rhodamine 
red) within their interior are not markedly different from those nanoparticles 
without dye  [50] .   

 Recently, the surface properties of biofunctionalized thiol - organosilica nanopar-
ticles were evaluated using methods such as fl ow cytometry, fl uorescence image 
analysis and fl uorescence microscopy, with TEOS nanoparticles as control  [49, 50]  
(M. Nakamura  et al. , unpublished results). In order to compare the surface proper-
ties of MPMS and TEOS nanoparticles, a dot – blot procedure was carried out  [49] ; 
when performed on glass slides, this allowed an evaluation of the nanoparticles ’  
ability to adsorb proteins. In this procedure, identical amounts of each nanoparti-
cle were deposited onto glass slides, reacted with a solution containing Cy3 - 
conjugated anti - goat  immunoglobulin G  ( IgG ) antibody, and then examined with 
a fl uorescence image analyzer. The MPMS nanoparticles showed a markedly 
higher intensity derived from Cy3 - conjugated anti - goat IgG compared to TEOS 
nanoparticles, while their fl uorescence intensity was threefold higher (Figure  4.7 ). 
Hence,  in vitro , MPMS nanoparticles were able to absorb greater quantities of 
protein than TEOS nanoparticles. Slides with modifi ed MPMS nanoparticles also 
demonstrated a substantially improved protein adsorption, making them poten-
tially valuable for chip - based technology.   

  Flow cytometry  was performed to compare the surface properties of MPMS and 
TEOS nanoparticles in solution. When the nanoparticle solutions were mixed with 
protein solutions containing either  green fl uorescent protein  ( GFP ) or phycoery-
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thrin - conjugated streptavidin, fl ow cytometry peaks for the MPMS nanoparticles 
were markedly shifted due to fl uorescence from GFP compared to those of TEOS 
nanoparticles (Figure  4.8 ). Thus, in solution, the MPMS nanoparticles appeared 
to adsorb protein more effectively than the TEOS nanoparticles.   

 When the dispersion of MPMS nanoparticles modifi ed with surface proteins 
was observed microscopically, the addition of GFP to a MPMS nanoparticle solu-
tion led to well - dispersed nanoparticles with a distinct fl uorescence. This indicated 
that, compared to TEOS nanoparticles, the GFP modifi ed the MPMS nanoparticles 
very effectively while retaining good dispersion. MPMS nanoparticles modifi ed 
with GFP were also detected and observed using fl uorescence microscopy. 

 In order to examine the surface modifi cations of other thiol - organosilica nanopar-
ticles with proteins, the nanoparticle solutions were mixed with GFP/protein 
solutions and evaluated with fl uorescence microscopy. The thiol - organosilica 
nanoparticles were shown to be well dispersed, with a distinct fl uorescence 
(Figure  4.9 ), which indicated an effective modifi cation with GFP and retention of 
dispersion; this contrasted with the TEOS nanoparticles, which showed no clear 
fl uorescence (Figure  4.9 ).   

    Figure 4.7     Dot – blot analysis of the ability of 
the silica nanoparticles to bind proteins. 
Nanoparticles dotted on glass slides were 
reacted with Cy3 - conjugated anti - goat IgG and 
analyzed with a fl uorescence image analyzer 

(a) and the intensities then plotted (b). The 
fl uorescence intensity of MPMS nanoparticles 
was higher than that of TEOS nanoparticles 
 (Reproduced with permission from Ref.  [49] ; 
 ©  2007, American Chemical Society.).   



    Figure 4.8     Flow cytometry analysis of silica 
nanoparticles surface - modifi ed with proteins. 
MPMS nanoparticles (a, c) and TEOS 
nanoparticles (b, d) modifi ed with GFP (a, b) 
or phycoerythrin - conjugated streptavidin 

(PCS) (c, d) were analyzed. Red lines and 
green lines indicated before and after 
reaction, respectively  (Reproduced with 
permission from Ref.  [49] ;  ©  2007, American 
Chemical Society.).   
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    Figure 4.9     Fluorescence microscopy of surface - modifi ed thiol -
 organosilica and TEOS nanoparticles. Nanoparticles were 
mixed with rhodamine red – maleimide (upper panels) and 
with GFP (lower panels)  (Reproduced with permission from 
Ref.  [50] ;  ©  2008, American Chemical Society.).   
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 The extent of protein adsorption at MPMS particles was examined using fl ow 
cytometry  [52] . For this, the size - controlled particle solutions were mixed with 
different concentrations of fl uorescein - conjugated anti - goat antibody solution for 
10   min, and the protein concentrations evaluated based on changes in particle 
fl uorescence. As shown in Figure  4.10 a, a shift of peaks concurrent with increasing 
protein concentration was observed. When the geometric mean of each peak was 
plotted against added protein concentration, a clear concentration dependence was 
apparent, from 10   pg   ml  − 1  to 100   ng   ml  − 1  (see Figure  4.13 b). These results showed 
not only that the fl uorescent - dye - labeled proteins would bind very effectively and 
rapidly to the MPMS particles, in concentration - dependent manner, but also that 
the detection could be achieved with adequate sensitivity. Moreover, the protein 
concentrations could also be quantifi ed. These properties of MPMS nanoparticles 
suggest that they might serve as a support for the multiplexed fl ow - cytometric 
assays of biological samples, including proteins and DNA.   

 Thiol residues react with a variety of functionalities (e.g. alkyl halides and 
maleimides) and easily form covalent bonds with other molecules. Recently, 
various maleimide - conjugated molecules (e.g. fl uorescent dyes, streptavidin and 
PEG) have become commercially available. The reaction procedures between 
maleimide - conjugated molecules and the thiol residues of thiol - organosilicates are 
simple, and the conjugation effi ciencies high. The surface biofunctionalization of 
thiol - organosilica nanoparticles prepared from MPMS, MPES and MPDMS with 
a maleimide - conjugated fl uorescent dye was monitored to determine the ease with 
which the surface thiol residues could be modifi ed. When the nanoparticles were 
reacted with rhodamine red – maleimide and characterized using fl uorescence 
microscopy, they showed a prominent fl uorescence (see Figure  4.9 ). As a control, 
TEOS nanoparticles were reacted with rhodamine red – maleimide, but no fl uores-
cence was observed, suggesting that the surface modifi cation was specifi c to thiol -
 organosilica nanoparticles, and that all three types of nanoparticle contained 
abundant thiol residues on their surfaces that could react with the dye molecules. 
When the thiol - organosilica nanoparticles were reacted with a NeutrAvidin –
 maleimide conjugate and characterized, the zeta potential was substantially less 
than that of unmodifi ed MPMS nanoparticles, indicating the surface binding of 
NeutrAvidin via a thiol – maleimide reaction. 

 Thiol/disulfi de exchange reactions are also useful for conjugating thiol residues 
between biomolecules and silica nanoparticles. Thiol - conjugated DNA is com-
mercially available; additionally, some proteins display surface thiols of cysteine 
residues, while thiol residues can be introduced into proteins by using protein 
engineering technology. The thiol/disulfi de exchange reaction can be applied to 
the biofunctionalization of thiol - organosilica nanoparticles via disulfi de bonds 
formed by the oxidation of each thiol residue. In addition, the disulfi de bonds can 
be controlled by reduction and oxidation. By using thiol residues on the surface, 
novel nanoparticle - based drug delivery and release systems have been proposed 
and, in some cases, demonstrated  [81, 82] . The disulfi de  glutathione  ( GSH ) is the 
most abundant thiol species in cytoplasm, and may serve as a major reducing 



agent. By monitoring differences in the concentration of intracellular (1 – 10   m M ) 
and extracellular GSH (2    μ  M  in plasma), the selective intracellular release of sub-
stances has been demonstrated  [81 – 83] . When nanoparticles were coated with 
plasmid DNA via disulfi de bonds, the DNA would be released via dissociation as 
intracellular disulfi de reduction occurred  [81] . Gold nanoparticles with layers con-
taining thiolated BODIPY dyes have also been prepared, with the dyes being suc-
cessfully released in living cells via a GSH - mediated system  [82] . The results of 
studies with MPMS nanoparticles modifi ed with surface thiol residues have sug-
gested that they might be adapted as carriers in nanoparticle - based drug delivery 
and release systems, using GSH to achieve a selective intracellular release of drugs 
and biomolecules. Thus, the surface biofunctionalization of thiol - organosilica 
nanoparticles using thiol/disulfi de exchange reactions shows great promise in a 
variety of biomedical applications.  
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    Figure 4.10     Flow cytometry analysis of silica particles surface -
 modifi ed with protein and DNA. Epoxy - organosilica 
nanoparticles (a, c) and MPMS particles (b, d) modifi ed with 
GFP (a, b) or fl uorescein - labeled oligonucleotide (c, d) were 
analyzed. Red lines and green lines indicated before and after 
reaction, respectively  (Reproduced with permission from 
Ref.  [52] ;  ©  2008, American Chemical Society.).   
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  4.3.1.2.3   Epoxy - Organosilica Nanoparticles     Epoxy - organosilica nanoparticles 
prepared from EpoMS  [52]  contain interior and surface epoxy residues, with the 
latter being cationic and highly reactive. Biomolecules (including DNA and most 
proteins) are anionic, and possess amino groups that can form covalent linkages 
with the epoxy group. The zeta potentials of epoxy - organosilica nanoparticles are 
positive, indicating that the epoxy groups are present on the particle surface. In 
addition, the zeta potentials of epoxy - organosilica nanoparticles containing rhoda-
mine B or tris - dichlororuthenium(II) hexahydrate (Rubpy) in their interiors were 
+44.8 and +46.1   mV respectively, and very similar to those of particles without dye 
(+46.1   mV); this indicates that incorporation of the dyes did not affect the zeta 
potential  [52] . The epoxy - organosilica nanoparticles were the fi rst to show a posi-
tive zeta potential as prepared, and therefore have great potential for surface 
biofunctionalization with biomolecules. 

 Flow cytometry was used to investigate the surface biofunctionalization of 
epoxy - organosilica nanoparticles with proteins and DNA. For this, epoxy - 
organosilica nanoparticle solutions were mixed with protein solutions containing 
GFP, or with DNA solutions containing fl uorescein - labeled oligonucleotides. 
After mixing, the fl ow cytometry peaks for epoxy - organosilica nanoparticles were 
shifted markedly to the right, due to fl uorescence from GFP or fl uorescein - labeled 
oligonucleotides that were bound to the particles (Figure  4.10 a and c). As a control 
experiment, when MPMS particles were treated with GFP the peak was shifted 
markedly to the right, due to fl uorescence from GFP (Figure  4.10 b). As reported 
previously  [49, 50] , MPMS particles bind with proteins much more strongly than 
do TEOS particles. The fl ow cytometry results indicated that both thiol - organo-
silica particles and epoxy - organosilica nanoparticles could bind strongly with GFP, 
although when MPMS particles were treated with fl uorescein - labeled oligonucle-
otide no substantial peak shift was observed (Figure  4.10 d). These fi ndings indi-
cated that epoxy - organosilica nanoparticles, unlike MPMS particles, would bind 
with both proteins and DNA, with the ability to bind to DNA seeming to be 
unique to epoxy - organosilica nanoparticles. Fluorescence microscopy studies 
were conducted to confi rm the surface modifi cation of epoxy - organosilica 
nanoparticles with protein or DNA, and to evaluate the dispersion of the surface -
 modifi ed particles. Solutions of epoxy - organosilica nanoparticles mixed with GFP 
or DNA showed well - dispersed particles with a distinct fl uorescence. In addition, 
the fl ow cytometry peaks for epoxy - organosilica nanoparticles surface - modifi ed 
with GFP and fl uorescein - labeled oligonucleotides were very sharp, while the 
peaks characteristic of aggregates were minor (Figure  4.10 a and c). Overall, these 
results indicated that epoxy - organosilica nanoparticles retained good dispersion 
after surface modifi cation. When such nanoparticles were surface - treated 
with  bovine serum albumin  ( BSA ), the zeta potential was reduced owing to the 
negative charge of the BSA, while the extent of reduction was increased with 
increasing BSA dose. These results indicated that the positive charge of the epoxy -
 organosilica nanoparticles was regulated by surface modifi cation with negatively 
charged biomolecules.      



  4.3.2 
 Internal Biofunctionalization 

  4.3.2.1   An Overview 
 Although as - prepared silica nanoparticles appear not to have any unique function, 
such as the inherent fl uorescence of quantum dots, they are easily biofunctional-
ized internally. Moreover, they may contain various types of functional molecules 
in their silica matrix, depending on the experimental requirements. For example, 
fl uorescent silica nanoparticles can be prepared with various fl uorescent dyes and 
applied in bioimaging, bioassays and nanomedicine. Traditional fl uorescent dyes 
such as fl uorescein, rhodamine, Cy3 and Cy5 have long been used in bioimaging 
applications, although their low fl uorescence intensity and photostability make 
them unsuitable for high - sensitivity detection and real - time monitoring. Recently, 
new nanoparticles, including quantum dots, fl uorescent latex particles and fl uo-
rescent silica nanoparticles, have been developed and shown great utility for these 
applications. 

  Quantum dots  are composed of atoms of Groups II – IV or II – V of the Periodic 
Table, and are fl uorescent as prepared. They have several advantages over tradi-
tional dyes, including broad excitation spectra, size - tunable fl uorescence proper-
ties, a long fl uorescence time and photostability. Quantum dots also have 
interesting optical properties that can be exploited in a range of photonic applica-
tions, including biological fl uorescence imaging  [9, 10, 17, 18, 84 – 87]  and opto-
electronic devices  [88 – 94] , and are becoming increasingly popular as a new material 
in biological fl uorescence imaging. Unfortunately, quantum dots are diffi cult to 
prepare owing to their poor solubility and agglutination, while their surface - modi-
fi cation chemistry is still being investigated. In addition, the  ‘ blinking ’  behavior 
of quantum dots    –    that is, the  ‘ on ’  -  and  ‘ off ’  - switching of their luminescence emis-
sion by sudden stochastic jumps under continuous excitation    –    limits their applica-
tion in bioimaging experiments that require the use of high - speed photography. 
Quantum dots also have low quantum yields and can be cytotoxic, which is a defi -
nite concern for  in vivo  applications. For example, Derfus and coworkers have 
shown that cadmium selenide quantum dots without a zinc sulfi de shell were toxic 
to liver cells after exposure to UV light  [95] . The emission wavelength of quantum 
dots also depends on the particle diameter    –    when the diameter of quantum dots 
becomes larger, the emission peak is shifted to a longer wavelength. 

 Another type of fl uorescent nanoparticle probe is that of nanoparticles contain-
ing dyes, such as  latex nanoparticles  and  silica nanoparticles . These nanoparticles 
contain large quantities of dye molecules inside a latex polymer or silica network, 
and provide a high intensity of fl uorescence signal. Fluorescent latex nanoparticles 
(e.g. polystyrene nanoparticles) have been used in various biological applications, 
and are often doped with fl uorescent dyes after nanoparticle synthesis. A typical 
preparation method involves the swelling of polymeric nanoparticles in an organic 
solvent and fl uorescent dye solution. The most common latex polymer matrices 
include polystyrene,  polymethyl methacrylate  ( PMMA ), polylactic acid and poly-
lactic -  co  - polyglycolic acid. The commercialization of fl uorescent polymer or latex 
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nanoparticles and microspheres has facilitated their extensive use in biological 
applications. For example, fl uorescent polymer microspheres have been used as 
immunofl uorescent reagents, cell tracers and standardization reagents for micros-
copy and fl ow cytometry. However, because of their hydrophobicity, their tendency 
to agglomerate in aqueous medium, their large diameter ( > 100   nm), their observed 
swelling in organic solvents and their propensity toward dye leakage, latex nanopar-
ticles are not suitable for bioanalysis. 

  Fluorescent silica nanoparticles  possess several advantages over quantum dots 
and latex nanoparticles, including high fl uorescence intensity, good photostability 
due to the exclusion of oxygen by silica encapsulation, size - independent fl uores-
cence (i.e. nanoparticles of various diameters have the same emission wavelength), 
fl uorescence - independent diameter (i.e. nanoparticles of various emission wave-
lengths have the same diameter), and good potential for surface biofunctionaliza-
tion with various biomolecules. Fluorescent silica nanoparticles are highly 
hydrophilic and easy to prepare, separate, surface - modify and label. Fluorescent 
silica nanoparticles can be easily prepared through either reverse microemulsion 
or the St ö ber method. Generally, hydrophobic fl uorescent dyes are prepared using 
the latter approach, while hydrophilic fl uorescent dyes are prepared using reverse 
microemulsion.  

  4.3.2.2   Preparation of Fluorescent Silica Nanoparticles 
 Various types of fl uorescent silica nanoparticle have been developed; some details 
are summarized in Table  4.7 . Fluorescent dyes are attached to silica nanoparticles 
by several means, as indicated in the table. For example, they can be incorporated 

 Table 4.7     Classifi cation of fl uorescent silica nanoparticles. 

  Method    Type of fl uorescent dye    Type of silicates/silica 
nanoparticle  

  (a) Incorporation of a fl uorescent dye during particle formation.  
     (a - 1) Doping method:       Various fl uorescent dyes    Inorganic silica 

nanoparticles: TEOS  
     Various fl uorescent dyes    Organic silica 

nanoparticles: MPMS, 
MPES, MPDMS, EpoS  

     (a - 2) Imposition method:       Isothiocyanates – fl uorescent dye conjugates    APS  
     Succinimidyl esters – fl uorescent dye conjugates    APS  
     Maleimide – fl uorescent dye conjugates    MPMS, MPES, MPDMS  

  (b) Coupling of fl uorescent dye to a particle surface.  

  (c) Others; core – shell fl uorescent silica nanoparticles.  

  (Reproduced with permission from Ref.  [52] ;  ©  2008, American Chemical Society.). 



during particle formation by simple doping of the dye during particle synthesis 
(doping method)  [96 – 99] , or by imposition of the dye on the silica network via the 
formation of bonds between the dye and a silane coupling reagent (imposition 
method)  [100 – 103] . Alternatively, the dye may be coupled to a particle surface 
 [104 – 107] . Recently, another type of fl uorescent silica nanoparticles, core – shell 
fl uorescent silica nanoparticles (CU dots), were reported  [64] .   

  4.3.2.2.1   Imposition Method     Using imposition, silica nanoparticles containing 
fl uorescent dye conjugated with APS have been prepared by means of a two - step 
reaction between the amino residue of APS and isothiocyanate - conjugated fl uo-
rescent dye  [100 – 103] . First, APS is attached to isothiocyanate - conjugated fl uores-
cent dye to form an APS – fl uorescent dye conjugate which is then mixed with a 
synthetic mixture of TEOS nanoparticles. By means of imposition, fl uorescent 
dyes that are diffi cult to incorporate into silica nanoparticles by doping can be 
incorporated effi ciently into silica nanoparticles. Recently, fl uorescent silica 
nanoparticles using more reactive and stable chemical residues, such as succin-
imidyl esters conjugated with fl uorescent dyes, were prepared using the St ö ber 
method  [103] . Multifl uorescent silica nanoparticles containing two fl uorescent 
dyes and fl uorescent - tuned silica nanoparticles have also been prepared. 
Fluorescent - tuned TEOS nanoparticles containing various amounts of rhodamine 
red were attached to a glass slide and observed by fl uorescence microscopy to 
evaluate the intensity of each particle. The fl uorescent - tuned TEOS nanoparticles 
show different fl uorescence intensities which depended on the amount of fl uores-
cent dye contained within the nanoparticles. These results suggested that the fl uo-
rescence intensities of TEOS nanoparticles could easily be tuned. Moreover, 
fl uorescent - tuned TEOS nanoparticles could be observed clearly by fl uorescence 
microscopy, even when their diameters were  < 500   nm. Multifl uorescent TEOS 
nanoparticles containing fl uorescein and DY - 635 showed fl uorescence derived 
from both fl uorescent components, whereas fl uorescent TEOS nanoparticles con-
taining only fl uorescein or DY - 635 showed only a single fl uorescence  [103] . 

 In fl ow cytometry experiments, fl uorescent TEOS nanoparticles containing fl uo-
rescein (average diameter 300   nm) were directly detectable by their fl uorescence 
upon excitation at 480/15   nm, had high fl uorescence intensity, and were uniform 
(Figure  4.11 a)  [103] . Compared to the fl uorescence intensities of commercially 
available nanosized markers (Fluoresbrite Plain YG 0.2    μ m microspheres and 
Fluoresbrite Calibration Grade YG 0.5    μ m microspheres), the fl uorescence inten-
sity of silica nanoparticles containing fl uorescein (GeoMean of intensity 1311) was 
closer to that of the marker with 0.5    μ m diameter (GeoMean of intensity 2322) 
than to that of the marker with 0.2    μ m diameter (GeoMean of intensity 61.8). These 
results indicated that the specifi c fl uorescence intensity of the TEOS nanoparticles 
was higher than that of commercial fl ow cytometry, because the ratio of fl uores-
cence intensity to size of the TEOS nanoparticles was higher than that of the 
commercial markers.   

 Flow cytometry analysis was applied to fl uorescent - tuned TEOS nanoparticles 
containing fl uorescein, multifl uorescent TEOS nanoparticles containing fl uores-
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    Figure 4.11     Flow cytometry analysis of 
fl uorescent - tuned silica nanoparticles and 
multifl uorescent silica nanoparticles. (a) 
Fluorescent silica nanoparticles containing 
fl uorescein (shaded peak) were compared 
with nanosized markers with 0.2 and 0.5    μ m 
diameters (unshaded peaks); (b) Fluorescent -
 tuned silica nanoparticles containing 
fl uorescein (F1 – F4) and nanoparticles without 

dye (T) were analyzed; (c) Multifl uorescent 
silica nanoparticles containing DY - 635 and 
fl uorescein (panel a), DY - 635 only (panel b) 
and fl uorescein only (panel c) were analyzed 
under the same conditions. These fi ndings are 
superimposed in (panel d)  (Reproduced with 
permission from Ref.  [103] ;  ©  2007, American 
Chemical Society.).   
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cein and DY - 635, and fl uorescent TEOS nanoparticles containing just fl uorescein 
or DY - 635  [103] . Fluorescent - tuned TEOS nanoparticles containing fl uorescein 
(Figure  4.11 b, F1 – F4) were detected as peaks with different fl uorescence intensi-
ties according to the concentrations of fl uorescent dye and APS conjugate used to 
prepare the particles. TEOS nanoparticles containing fl uorescein (F1) had almost 
maximal intensity with the same diameter. These results suggest that the fl uores-
cence intensity of the TEOS nanoparticles could be tuned and detected clearly 
using fl ow cytometry analysis. Multifl uorescent TEOS nanoparticles (average 
particle diameter  ∼ 360   nm) containing fl uorescein and DY - 635 show two types of 
fl uorescence signal upon excitations at 480/15   nm (FL1) and 620/30   nm (FL4; 
Figure  4.11 c). Fluorescent TEOS nanoparticles containing only fl uorescein showed 
a peak on FL1 but not FL4, whereas particles containing only DY - 635 showed a 
peak on FL4 but not FL1. These results were the fi rst to indicate that a single 
multifl uorescent TEOS nanoparticle could produce a distinct pair of signals, and 
that a single fl uorescent - tuned nanoparticle produced a single fl uorescence signal, 
on fl ow cytometry analysis. Multifl uorescent nanoparticles and fl uorescent - tuned 
nanoparticles appear to be good candidates for multiplexed fl ow cytometric assays 
using nanosized beads to measure proteins and DNA, and also for nanosized cali-
brators. In addition, fl uorescent nanoparticles with high intensity and multiple 
fl uorescence would be useful for the highly sensitive detection and characteriza-
tion of cells by fl ow cytometry. 

 Using  fl uorescence microscopy , the photostabilities of fl uorescent TEOS 
nanoparticles containing rhodamine red, rhodamine red dye and Q - dot 605 parti-
cles were evaluated  [103] . The single - particle fl uorescence intensity of TEOS 
nanoparticles (111   351 from 175   889 a.u.) was more photostable than the fl uores-
cence intensity of a fi xed area of rhodamine red (116   675 from 1   104   731 a.u.). The 
Q - dot 605 particles showed high photostability, with occasional intensity changes 
due to photoblinking. After 250   s, the single - particle fl uorescence intensities of 
Q - dot 605 particles and TEOS nanoparticles containing rhodamine red were 26   288 
(from 25   562) and 111   351 (from 175.889) a.u., respectively, and the fl uorescence 
of both Q - dot 605 particles and TEOS nanoparticles was visible. These results 
indicated that the fl uorescent TEOS nanoparticles had high fl uorescence intensity 
and good photostability, and that they exhibited sustained emission without pho-
toblinking. Thus, fl uorescent silica nanoparticles may be advantageous for bioim-
aging experiments requiring high - speed photography. 

 TEOS nanoparticles doped with three types of dye were prepared for  
fl uorescence - resonance energy transfer  ( FRET ) by means of imposition  [55] . The 
dyes fl uorescein,  5 - carboxyrhodamine 6G  ( R6G ) and  6 - carboxy - X - rhodamine  
( ROX ) were used to prepare these TEOS nanoparticles because their spectral fea-
tures effectively overlap. In the triple - dye - doped TEOS nanoparticles, fl uorescein 
was used as a common donor for R6G and ROX, whereas R6G acted both as an 
acceptor for  fl uorescein isothiocyanate  ( FITC ) and as a donor for ROX. To prepare 
the nanoparticles, the three types of amine - reactive dye molecule were fi rst cova-
lently linked to APS, 5 - (and - 6) - carboxyfl uorescein succinimidyl ester, 5 - carboxy-
rhodamine 6G succinimidyl ester and 6 - carboxy - X - rhodamine succinimidyl ester. 
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The three APS – dye conjugates were mixed at desired ratios and added to a syn-
thesis mixture of TEOS nanoparticles via a modifi ed St ö ber method. The resulting 
nanoparticles exhibited high, multicolored fl uorescence intensity under single -
 wavelength excitation and excellent photostability  [55] . 

 TEOS nanoparticles containing two types of fl uorescent dye in a core – shell 
confi guration have been prepared for chemical sensing applications  [108] .  Tetra-
methylrhodamine  ( TMR ) isothiocyanate was conjugated to APS in an anhydrous 
nitrogen environment to create a reference dye. This conjugate was then hydro-
lyzed with TEOS to form the reference core particle via a modifi ed St ö ber method. 
Following the synthesis of these core particles, FITC was conjugated with APS to 
create a sensor dye, and then hydrolyzed with TEOS in the presence of the core 
TEOS particles to form the pH sensor layer on the core particles. 

 Preparations of thiol - organosilica nanoparticles internally biofunctionalized 
with fl uorescent dye have also been studied  [50] . Thiol - organosilica nanoparticles 
can be internally modifi ed due to the presence of interior thiol residues, permitting 
the preparation of fl uorescent silica nanoparticles using a one - pot synthesis. As 
described above, the preparations of fl uorescent TEOS nanoparticles using APS 
and amine - reactive fl uorescent conjugates are two - step processes. In contrast, the 
thiol - organosilica nanoparticles retain fl uorescent dye – maleimide very well via a 
maleimide – thiol reaction, and therefore the thiol - organosilica nanoparticles are 
advantageous for the preparation of fl uorescent silica nanoparticles because the 
preparation process can be reduced to one step. 

 The high fl uorescence intensity of fl uorescent thiol - organosilica nanoparticles 
has been evaluated and compared with that of quantum dots, as summarized in 
Table  4.8   [49] . The fl uorescence intensity of the thiol - organosilica nanoparticles 
containing rhodamine (average diameter ca. 490   nm) is higher than that of the Q -
 dot 605 particles because of the larger diameter of the thiol - organosilica nanopar-
ticles (excitation and emission wavelengths were 570 and 590   nm, respectively). 
The calculated specifi c fl uorescence intensity, which is the theoretical fl uorescence 
intensity divided by the particle volume of the thiol - organosilica nanoparticles, is 
sevenfold that of the quantum dots under the same conditions, and one fourth 
that of the quantum dots under optimum conditions (i.e. excitation and emission 
wavelengths of 350 and 605   nm, respectively). In another study  [64] , core – shell 
fl uorescent silica nanoparticles (CU dots) were prepared and the fl uorescence 
intensity of CU dots containing TMR isothiocyanate was compared with that of 
water - soluble CdSe/ZnS quantum dots using two - photon fl uorescence correlation 
spectroscopy. The intensity of the CU dots was one - half to one - third that of the 
quantum dots. Fluorescent silica nanoparticles were of high fl uorescence inten-
sity; the fl uorescence intensity of silica nanoparticles may have been enhanced 
relative to that of quantum dots by an improvement of the synthetic method and 
the selection of fl uorescent dyes. The zeta potentials of thiol - organosilica nanopar-
ticles and TEOS nanoparticles incorporating rhodamine red in their interior were 
not markedly different from those without dye. However, the value of zeta poten-
tial of MPMS nanoparticles surface - treated with rhodamine red – maleimide or 
NeutrAvidin – maleimide conjugates were substantially lower than that of surface -



 untreated particles. These results indicated that nanoparticles incorporating 
rhodamine red internally did not contain fl uorescent dyes on the surface of 
the particles, and consequently the zeta potential was not affected.   

 In addition to thiol - organosilica nanoparticles with fl uorescent dye, we have 
prepared fl uorescent epoxy - organosilica nanoparticles using chemical crosslinking 
reagents, such as maleimides and succinimidyl esters, as described above  [52] . The 
epoxy - organosilica nanoparticles containing various types of fl uorescent dye – (3 - 
aminopropyl)trimethoxysilane conjugates and fl uorescent dye – MPMS conjugates 
showed high fl uorescence. Fluorescent particles could be prepared from EpoMS 
with crosslinking reagents containing various types of dye.  

  4.3.2.2.2   Doping Method     Using doping, fl uorescent silica nanoparticles have 
been prepared by the simple addition of fl uorescent dyes during particle synthesis. 
Rubpy - doped TEOS nanoparticles have been prepared either using reverse micro-
emulsion  [96, 98]  or with the St ö ber method  [99] . The resulting Rubpy - doped 
TEOS nanoparticles were monodisperse, bright and photostable. Additionally, 
two luminophores    –    tris(2,2 ′  - bipyridyl)osmium(II)bis(hexafl uorophosphate) and 
Rubpy    –    were simultaneously entrapped inside TEOS nanoparticles at precisely 
controlled ratios by reverse microemulsion, and used for multiplexed signaling in 
bioanalysis  [54] . The dual - luminophore - doped TEOS nanoparticles demonstrated 
specifi c ratios of luminescence intensities at two well - resolved wavelengths. The 
preparation of  α ,  β ,  γ  and  δ  - tetrakis (4 -  N  - trimethylaminophenyl) - doped TEOS 

 Table 4.8     Comparison of fl uorescence intensity of rhodamine 
red - containing silica nanoparticles prepared from  MPS  
( MPS  NP  s  -  R ) and from  TEOS  ( TEOS  NP  s  -  R ) and quantum dots 
605 ( Q  -  dot  605) under the optimum conditions for rhodamine 
red and  Q  -  dot  605. 

      MPS NPs - R    TEOS NPs - R    Q - dot 605    Q - dot 605  

  Concentration    0.10   mg   ml  − 1     0.11   mg   ml  − 1     40   n M     40   n M   
  Diameter (average) (nm)    490    200    20    20  
  Particle counts (counts   ml  − 1 )   a       7.1    ×    10 9     2.0    ×    10 9     2.4    ×    10 13     2.4    ×    10 13   
  Measurement  λ (Ex/Em) (nm)    570/590    570/590    570/590    350/605  
  Intensity    14.7    13.7    17.3    505.4  
  Intensity per particle   b       6.8    ×    10  − 8     6.8    ×    10  − 9     7.2    ×    10  − 13     2.1    ×    10  − 11   
  Ratio    1    0.1    1.1    ×    10  − 5     3.1    ×    10  − 4   
  Specifi c intensity   c       1.5    ×    10 2     1.2    ×    10 2     2.2    ×    10 1     6.3    ×    10 2   
  Ratio    1    0.8    0.15    4.2  

    a  Concentration divided by weight of one particle; the weight of one particle was calculated 
from the volume of one particle: 4 π (0.000290/2) 3 /3 (mm 3 )    ×    2.3 (specifi c gravity).  

   b  Intensity divided by the particle count.  
   c  Intensity divided by the particle count and then by the volume of one particle.   

 (Reproduced with permission from Ref.  [49] ;  ©  2007, American Chemical Society.). 
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nanoparticles and Nile Blue - doped TEOS nanoparticles by the St ö ber method have 
also been reported  [109, 110] . 

 The preparation of organic dye - doped silica nanoparticles is diffi cult due to the 
highly hydrophobic nature of organic dyes, as compared to the hydrophilic surface 
of silica nanoparticles. In order to address this problem, TMR - doped TEOS 
nanoparticles have been prepared using dextran in a reverse microemulsion, and 
organic dye molecules then were linked to the dextran. This TMR – dextran complex 
was hydrophilic and could be increased in size and then easily entrapped inside 
silica pores. Two other organic dye molecules, fl uorescein and AlexaFluor 647, 
have also been doped into TEOS nanoparticles using this method  [97] . 

 Organosilica nanoparticles recently were shown to be easily doped with 
fl uorescent dye in the absence of crosslinking reagents  [50, 52] , and fl uorescent 
dye - doped thiol - organosilica nanoparticles have been prepared via a one - pot 
synthesis. Thiol - organosilica nanoparticles were synthesized with rhodamine B 
by adding the fl uorescent dye at the start of the nanoparticle synthetic reaction. 
As a control experiment, TEOS nanoparticles were also prepared with rhodamine 
B, but no fl uorescence was observed from these nanoparticles. As shown in 
Figure  4.12 a (lower panels), rhodamine - B - doped thiol - organosilica nanoparticles 
show high fl uorescence, indicating a successful fl uorescent - dye doping of the 
thiol - organosilica nanoparticles. The results also indicate that the doping of thiol -
 organosilica nanoparticles differs from that of TEOS nanoparticles. Fluorescent -
 tuned MPMS nanoparticles were analyzed by means of fl ow cytometry. MPMS 
nanoparticles prepared with rhodamine red – maleimide are detected as three 
peaks with different fl uorescence intensities, depending on the concentration 
between 6.25 and 25    μ  M  of rhodamine red – maleimide used to prepare the par-
ticles (emission at 585/42   nm, FL - 2; Figure  4.12 c). Rhodamine - B - doped thiol -
 organosilica nanoparticles were detected as six peaks (Figure  4.12 d), with the 
peak at 200   m M  being the highest compared to those prepared with rhodamine 
red – maleimide. These results showed that the fl uorescent dye - doped silica 
nanoparticles could possess fl uorescence intensities higher than those of fl uo-
rescent silica nanoparticles prepared with chemical crosslinking reagents, such 
as maleimides and succinimidyl esters. In addition to rhodamine B, Rubpy was 
also doped into thiol - organosilica nanoparticles very well. As shown in Figure 
 4.12 e, Rubpy - doped thiol - organosilica nanoparticles were also detected as six 
peaks (emission at above 670   nm; FL - 3). These results demonstrated that the cost 
to prepare fl uorescent silica nanoparticles may be reduced by omitting crosslink-
ing reagents and by using a one - pot synthesis. Such fl uorescent nanoparticles 
with higher fl uorescence also can be prepared.   

 The doping of epoxy - organosilica nanoparticles with fl uorescent dye also has 
been studied  [52] . Epoxy - organosilica nanoparticles were doped with rhodamine 
B and Rubpy using a one - pot synthesis. Fluorescent epoxy - organosilica nanopar-
ticles were prepared using the St ö ber method, and showed a high fl uorescence 
intensity. Fluorescent - tuned epoxy - organosilica nanoparticles were also prepared 
and analyzed by means of fl ow cytometry; those containing rhodamine B were 



    Figure 4.12     Fluorescence microscopy of 
internally functionalized fl uorescent thiol -
 organosilica and TEOS nanoparticles. (a) 
Nanoparticles were internally functionalized 
with rhodamine red – maleimide (upper 
panels) and with rhodamine B (lower 
panels); (b) Nanoparticles were internally 
functionalized with fl uorescein – maleimide 
(upper panels) and with fl uorescein (lower 
panels); Flow cytometry analysis of 
fl uorescent - tuned MPMS nanoparticles 
prepared with rhodamine red – maleimide (c) 

and rhodamine B - doped MPMS nanoparticles 
containing rhodamine B (d) and Rubpy (e). 
Fluorescent - tuned nanoparticles were 
prepared with 200    μ  M  (green lines), 100    μ  M  
(red lines), 50    μ  M  (light blue lines), 25    μ  M  
(orange lines), 12.5    μ  M  (blue lines) and 
6.25    μ  M  (yellow lines) rhodamine red –
 maleimide, rhodamine B or Rubpy, 
respectively  (Reproduced with permission 
from Ref.  [50] ;  ©  2008, American Chemical 
Society.).   
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detected as distinct peaks with different fl uorescence intensities, depending on 
the concentration of fl uorescent dye used to prepare the particles (emission at 
585/42   nm, FL - 2; Figure  4.13 a). Fluorescent - tuned epoxy - organosilica nanoparti-
cles containing Rubpy were also detected as peaks with different fl uorescence 
intensities (emission above 670   nm, FL - 3; Figure  4.13 b). The peaks of fl uorescent -
 tuned epoxy - organosilica nanoparticles containing rhodamine and fl uorescent -
 tuned epoxy - organosilica nanoparticles containing Rubpy could be distinguished 
clearly as 12 spots in a plot of FL - 3 versus FL - 2 (Figure  4.13 c). These results indi-
cated that the fl uorescence intensities of epoxy - organosilica nanoparticles could 
be tuned and clearly detected as distinct peaks by using fl ow cytometry analysis. 
The results also indicated that the sizes of fl uorescent - tuned epoxy - organosilica 
nanoparticles were well controlled.     

  4.3.2.2.3   Internal Biofunctionalization with Drugs     In addition to fl uorescent dyes, 
anticancer drugs may be used for the internal biofunctionalization of silica 
nanoparticles to develop novel drug delivery systems and therapeutics. The 
water - insoluble photosensitizing anticancer drug  2 - devinyl - 2 - (1 - hexyloxyethyl) 
pyropheophorbide  ( HPPH ) has been incorporated into ORMOSIL nanoparticles 
made from VTES, using reverse microemulsion. The resultant drug - doped 
nanoparticles were spherical and highly monodisperse, and the entrapped drug 
was more fl uorescent in aqueous medium than was the free drug  [48] . 

 Silica nanoparticles also have been developed for two - photon photodynamic 
therapy. Both, a novel two - photon fl uorescent dye,  9,10 - bis[4 ′  - (4 ″  - aminostyryl)styryl]
anthracene  ( BDSA ) and HPPH, have been incorporated into ORMOSIL nanopar-
ticles made from VTES, using reverse microemulsion. The two - photon - induced 
intraparticle FRET, based on the use of two - photon fl uorescent aggregates as 
donors and a photosensitizing drug as an acceptor, has been demonstrated 
 [111] . 

 These ORMOSIL nanoparticles are internally biofunctionalized with drugs by 
simply doping in the drugs during the formation of nanoparticles, although 
nanoparticles internally biofunctionalized with drugs have also been prepared by 
imposition. A photodynamic therapy drug, 3 - iodobenzyl - pyro, was conjugated with 
4 - (triethoxysilyl) - aniline using chemical coupling reagents to prepare iodobenzyl -
 pyro - silane  [112] . The latter was then covalently incorporated into ORMOSIL 
nanoparticles made from VTES by reverse microemulsion, such that highly mono-
disperse aqueous dispersions of ORMOSIL nanoparticles with covalently incorpo-
rated drugs were formed. The spectroscopic and functional properties (i.e. 
generation of cytotoxic singlet oxygen) of the iodobenzyl - pyro - silane moieties were 
preserved in the prepared particles  [112] . 

 The porous interiors of silica nanoparticles can also be used as reservoirs for 
storing biomolecules. Some silica nanoparticles contain clear mesoporous struc-
tures inside their particles; for example, thiol - modifi ed TEOS - based mesoporous 
silica nanoparticles have been demonstrated as a novel controlled - release delivery 
vehicle  [113] . These mesoporous silica nanoparticles were used as reservoirs 
to soak up aqueous solutions of vancomycin and adenosine triphosphate. The 



    Figure 4.13     Flow cytometry analysis of fl uorescent - tuned 
epoxy - organosilica nanoparticles containing (a) rhodamine 
B and (b) Rubpy; (c) A plot of FL - 3 against FL - 2 for epoxy -
 organosilica nanoparticles containing rhodamine B (red) and 
epoxy - organosilica nanoparticles containing Rubpy (blue) 
 (Reproduced with permission from Ref.  [52] ;  ©  2008, 
American Chemical Society.).   
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openings of the mesopores of the drug/neurotransmitter - loaded mesoporous 
silica nanoparticles were then capped  in situ  by allowing pore surface - bound 2 -
 (propyldisulfanyl) ethylamine functional groups to covalently capture water -
 soluble, mercaptoacetic acid - derivatized cadmium sulfi de nanoparticles  [85, 114] . 
The resulting drug - loaded mesoporous silica nanoparticles were applied to stimuli -
 responsive, controlled - release drug systems. 

 Fluorescent silica nanoparticles incorporating a hydrophobic anticancer drug, 
 camptothecin  ( CPT ), have also been reported  [115] . Fluorescent silica nanoparti-
cles were prepared from TEOS, FITC – APS conjugates, and 3 - trihydroxysilylpropyl 
methylphosphonate as silica sources under a sol – gel process at high temperature. 
The resultant silica nanoparticles had mesoporous structures with pores of  ∼ 2   nm. 
After nanoparticle formation, CPT was incorporated into the pores of the particles 
by soaking the silica nanoparticles in concentrated CPT solution. In this case, the 
large surface areas and porous interiors of silica nanoparticles could be used as 
reservoirs for storing hydrophobic drugs.     

  4.4 
 Applications 

 Today, nanoparticles are at the leading edge of the rapidly developing fi eld of 
nanotechnology, with the unique size - dependent properties of these materials 
making them both superior and indispensable in many areas. The biofunction-
alization and multifunctionalization of nanoparticles has provided new opportu-
nities in bioanalytical, biological imaging and medical applications  [1 – 13] . 
Currently, fl uorescent nanoparticles are used for nanoparticle - based detection 
and imaging applications due to their excellent fl uorescence properties and pho-
tostability  [4, 5, 8 – 10] . Yet, because of their size range, nanoparticles are very 
suitable for manipulations at the molecular level, such as cell – receptor binding 
for site - selective imaging and targeting, localization of encapsulated therapeutics 
for delivery, and the decoration of expression systems for substrate - based 
nanosensing. 

 Silica nanoparticles are advantageous for biofunctionalization as compared with 
other fl uorescent nanoparticles such as quantum dots and latex nanoparticles, due 
to their unique properties. Novel organosilica nanoparticles also have many addi-
tional advantages for biomedical applications, and high possibilities exist for the 
further development of novel and advanced applications. To date, no published 
reports have summarized the advantages and applications of both inorganic and 
organic silica nanoparticles. Hence, in the following sections we will describe the 
advantages of biofunctionalized silica nanoparticles for biomedical applications, 
and also provide a representative overview of the biomedical applications of silica 
nanoparticles in fi elds of medical diagnosis, imaging and medical therapy. We will 
also highlight the possibilities for further development of silica nanoparticles in 
biomedical applications. 



  4.4.1 
 Advantages of Biofunctionalized Silica Nanoparticles 

 Fluorescence - based detection techniques have been widely used in modern bio-
chemical research and biomedical applications. Primarily, although fl uorescent 
dyes have been used in bioimaging applications, their molecular nature deter-
mines their limitations. In most cases, only one or a few fl uorescent dyes can 
signal one biomolecule recognition event, and typically, only a limited number of 
fl uorescent dyes can be attached to a biomolecule without interfering with its 
binding specifi city or causing it to precipitate. Recently, new nanoparticles includ-
ing quantum dots, fl uorescent latex nanoparticles and fl uorescent silica nanopar-
ticles have been developed and have shown great utility for fl uorescence 
applications. Whilst quantum dots have several advantages over traditional dyes, 
they also possess some disadvantages, such as the aforementioned photoblinking, 
size - dependent fl uorescent wavelengths and cytotoxicity. Fluorescent latex 
nanoparticles have been employed in some biological applications but tend to 
agglomerate in aqueous medium owing to their hydrophobicity. Additionally, latex 
nanoparticles incur drawbacks of large size ( > 100   nm), swelling in organic solvents 
and dye leakage, thus making them unsuitable for bioanalysis. 

 Silica nanoparticles containing fl uorescent dyes have also been applied as label-
ing reagents for biological applications. Compared to other fl uorescent nanoparti-
cles, silica nanoparticles possess several advantages; notably, they are easy to 
prepare, separate and biofunctionalize. Silica nanoparticles are more hydrophilic 
and biocompatible than are quantum dots or latex nanoparticles; they are not 
subject to microbial attack, and no swelling or porosity change occurs with changes 
in pH. Fluorescence wavelength and fl uorescence intensity are tunable in single 
silica nanoparticles, and the type of fl uorescence is independent of particle diam-
eter. The fl uorescence intensity and photostability of fl uorescent silica nanoparti-
cles are suffi cient for the detection of a single fl uorescent particle. Thus, fl uorescent 
silica nanoparticles have shown great promise for use in a variety of biological 
applications. 

 The various types of silica nanoparticle, including inorganic and organic, contain 
a variety of reactive groups internally and on their surface, depending on the 
source of silicate. The surface charge (zeta potential) of silica nanoparticles is also 
dependent on the type of nanoparticle and the surface reactive groups. A broad 
spectrum of conjugation chemistry approaches are amenable to silica nanoparti-
cles, which makes them advantageous for many applications. Some silica nanopar-
ticles also show clear mesoporous structures inside their particles and, indeed, 
recent advances in the synthesis of mesoporous silica materials can be used to 
create silica nanoparticles with high surface areas and tunable pore diameters of 
2 – 10   nm. Overall, these advantages have led to the development of a series of new 
delivery systems, in which various guest molecules such as pharmaceutical drugs 
can attached onto the silica nanoparticle surface, adsorbed into the mesopores, 
and later released into solution. Furthermore, novel silica nanoparticles such 
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as thiol - organosilica nanoparticles have also shown much promise for the 
improvement of nanoparticle performance in existing applications, as well as 
the establishment of novel applications. Here, we briefl y review current efforts 
towards biochemical and biomedical applications of biofunctionalized silica 
nanoparticles.  

  4.4.2 
 Applications in Medical Diagnosis 

 Although very small, fl uorescent dyes are of only limited applicability in biological 
assays because of their poor photostability and limited brightness. In order to 
improve assays using fl uorescence, internally functionalized silica nanoparticles 
have been synthesized and applied as fl uorescent probes for the detection of bio-
logical targets such as genes and proteins. In addition, silica nanoparticles can be 
used in high - throughput assays, as FRET, multifl uorescent and fl uorescence -
 tuned silica nanoparticles (barcoding nanoparticles) can be prepared and devel-
oped for multiplexed assays. The latter assays, when used for gene and protein 
arrays, have become an increasingly important tool in genomics and proteomics, 
since such arrays have great potential in global studies of DNA profi les, single 
nucleotide polymorphism assays, protein expression, protein profi ling and 
protein – protein interactions. 

  4.4.2.1   Genes 
 The intense fl uorescence signal of one nanoparticle can be used to great effect in 
DNA hybridization analysis, and this offers a distinct advantage over traditional, 
fl uorescence - based techniques. Usually, a fl uorescent dye molecule is used to 
signal the hybridization of DNA; however, fl uorescent dyes are associated with 
certain problems such as low signal amplifi cation and poor photostability. A novel 
assay based on the gold nanoparticle - promoted reduction of silver has been 
reported to detect target DNA down to a concentration of 50   f M   [29] . Here, the 
signal of the single gold nanoparticle was greatly amplifi ed, and an excellent detec-
tion limit achieved. However, the system required that the gold nanoparticle 
be coated with silver, a complicated process that reduces experimental 
reproducibility. 

 Alternatively, the application of fl uorescent silica nanoparticles for ultrasensitive 
DNA detection has been reported  [57] . Fluorescent TEOS nanoparticles of 60   nm 
diameter have the fl uorescence intensity of thousands of dye molecules, which 
means that each gene hybridization will be reported by thousands of fl uorophores. 
In this way, an ultrasensitive assay can be achieved by means of fl uorescent silica 
nanoparticles. Typically, a biotinylated capture DNA sequence is immobilized onto 
a glass slide through an avidin – biotin linkage. This captured DNA sequence is the 
complement of a portion of the analyte sequence. Hybridization between the cap-
tured DNA and the analyte sequence is then carried out while the remaining target 
sequence hybridizes with a probe DNA sequence conjugated with fl uorescent 
TEOS nanoparticles. One probe DNA hybridizes one target DNA, and thus brings 



one fl uorescent silica nanoparticle to the surface, leaving a large number of dye 
molecules on the surface for signaling. By monitoring the fl uorescence intensity 
of these surface - bound fl uorescent silica nanoparticles, the target DNA can be 
detected by probe DNA with high sensitivity. Through this assay, oligonucleotides 
ranging from 12 to 100 base pairs can be used as capture and detection probes to 
determine a detection limit. Moreover, a new DNA - sensing strategy incorporating 
a cationic conjugated polymer and DNA - immobilized silica nanoparticles in the 
100   nm size range has also been reported which provides an over 110 - fold signal 
amplifi cation, thereby allowing the detection of target DNA sequences at a con-
centration of 10 p M  with a standard fl uorimeter  [69] .  

  4.4.2.2   Detection of Proteins 
 The application of fl uorescent silica nanoparticles for protein detection has been 
reported. In such detection schemes, microarray slides spotted with serial dilu-
tions of human immunoglobulin G (IgG) – biotin along with regular human IgG 
are reacted with avidin - labeled fl uorescent TEOS nanoparticles. Strong fl uores-
cence signals appear on spots containing IgG – biotin, whereas no signal is detected 
for human IgG negative controls  [10] . The fl uorescence intensity from each spot 
is proportional to the concentration of human IgG – biotin applied, allowing quan-
tifi cation of the amount of target by fl uorescence measurement. Compared with 
experiments using conventional fl uorescent dyes, the sensitivity of fl uorescent 
silica nanoparticles increases detection sensitivity  [10] . 

 A sensitive fl uoroimmunoassay for recombinant human  interleukin - 6  ( IL - 6 ) 
with functionalized Rubpy - doped fl uorescent silica nanoparticles also has been 
reported  [65] . In this strategy, IL - 6 is measured from the specifi c interaction 
between captured IL - 6 antigens and functionalized fl uorescent silica nanoparticle -
 labeled anti - IL - 6 monoclonal antibody. The calibration graph for IL - 6 is linear over 
the range 20 to 1250   pg   ml  − 1 , with a detection limit of 7   pg   ml  − 1   [65] .  

  4.4.2.3   Detection of Microbes 
 A rapid and ultrasensitive immunological method for bacterial detection using 
fl uorescent silica nanoparticles has been developed  [55, 66] . On the basis of the 
synthetic method for preparation of amino - modifi ed fl uorescent TEOS nanopar-
ticles, silica nanoparticles are conjugated with antibodies against bacteria. Anti-
body - conjugated nanoparticles containing Rubpy can be used to detect a single 
 Escherichia coli  O157   :   H7 bacterial cell quickly and accurately, without any signal 
amplifi cation or enrichment; moreover, the assay takes only  ∼ 20   min to complete, 
thus making real - time detection of bacterial pathogens possible. The accurate 
enumeration of 1 – 400 bacterial cells in 1   g of spiked ground - beef samples has been 
demonstrated  [54] . Furthermore, multicolor FRET TEOS nanoparticles have been 
applied for the multiplexed monitoring of bacteria species  [66] . By changing the 
dye doping ratios of the energy - transfer dye series, a large FRET nanoparticle 
barcoding library can be built, permitting multiplexed detection of numerous 
bacterial pathogens. This method can achieve rapid diagnosis through elimination 
of the sample enrichment and amplifi cation steps required with currently used 
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cell culture and polymerase chain reaction - based methods. Therefore, FRET silica 
nanoparticles show much promise for the development of multiplexed bacterial 
detection methods.  

  4.4.2.4   Multiplexed Assays 
 The demand for gene profi ling and high - throughput screening has driven the 
development of novel bioprobes for multiplexed bioassays. Fluorescent silica 
nanoparticles have recently been used as novel substrates for multiplexed signal-
ing. The type, combination and concentration of the fl uorescent dyes in these 
particles can be changed, and different barcoding nanoparticles, various types of 
fl uorescent silica nanoparticle, multifl uorescent silica nanoparticle and fl uores-
cent - tuned silica nanoparticle can be prepared, each of which exhibits a unique 
optical signature  [50, 52, 54, 55, 66] . Figures  4.11  to  4.13  demonstrate the fl ow 
cytometry results obtained with multifl uorescent nanoparticles and fl uorescent -
 tuned nanoparticles, as well as the multiplexing potential of these probes  [50, 52] . 
The FRET silica nanoparticles exhibited high multicolor fl uorescence intensity 
under a single - wavelength excitation and excellent photostability  [55] . Overall, 
these various types of fl uorescent nanoparticle will be useful for multiplexed assay 
development.   

  4.4.3 
 Imaging 

 Fluorescent silica nanoparticles are very promising for imaging applications, 
including cellular, tissue and whole - animal fl uorescence imaging, because they 
have high fl uorescence intensity and good photostability. Fluorescent silica 
nanoparticles have been used to image target cells, such as cancer cells,  in vitro . 
Anti - human CD10 antibody - conjugated TEOS nanoparticles containing Rubpy 
were used to label human leukemia cells; a control experiment using bare nanopar-
ticles showed no effective labeling  [78] . In addition to antibody - mediated recogni-
tion, other affi nity reagents, such as receptor ligands and recognition peptides, 
have also been applied in silica nanoparticle imaging strategies. Folic acid, a small 
vitamin which is recognized by many cancer cells, has been attached to fl uorescent 
silica nanoparticles and labeled SCC - 9 cells  [116] , while the cell - penetrating peptide 
TAT, when conjugated to TEOS nanoparticles containing FITC, can be used to 
label human lung adenocarcinoma (A549) cells  in vitro   [68] . Antibody  immuno-
globulin E  ( IgE ) and its cell - surface receptor, Fc RI, are known to form a reversible, 
but tight, complex. The typical labeling of  rat basophilic leukemia  ( RBL ) mast cells 
has been demonstrated with IgE - adsorbed fl uorescent TEOS nanoparticles. In 
equatorial sections of the cells, only the periphery of the cell was labeled, as would 
be expected for the transmembrane Fc RI receptor. As a control experiment, RBL 
mast cells were incubated overnight with IgE before incubation with bare silica 
nanoparticles. In this case, very little peripheral staining is observed, indicating 
minimal nonspecifi c interaction between the silica nanoparticles and the cell 
surface  [64] . 



 Moreover, silica nanoparticles have been applied in functional imaging analysis 
to evaluate  apoptosis . Annexin V binds with phosphatidylserine that is externalized 
from the inner to the outer membrane (this is an early and major event in the 
apoptotic process). Annexin V - conjugated TEOS nanoparticles containing rhoda-
mine B specifi cally recognize early - stage apoptotic cells through binding between 
Annexin V and phosphatidylserine on the outer membrane of apoptotic cells  [79] . 
This method was also used to monitor the increase in the number of early - stage 
apoptotic cells, along with an extended induction time of apoptosis. Compared to 
conventional fl uorochromes for staining apoptotic cells (such as Cy3 - labeled 
Annexin V), Annexin V - conjugated TEOS nanoparticles containing rhodamine B 
possess much better photostability. 

 TEOS nanoparticles containing TMR in their core and fl uorescein in their shell 
have been applied in pH - based imaging and sensing  [108] . Fluorescein exists in 
several protonation states with changing pH, and fl uorescence sensing based on 
the pH - dependent change in quantum effi ciency exhibited by fl uorescein has been 
evaluated, using TMR as an internal standard. Intracellular imaging and sensing 
capabilities of these particles in rat basophilic leukemia mast cells has been 
demonstrated. 

 Fluorescence images of culture cells using fl uorescent dye derived from photo-
sensitizing photodynamic therapy drugs have been reported. Colon - 26 cells treated 
overnight with ORMOSIL nanoparticles containing 3 - iodobenzyl - pyro, an iodin-
ated photosensitizer, show clear fl uorescence, indicating substantial uptake of 
nanoparticles by cells  [112] . 2 - Devinyl - 2 - (1 - hexyloxyethyl) pyropheophorbide, a 
water - insoluble photosensitizer, has also been incorporated in ORMOSIL nanopar-
ticles, and the resulting nanoparticles showed confocal fl uorescence images of 
HeLa tumor cells and UCI - 107  [48] . ORMOSIL nanoparticles containing both a 
novel two - photon fl uorescent dye,  9,10 - bis[4 ′  - (4 ″  - aminostyryl)styryl]anthracene  
( BDSA ), and a photosensitizing photodynamic therapy drug,  2 - devinyl - 2 - (1 - 
hexyloxyethyl) pyropheophorbide  ( HPPH ), have produced two - photon excited 
fl uorescence images of HeLa cells  [111] . 

 As preliminary experiments to evaluate the imaging potential toxicity of fl uores-
cent silica nanoparticles  in vivo , mice were injected intraperitoneally with fl uores-
cent epoxy - organosilica nanoparticles (up to 3   mg per mouse)  [52] . Peritoneal 
cells were harvested and examined by fl uorescence and light microscopy, and cells 
showing fl uorescence were observed clearly (Figure  4.14 a – c). The peritoneal cells 
also were examined by electron microscopy. As shown in Figure  4.14 b (panel d), 
cells containing many particles in the cytoplasm were observed. Furthermore, 
many epoxy - organosilica nanoparticles were contained in a large endosome, as 
shown in Figure  4.14 b (panel e). A single epoxy - organosilica nanoparticle was also 
observed in one endoplasm (Figure  4.14 b, panel f). Epoxy - organosilica nanoparti-
cles located in the cytosol were also observed, but no indications of cell necrosis 
or apoptosis were observed histologically. These results indicated that fl uorescent 
epoxy - organosilica nanoparticles could be used for labeling cells without risk of 
toxicity. As shown in Figure  4.14 b, panel g, an endosomal membrane was observed 
around the smaller of the two particles in the fi gure (right), whereas no endosomal 
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    Figure 4.14     Fluorescence microscopy and 
electron microscopy of mouse peritoneal cells 
containing fl uorescent epoxy - organosilica 
nanoparticles containing rhodamine B. 
(a) Peritoneal cells labeled with fl uorescent 
epoxy - organosilica nanoparticles containing 
rhodamine B were observed with excitation at 
520/15   nm (panel a) or under a bright fi eld 
(panel b); panel c shows the merged image; 
(b) Electron microscopy images of mouse 
peritoneal cells containing fl uorescent epoxy -

 organosilica nanoparticles; panel d shows a 
macrophage containing epoxy - organosilica 
nanoparticles in the cytoplasm; the particles 
were observed in either endosomal 
membranes (arrowheads) (panels e, f and 
g) or the cytosol (panel g). Scale bars: 
panel d   =   500   nm; panel e   =   200   nm; 
panels f and g   =   100   nm  (Reproduced with 
permission from Ref.  [52] ;  ©  2008, American 
Chemical Society.).   



membrane was observed around the larger particle (left). These fi ndings indicate 
that some epoxy - organosilica nanoparticles escaped from the endoplasm to the 
cytosol  [117] . The surface charge of nanoparticles strongly affected the  in vivo  
metabolism, distribution, internalization and intracellular localization of the par-
ticles. The use of positively or negatively charged nanoparticles to target specifi c 
locations has been reported; positively charged nanoparticles were internalized 
rapidly by means of the clathrin - mediated pathway, whereas negatively charged 
nanoparticles showed a lower rate of endocytosis and did not utilize the clathrin -
 mediated endocytosis pathway  [118] ; that is, the surface charge affected the rate of 
internalization into cells. The surface charge can also be used to change the intra-
cellular localization: nanoparticles that are positively charged at endosomal pH 
(pH 4 – 5) escape from the endosomal compartment to the cytoplasm, whereas 
those that are negatively charged at pH 4 are retained mostly in the endosomal 
compartment  [119] . The fl uorescent epoxy - organosilica nanoparticles were posi-
tively charged as prepared, and their surface charge could be regulated by modifi -
cation with biomolecules. The relationships between the surface properties of 
nanoparticles (such as their aptitude for modifi cation with biomolecules and their 
zeta potential) and the interaction of the particles with cells are of major impor-
tance for the development of drug delivery systems. Both, epoxy - organosilica 
nanoparticles (positively charged) and thiol - organosilica nanoparticles (negatively 
charged), functionalized internally and on their surface, are expected to be useful 
for such applications.    

  4.4.4 
 Applications in Medical Therapy 

 Nanoparticles offer great potential and a promising approach to deliver therapeutic 
agents to targeted organs or cells, and have been actively developed for applications 
in cancer therapy. Micelles, liposomes and polymeric nanoparticles have each been 
used for effective drug administration, but suffer from substantial limitations such 
as poor thermal and chemical stability, rapid elimination by the immune system 
and toxicity  [120] . Silica nanoparticles offer a promising alternative because of their 
intrinsic hydrophilicity, biocompatibility and nontoxicity, as well as the excellent 
protection they provide for their encapsulated molecules. 

  4.4.4.1   Drug Delivery 
 The mesoporous structures of silica nanoparticles have several attractive features 
for use in the delivery of water - insoluble drugs. These particles have large surface 
areas and porous interiors that can be used as reservoirs for storing hydrophobic 
drugs. The pore size and environment can also be tailored to selectively store dif-
ferent molecules of interest  [121, 122] , while the size and shape of the particles can 
be tuned to maximize cellular uptake. Unlike polymer - based nanoparticles, these 
robust inorganic materials can tolerate many organic solvents  [123] . Silica - based 
materials have been successfully used as drug - delivery vectors  [124, 125] , gene 
transfection reagents  [126] , cell markers  [127]  and carriers of molecules  [113] . 
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 Thiol - modifi ed, TEOS - based mesoporous silica nanoparticles loaded with drugs 
in their mesopores and capped with cadmium sulfi de nanoparticles have been 
demonstrated as a stimuli - responsive, novel controlled - release delivery carrier 
 [115] . The linkages between the mesoporous silica nanoparticles and the cadmium 
sulfi de nanoparticles are disulfi de bonds, which are chemically labile in nature 
and can be cleaved with various disulfi de - reducing agents, such as dithiothreitol 
and mercaptoethanol. Hence, the release of the cadmium sulfi de nanoparticle caps 
from the drug - loaded mesoporous silica nanoparticles can be regulated through 
the introduction of various amounts of release triggers. 

 Fluorescent, TEOS - based mesoporous silica nanoparticles loaded with CPT have 
been delivered successfully into a human pancreatic cancer cell line, PANC - 1, 
where they induced cell death. Uptake of the particles by cancer cells was moni-
tored by fl uorescence microscopy, and intracellular localization of nanoparticles 
was suggested, as observed in acidic organelles  [115] .  

  4.4.4.2   Gene Delivery 
 Fluorescent silica nanoparticles can also act as nonviral vectors for gene delivery 
and biophotonics to optically monitor intracellular traffi cking and gene transfec-
tion. ORMOSIL nanoparticles, encapsulating fl uorescent dyes and surface - 
functionalized by cationic amino groups, have been shown to not only bind and 
protect plasmid DNA from enzymatic digestion but also transfect cultured cells 
and deliver DNA to the nucleus  [128] . Amino - modifi ed ORMOSIL nanoparticles 
containing fl uorescent dyes bound with DNA on the surface of the nanoparticles 
through positively charged surface amino groups have been prepared. The result-
ing particles show FRET between the dye (donor) intercalated in DNA on the 
surface of nanoparticles and a second dye (acceptor) contained inside the nanopar-
ticles.  In vitro  imaging by fl uorescence confocal microscopy shows that cells effi -
ciently uptake the nanoparticles into the cytoplasm, and that the nanoparticles 
deliver DNA to the nuclei. The use of plasmid - encoding - enhanced GFP allowed 
the process of gene transfection to be demonstrated in cultured cells, and the 
development of a multidisciplinary approach for the production of fl uorescent 
ORMOSIL nanoparticles for the gene delivery applications described above. 

 The amino - modifi ed ORMOSIL nanoparticles have been applied to gene deliv-
ery  in vivo   [129] . Here, the intraventricular injection of amino - modifi ed ORMOSIL 
nanoparticles complexed with plasmid DNA encoding for enhanced GFPs in the 
mouse brain resulted in the effective transfection and expression of enhanced 
GFPs in neuronal - like cells in periventricular brain regions, and also in the sub-
ventricular zone. In addition, transfection with ORMOSIL nanoparticles com-
plexed with a plasmid expressing the nucleus - targeting fi broblast growth factor 
receptor type 1 resulted in the modulation of the replication cycle of the stem 
progenitor cells in the subventricular zone. 

 These studies provide the groundwork for the use of ORMOSIL nanoparticle 
formulations for  in vivo  gene transfer into the central nervous system, and dem-
onstrate that ORMOSIL nanoparticles can potentially provide a safe and effi cient 
mechanism for  in vivo  gene therapy. The results of this nanomedicine approach 



using ORMOSIL nanoparticles as a nonviral gene delivery platform are promising 
for the effective therapeutic manipulation of neural stem progenitor cells, as well 
as for  in vivo  targeted brain therapy.  

  4.4.4.3   Photodynamic Therapy 
  Photodynamic therapy  ( PDT ) is based on the concept that  photosensitizers  ( PS ) 
can be localized in malignant tissues and then activated with appropriate wave-
length of light, causing the PS to transfer their excess energy to surrounding 
molecular oxygen, resulting in the generation of reactive oxygen species such as 
free radicals and singlet oxygen ( 1 O 2 ), which can damage the malignant cells and 
tissues  [130, 131] . PDT is a noninvasive treatment used for several types of cancer, 
as well as for cardiovascular, dermatological and ophthalmic conditions. The 
advantage of PDT lies in its inherent dual selectivity. First, selectivity is achieved 
by preferential localization of the PS in target tissue (e.g. cancerous tissues); 
second, the photoirradiation and subsequent photodynamic reactions can be 
limited to a specifi c area of interest. Selectivity can be further enhanced by com-
bining the PS with molecular delivery systems, or by conjugating them with target-
ing agents such as tumor antibodies, integrin antagonists or carbohydrates. 
Although PDT is emerging as the treatment of choice for many cancer patients, 
easily injectable formulations of PS have yet to be developed, since most of these 
are hydrophobic in nature. Silica nanoparticles have been proposed as potential 
carriers for PS; they are particularly attractive for this application because they 
provide aqueous stability, are appropriately sized for the passive targeting of tumor 
tissues by means of the  ‘ enhanced permeability and retention ’  effect  [132, 133] , 
and are amenable to bioconjugation approaches to enhance both bioavailability 
and tumor targeting  [134] . ORMOSIL nanoparticles containing various PS such 
as 2 - devinyl - 2 - (1 - hexyloxyethyl) pyropheophorbide, BDSA, HPPH [111] and 3 - 
iodobenzyl - pyro [112] have been prepared. The nanoparticles containing PS 
are effi ciently taken up by tumor cells  in vitro , and the light irradiation of such 
impregnated cells results in substantial cell death  in vitro   [111, 112] .    

  4.5 
 Summary and Future Perspectives 

 Recent developments of novel silica nanoparticles, their internal biofunctionaliza-
tion and surface biofunctionalization and the development of their biomedical 
applications have been described. Inorganic silica nanoparticles (classical silica 
nanoparticles prepared from TEOS) are biofunctionalized using various methods, 
and have advanced greatly in imaging, labeling and sensing applications. ORMOSIL 
nanoparticles are well developed for gene delivery and PDT applications, whereas 
functional organosilica nanoparticles such as thiol - organosilica nanoparticles have 
been developed and characterized only recently. Functional organosilica nanopar-
ticles allow for biofunctionalization using simple strategies, and therefore have 
great potential for various applications and consequently are under investigation 

 4.5 Summary and Future Perspectives  153



 154  4 Approaches to the Biofunctionalization of Spherical Silica Nanomaterials

to optimize their use in unique biomedical applications. Unlike other functional 
nanoparticles, including quantum dots and iron oxide nanoparticles, silica 
nanoparticles do not have inherent functionalities such as optical signals for sensi-
tive imaging applications. However, they are easily functionalized through both 
surface and internal biofunctionalization. Along with the development of novel 
silica nanoparticles such as organosilica nanoparticles, the ability to multifunc-
tionalize silica nanoparticles has also progressed substantially. Additionally, the 
inherent unique properties of silica nanoparticles, such as fi ne - tuning the parti-
cle ’ s diameter and nontoxicity, can overcome the limitations of other functional 
nanoparticles and can be generalized to create excellent nanomaterials that are 
responsive to various biomedical requirements. Once the safety of silica nanopar-
ticles for humans is confi rmed, the intravenous injection of silica nanoparticles 
into the human body can be envisaged to both image and treat diseased cells, 
tissues and organs. Moreover, the multifunctionalization capabilities of silica 
nanoparticles can also be utilized to create silica nanoparticles that possess both 
diagnostic and therapeutic functions in a single nanoparticle, thus eliminating the 
barrier between diagnosis and therapy. In addition, novel platforms based on 
multiplexing with fl uorescent silica nanoparticles, such as FRET silica nanoparti-
cles, could enable high - throughput bioassays for protein and gene detection and 
quantifi cation. When silica nanoparticles are internally and surface - functionalized 
with the ability to bind to target molecules with specifi city and high affi nity, and 
when high photostability and fl uorescence intensity of these silica nanoparticles 
are achieved, in cooperation with the development of bioanalytical instrumenta-
tion, then silica nanoparticles will greatly infl uence the areas of bioanalysis, molec-
ular imaging, nanobiotechnology and nanomedicine.  
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  5.1 
 Introduction 

 The aim of this chapter is to provide details of a new class of nanosensor based 
on mesoporous silica monoliths with cage - like pores as carriers. Comprehensive 
up - to - date information is provided regarding the environmental chemistry and 
toxicity of mercury, antimony, cadmium and lead, in the quest to design simple, 
eco - friendly and smart sensing systems. A critical review of the literature is also 
provided in terms of the chemical toxicity of mercury, antimony, cadmium and 
lead, and their treatments with different processes and under varying environmen-
tal conditions. 

 In order to provide a simple, yet general, design for optical nanosensors based 
on a dense pattern of immobilized hydrophobic  ‘ neutral ’  and/or hydrophilic 
 ‘ charged ’  chromophores that are both mobile and robust, with three - dimensional 
(3 - D) nanoscale structure, attention was focused on the highly toxic ions of 
mercury, antimony, cadmium and lead. Initially, the basic concept of optical 
nanosensor schemes is outlined, in addition to details of the toxicity and deleteri-
ous effects of these metal ions. We then describe the sensing methods used to 
quantify trace elements, and the general design of optical nanosensors based on 
mesoporous silica monoliths. The optical sensing and one - step visual detection of 
Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions, without need for sophisticated instruments and 
quantitative calibration of nanosensors, are evaluated. The potential of nanosen-
sors in the visual detection of these toxic ions, as well as the advantages of nano-
sensor designs in terms of the retention of uniformity of nanosensor cage - like 
sinks, the rapid response of metal ion - sensing systems, the stability of monolithic 
nanosensors, the reversibility of metal ion - sensing systems and optical selective 
nanosensor for monitoring trace levels of toxic ions, are each discussed. Ulti-
mately, it is likely that these sensing systems will be employed in basic laboratory 
set - ups, in fi eld measurements using portable devices, and for household uses as 
commercial indicators. 

 Mesoporous Cage - Like Silica Monoliths for Optical Sensing of 
Pollutant Ions  
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  5.1.1 
 Basic Concept of Optical Nanosensor Schemes 

  Chemical sensors  are molecular receptors that transform their chemical informa-
tion into analytically useful signals upon binding to specifi c guests. Today, such 
sensors are attracting attention owing to their potential for the easy detection and 
quantifi cation of pollutant species in many areas of application, including waste 
management, environmental chemistry, clinical toxicology and the bioremediation 
of radionuclides  [1] . The importance of monitoring and controlling of highly toxic 
heavy metals such as lead, cadmium, antimony and mercury ions in aquatic 
samples is unquestionable. Hence, an attractive means of improving the monitor-
ing of these metal ion concentrations would be to use simple, inexpensive, rapidly 
responding and portable sensors  [2] . These sensors, which have the advantage of 
possessing both high sensitivity and selectivity, as well as providing on - line and 
real - time analysis, have revolutionized the fi eld of chemical analysis, notably in 
the analysis of blood and serum samples in critical care  [3] . Today, this need has 
been recognized and several potential methods of measuring specifi c metal ion 
concentrations using on - site, inexpensive facilities have been investigated  [4] . 
Although these methods have, in general, utilized electrochemical ion - selective 
electrodes  [5] , luminescence  [6]  and colorimetry  [7] , they suffer either from high 
limits of detection or a need to conduct preconcentration procedures, or from the 
generation of organic wastes. Extensive efforts have also been made to prepare 
and characterize chemosensors for specifi c metal ions, with the intent of incorpo-
rating these molecules into sensors  [8] . Among currently available sensing tech-
niques,  optical sensors  are perhaps the most effective due to their accurate detection 
of pollutants at low concentrations, without any equitable control of experimental 
environments or use of relatively sophisticated equipment  [9] . The key compo-
nents in this sensing method are optical sensors that can effi ciently detect toxic 
ions in terms of sensitivity and selectivity with real - time monitoring  [10, 11] . These 
features are currently required to analyze ultra - trace levels of environmental pol-
lutants  [12] . The development of sensing processes entails invention, optimization 
and commercialization, and remains a signifi cant challenge in materials science 
 [13, 14] . 

 The fabrication of solid - state colorimetric sensors for visual detection is much 
less advanced, although colorimetric sensors may allow on - site, real - time qualita-
tive/semi - quantitative detection, without the use of complicated analytical instru-
ments  [15 – 17] . Molecular interactions with metal ions in a solid - phase medium 
often offer interesting results that are diverge conspicuously from those obtained 
with solution chemistry. Today, such developments    –    in the form of compact 
instrumental free ion - sensors    –    remain at research level and are being investigated 
by using techniques involving modifi ed sol – gel membranes, molecular imprinted 
polymers and nano - thin fi lms  [18 – 20] . As these new technologies offer a totally 
new approach to chemical analysis, pushing these limits   can transform technolo-
gies into real methods, and in turn often lead to even newer systems. The porous 



monolithic architectures provide a robust, open and tunable periodic scaffold on 
the nanometer scale  [21] , while nanometer - sized materials with engineered fea-
tures that include size, shape, composition and function, play a leading role in 
emerging applications over diverse areas  [22, 23] . The ability to control 3 - D geo-
metric structures with uniformly shaped cylindrical and cage - like pores is of inter-
est to both potential catalysts and sorbents, as the 3 - D morphologies and cage 
functionalities should allow the effi cient transport of guest species to the network 
sites  [24] . Among all 3 - D mesostructured materials, ordered cubic mesostructures 
with cage - like structures perhaps offer the greatest potential, due mainly to the 
well - defi ned pore sizes of spherical cavities and connectivity among the pores  [25] . 
Consequently, 3 - D cage structures show great promise in many practical applica-
tions such as protein separation, electronics, catalytic surfaces and supports, 
sensing, and inclusion chemistry  [24 – 26] . The mesostructured features have also 
led to many investigations for the creation of composites with active components 
embedded inside the pores  [27, 28] , and the design of high - performance adsor-
bents for environmental clean - up and heavy metal ion recovery has therefore 
attracted considerable attention  [29] . Because many pollutants in most environ-
ments are present at concentrations far below the detection limits of the most 
commonly used treatment method  [15, 24, 29, 30] , there is a growing demand 
worldwide to develop optical chemical sensor materials not only for the accurate 
and rapid detection but also the selective recognition of, pollutant species. In terms 
of binding assays, the innovation of nanosized materials has today led to new or 
vastly improved methods that enable new levels of instrument control and data 
processing, improved sensitivity and added versatility and selectivity. It is likely 
that these nanomaterials will, in the near future, bring about substantial improve-
ments in chemical analysis, with their unique characteristics of optical and mass 
transport properties, their specifi city, and the amplifi cation of chemical processes, 
through microfabrication  [15 – 17, 24, 30, 31] . 

 To date, the development of receptors as  ‘ indicator dyes ’ , and surface - 
confi nement materials as  ‘ carriers ’ , is key to a broadening of the applications of 
optical chemical sensors for the widespread detection of neutral and ionic analytes 
 [32] . In order to render optical sensors more applicable to high - grade analytical 
demands, any problems with their visual sensing systems that cause them to be 
unattractive candidates for the signifi cant detection of analytes, must be solved, 
such as any nonfl exible, intensive design problems, relatively high operating costs 
and extended real - time detection  [1, 10] . Likewise, the development of sensing 
processes entails not only invention and optimization but also commercialization, 
and consequently this remains a signifi cant challenge in materials science  [14, 
15] . The successful design of chemical sensors, in principle, requires the con-
trolled evaluation of the sensors ’  intrinsic properties (i.e. sensitivity, selectivity, 
reversibility, stability), as well as their fabrication and operating costs. Yet, for 
any particular sensing system, the binding character of the probe functional 
groups and analyte species, the control synthesis and the end - use conditions of 
sensor materials have often led to a rational design for specifi c  ‘ real - world ’  sensing 
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applications  [1 – 25] . Much of the recent effort in this area has been related to 
creating optical chemical nanosensors that are both simple and cheap to fabricate, 
yet retain a high sensitivity and a rapid response for the detection of multiple 
toxic metal ions  [33] .  

  5.1.2 
 Toxicity and Deleterious Effects of the Metal Ions 

 Although interest in the biological and environmental effects of toxic metal ions 
such as lead, cadmium, antimony and mercury have increased during the past 
decade, large amounts of these materials continue to be released, notably in indus-
trial areas. Due to their extreme toxicity, these metal ions have deleterious effects 
on the environment and living organisms, even at small doses  [1, 34] . Moreover, 
the adverse health effects of these materials involve not only the nature of the 
metal species and total dose but also the time of sampling in relation to the original 
exposure  [34] . In the next section, attention is focused on assessing the toxicity of 
these metals ions, and the need to determine and control their levels in various 
matrices. 

  5.1.2.1   Toxicity of Cadmium Ions 
 Cadmium is a rare element, the average concentration in the Earth ’ s crust being 
only 0.1 – 0.2   mg   kg  − 1  (0.89 – 1.78    μ mol   kg  − 1 ). The detrimental effects of cadmium on 
human health are increasingly being recognized; chronic cadmium exposure can 
cause renal dysfunction, calcium metabolism disorders, and also an increased 
incidence of certain forms of cancer, possibly due to a direct inhibition by cadmium 
of DNA mismatch remediation  [35 – 37] . The acute toxicity of cadmium is highly 
dependent on water hardness, ranging from 1 to 8000    μ g   l  − 1  for rainbow trout (at 
various life stages) and from 1 to almost 500    μ g   l  − 1  for daphnids. Other inverte-
brates display higher levels of toxicity. The free ion (Cd 2+ ) is mainly responsible 
for aquatic toxicity. Cadmium ions are also deposited intracellularly by binding 
with a cellular, low - molecular - weight protein,  metallothionein ; as a result, 
cadmium accumulates in the liver and kidneys, in turn causing a breakdown of 
urinary proteins and disturbances of protein metabolism  [36] . Chronic cadmium 
toxicity has long been recognized as the cause of Itai - Itai disease in Japan. Anthro-
pogenic sources of cadmium in the environment include the mining and smelting 
of metal ores, fossil fuel combustion, and as a waste product of the metal - refi ning 
industries  [35, 36] . Cadmium is also often found in high concentrations in phos-
phate fertilizers, and is widely used in the production of nickel – cadmium recharge-
able batteries that may become deposited in sewage sludge, thus raising 
environmental levels of cadmium, with subsequent adverse effects  [37] . The dis-
charged metal ions undergo a series of biogeochemical transformations to form 
toxic chemical species, with extensive accumulations and long residence times. 
The identifi cation of cadmium - contaminated sewage and fertilizer would prove 
very useful in limiting human exposure, as would the identifi cation of other envi-
ronmental sources of cadmium.  



  5.1.2.2   Toxicity of Antimony Ions 
 Antimony is a metalloid in Group VB of the Periodic Table    –    one period below 
arsenic    –    with which it shares similar chemical properties. For example, both ele-
ments are known to be biomethylated in the environment and appear to act com-
petitively with respect to toxicity  [38] . Antimony and its compounds are considered 
by the  United States Environmental Protection Agency  ( US - EPA ) and the 
European Union Council of the European Communities to be priority pollutants. 
Typically, the US - EPA recommends that drinking water should contain less than 
6   ppb of antimony, although the maximum contaminant level can be substantially 
elevated (to 100   ppb) in the proximity of anthropogenic sources  [38] . The lower 
oxidation state of antimony, Sb(III), is considerably more toxic and mobile than 
Sb(V), and the chemical form of its compounds strongly infl uences its toxicity  [38] . 
Antimony is produced by the metallurgical, alloy and rubber industries, and has 
also been found in geological, biological and water samples as a result of various 
anthropogenic activities  [39] . Because antimony - containing additives are used in 
brake linings and tire vulcanization processes, road traffi c is also a signifi cant 
source of antimony pollution  [39] . There is a demand for the accurate and specifi c 
determination of trace concentrations of Sb(III) ions.  

  5.1.2.3   Toxicity of Mercury Ions 
 Mercury ions are more toxic than those of cadmium, antimony and lead, and are 
also carcinogenic in humans and nonbiodegradable  [40] . Mercury waste, which 
may be emitted either industrially or as a result of natural activities, is accumulated 
largely through plants and aquatic resources, and ultimately is bioconcentrated 
through the food chain. When dispersed in the environment, mercury ions 
undergo a series of biogeochemical transformations to toxic chemical species, and 
this has provoked intensive studies of their biological effects on humans  [40 – 42] . 
Organic mercury, such as methylated mercury, has unique chemical characteris-
tics (due to the methyl group) that make it prone to bioaccumulate in animals and 
plants. Inorganic mercury compounds are expected to be the primary species in 
mine effl uents  [41, 42] . The bioavailability and toxicity of inorganic ionic mercury 
to aquatic life can be infl uenced by the  ‘ hardness ’  of the water. Inorganic mercury 
is a central nervous system and renal toxicant, whereas methyl mercury is well 
absorbed across the cell membrane and is effi ciently accumulated by the biota. 
The primary target of methyl mercury toxicity is the central nervous system  [43] . 
The acute toxicity thresholds for inorganic mercury (typically as HgCl 2 ) in fresh-
water organisms vary from 5 to 230    μ g   l  − 1  in crustaceans to 60 to 800    μ g   l  − 1  in fi sh. 
Methyl mercury is known to accumulate in muscle tissue, where it binds to the 
sulfhydryl groups of the muscle proteins. Inorganic mercury is poorly absorbed 
in comparison to the short - chain alkyl mercurials such as methyl mercury, and 
accumulates primarily in the liver and kidney  [42, 43] .  

  5.1.2.4   Toxicity of Lead Ions 
 Lead, in the form in which it affects biological systems, has the same +2 charge 
and is approximately the same physical size as calcium ions. Lead ions are also 
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similar to zinc and iron ions; in fact, lead ions may replace calcium, zinc and iron 
ions in many overlapping biochemical pathways. By substituting for essential 
minerals, lead can effect permanent and severe damage to humans and other 
animals. Because it is an element, lead does not degrade or lose its toxic effect 
over time. As lead is toxic on such a basic level, it is important to note that there 
is no known level at which it is safe  [44] . The elemental or ionic forms of lead are 
bioconcentrated by aquatic organisms as potentially toxic tetraethyl lead and tet-
ramethyl lead species, both of which persist in the life chain through fi sh and 
fi sh - eating animals  [45 – 47] . Lead (Pb 2+ ) is a potential neurotoxin and nephrotoxin 
and, when exposed to humans beyond its permissible level, can cause chronic 
infl ammatory damage to the kidney and heart. Lead may bind to naturally occur-
ring RNA to create an enzyme - like activation for the cutting of chemical bonds in 
other RNA strands, thus destroying them  [47] . The primary role of RNA is to 
transport genetic messages from cellular DNA to those parts of the cell where the 
enzymes and other protein molecules are created. Lead is known to disrupt the 
normal biochemistry in the kidney, brain and bones by causing the excessive pro-
duction of some proteins, the role of which is to bind specifi cally to other mole-
cules  [44, 45] . In addition, lead ions can induce nervous and gastrointestinal 
disorders and also impair the immune and reproductive systems  [46] . The regula-
tion and periodic monitoring of these pollutant species are desirable, based on 
their toxicological signifi cance and greater bioavailability to children than to adults. 
However, a very recent study conducted at Washington University showed that 
adult workplace exposure to lead resulted in an ongoing deterioration of verbal 
memory, visual memory and hand – eye coordination  [44] . In the same study, a 
decrease occurred in brain size, while the numbers of brain tissue abnormalities 
were increased in direct proportion to the lead exposure. The authors suggested 
that a cumulative exposure of adults to lead could account for some of the charac-
teristics commonly attributed to old age. The exposure of adults to lead is also 
known to be related to increases in blood pressure  [44] . Lead plays no positive role 
in human biochemistry, and the considerable complexity of humans and the many 
factors to which they are exposed to make it diffi cult to determine the exact effects 
of very small amounts of lead. Nonetheless, the consequences of low - level expo-
sure to lead have become increasingly clear, and the  ‘ action level ’  at which lead 
should be considered dangerous, as suggested by government agencies, has been 
reduced several times over the years. Within the human body, lead cannot be 
metabolized to render it less dangerous.    

  5.2 
 General Sensing Techniques for Metal Ions 

 Sensing methods capable of quantifying these trace elements at low levels include 
 atomic absorption spectroscopy  ( AAS ),  inductively coupled plasma (ICP) com-
bined with atomic emission spectrometry  ( ICP - AES ) or  inductively coupled plasma 
with mass spectrometry  ( ICP - MS ). The latter technique represents a powerful 
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technique, owing to its multielement capacity and high sensitivity. Other methods 
include electrochemical, neutron activation, fl ame atomic fl uorescence spectrom-
etry, molecular absorption spectrometry and X - ray fl uorescence. In fact, the major-
ity of these methods have provided analytical devices and assays that are capable 
of detecting and quantifying trace metal ion concentrations  [48, 49] . In turn, these 
devices are normally restricted to  ‘ wealthier hands ’ , there being limited access to 
pollution monitoring agencies and other research organizations in the developing 
countries  [50] . A low - cost, easy - to - use and reliable device is still much needed for 
environmental monitoring and to ensure a  ‘ green chemistry ’   [1, 2] . The develop-
ment of optical sensors for the detection of hazardous trace metals is of great 
interest in environmental and biomedical fi elds  [2] . Optical sensors for Hg II  ion 
detection, for example, have successfully emerged using chromophores  [51] , fl uo-
rophores  [52 – 54] , electrochemical methods  [55] , functionalized polymers and pro-
teins  [56, 57]  and enzyme inhibition  [58] , but these were normally associated with 
certain limitations such as tedious synthesis, organic solvents, complicated analy-
sis, delayed signal response, insuffi cient selectivity and low sensitivity. Although 
various concepts in Hg II  ion - sensing have been installed to enhance sensitivity, 
selectivity and the dynamic working range, the recognition of target ions from 
multi - ion mixtures still poses a major challenge  [1 – 25, 51 – 58].   

  5.3 
 General Designs of Optical Nanosensors Based on Mesoporous Silica Carriers 

 The quest for simple and smart detection, eco - friendly solid sensors has been 
limited by few developments, which in recent years have been linked with solid 
materials, and with the signifi cant progress in nanotechnology  [1, 2, 33] . An ideal 
sensory system with a small molecule - based sensor strips would remain an attrac-
tive approach, as nanosensors with such types of probe could ultimately be 
employed in basic laboratory assays, in fi eld measurement by using portable 
devices, and in the household as a commercial indicator. Recently, the ability to 
manipulate matter at the nanoscale level has ked to the development of nanosen-
sors that exhibit high strength, as well as the ability to recognize and signal a broad 
range of chemical species  [15 – 17] . The advanced functionality of manipulating 
chromophore probes into nanomaterials as sensing receptors has received much 
attention in the design of chemical sensor arrays for the responsive recognition 
of several species such as metal cations  [11, 12]  and also charged and neutral 
organic molecules  [17, 24, 25, 33] . For the development of such an optical sensor, 
we recently constructed chromophore probes onto large cage mesostructures, the 
surfaces of which had been modifi ed by functionalizing agents. The grafting tech-
niques, which are commonly used to control the immobilization of choromogenic 
receptors on solid materials, leading to fabricate chemosensors for recognition of 
cation and anion species have been widely discussed  [17, 24, 25, 33] . The main 
challenge in the creation of nanosensors is that, although these grafting tech-
niques of probe - based chemical sensors have included the sophisticated immobi-
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lization procedures of the receptor probes, the retention of specifi c activity and 
fl exibility of the electron acceptor/donor strength of the immobilized probes was 
evident. Such mobility might lead to the simple generation and transduction of 
an optical color signal as a response to the events of probe – metal binding. Key to 
achieving a working design of an optical nanosensor is the ability to immobilize 
chromophore probes with different functional characteristics (i.e. hydrophobic and 
hydrophilic) with dense accessibility and intrinsic mobility onto these 3 - D  high -
 order monolithic  ( HOM ) pore surfaces, thereby indicating a facile and reliable 
synthesis design. 

 Several successful immobilization strategies using direct and indirect post - 
grafting techniques of hydrophilic and hydrophobic chromophores into the cubic 
Fm3m cage monoliths (where Fm3m is a face - centered cubic structure with 
Fm3m space group) were performed to design probe sink - like sensors (see 
Schemes  5.1  to  5.4 ). However, the functionalized cage sensors were fabricated 
through either a direct immobilization for hydrophobic  diphenylthiocarbazone  
( DZ ) probe (see Scheme  5.4 ) or through two - step inclusion procedures for hydro-
philic probes (see Schemes  5.1 – 5.3 ) via grafted - controlled surface modifi cation of 
the cage monoliths with amine -  or thiol - coupling agents. The experimental results 
showed that the use of   n  - trimethoxysilylpropyl -  N , N , N  - trimethylammonium chlo-
ride  ( TMAC ) or  mercaptopropyl trimethoxysilane  ( MPTS ) coupling agents were 
the most adequate for tuning the polarity of the HOM surfaces on which the high 
accessibility of the  tetraphenylporphine tetrasulfonic acid  ( TPPS ),  pyrogallol 
red  ( PR ),   α ,  β ,  γ ,  δ  - tetrakis(1 - methylpyridinium - 4 - yl)porphine  p  - toluenesulfonate 
( TMPyP ) moieties were observed  [59] , and therefore led to generate a long - term 
stability of sensors for the high selectivity of Hg II , Sb III  and Cd II  target ions, respec-
tively, with sensitive detection and rapid assessment analysis ( ≤ 1   min) (see Schemes 
 5.1 – 5.3 ).   

  5.3.1 
 Optical Nanosensor of Cage  HOM  -  TPPS  Sink for  Hg(II)  Ions 

 Immobilization of the TPPS chromophore into monolithic HOM mesopore geom-
etries led to the creation of optical chemical nanosensors that have effi cient sensing 
functionalities (Scheme  5.1 ) in terms of sensitivity, selectivity and response time 
of Hg(II) ions. Due to the potential leaching of the hydrophilic (TPPS) chromo-
phore by the washing cycle, the TPPS probe could not be directly embedded on 
the silica surface matrices without tuning the surface polarity. Optical TPPS - medi-
ated nanosensors were successfully fabricated by fi rst modifying the HOM silica 
with the TMAC coupling agent (Scheme  5.1 )  [24, 59] . With the introduction of 
TPPS probe molecules, strong ionic interactions successfully occurred between 
the PR chromophore containing sulfonate acid groups and the carriers charged 
by the functionalized ammonium ion (Scheme  5.1 ). 

  29 Si NMR spectroscopy was used to investigate the successful immobilization of 
the TMAC organic and probe (TPPS) moieties through the elucidation of the 
molecular environment in the silica materials  [60, 61] . First, the  29 Si NMR spec-
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trum of HOM - C10 carriers (Figure  5.1 a) showed three overlapping signals (Q n  
peaks) at  − 91,  − 101 and  − 110   ppm, respectively  [61] . Second,  29 Si NMR spectra 
(see, for example, Figure  5.1 b) of the silica - TMAC ligand showed signals that were 
representative of various silicon environments of the T n  and Q n  silane moieties; 
however, the T n  peaks were representative of a silicon matrix bound directly to 
organic species. Figure  5.1 b shows that, in addition to Q 2 , Q 3  and Q 4 , three differ-
ent signals were observed at  − 53,  − 61 and  − 71   ppm, which correspond to three 
different environments for the siloxane group in functionalized monolayers of T 1  
[R – Si(OH) 2 (OSi) 3 ], T 2  [R – Si (OH)(OSi) 3 ] and T 3  [R – Si(OSiO)]. This result indicated 
that the silicon atom in the siloxane matrix was directly incorporated into the 
organic TMAC moiety. The increase of the intense peak of the siloxane groups 
(Q 4 ) with the incorporation of the TMAC ligand or even TPPS, indicated that the 
Si – OH sites (silanediol and silanol groups) of the silica pore wall had undergone 
a condensation reaction with the organothiol coupling agent, forming covalent 
linkages to the silica frameworks. Finally, one signal of T 3  (Figure  5.1 c) was the 
main component with a negligible existence of T 2  dominant with the incorporation 

    Scheme 5.1     Representative scheme of the Hg(II) ion - sensor 
design through the post - grafting technique by using TMAC as 
a coupling agent and TPPS as probe - modifi ed cage HOM 
structures. Reversibility of the [Hg – TPPS] n+  complex was 
achieved using 0.01    M    ClO4

− as stripping agent several times, 
without causing leaching of the TPPS probe from the HOM 
pore surface.  
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of TPPS, indicating that the TPPS molecule was loaded closely to another in the 
functionalized monolayer  [60, 61] .    

  5.3.2 
 Optical Nanosensor of Cage  HOM  -  PR  Sink for  Sb(III)  Ions 

 The TMAC - functionalized mesoporous HOM materials, in principle, not only led 
to strongly bound TPPS molecules on the pore surfaces (Scheme  5.1 ), but also 
enhanced the loading amount and accessibility of the PR probe (Scheme  5.2 )  [62] . 
One of the most exciting aspects of this chemical nanosensor design is that the 
PR chromophore moieties can be embedded in the pore matrices, without causing 
any signifi cant alteration of the mesostructured regularity, particle morphology or 
pore geometry of the two - dimensional (2 - D) and 3 - D materials. This developed 
design yielded a sensing response in these chemical nanosensors that was gener-
ally linear, as evidenced from the high selectivity and sensitivity of Sb(III) target 
ions with a rapid response time (Scheme  5.2 ). With the introduction of PR probe 
molecules, strong ionic interactions successfully occurred between the PR chro-
mophore containing a sulfonate acid group and the carriers charged by the func-
tionalized ammonium ion (see Scheme  5.1 ). In addition, the hydrogen bonding 
between the PR molecules and Si – OH surfaces could also induce retention of the 
incorporated PR probe during the washing cycle, indicating the successful design 
of optical nanosensors.  29 Si NMR spectroscopy indicated successful tuning of 

    Figure 5.1      29 Si NMR spectra of (a) calcined HOM - C10 
monoliths; (b) functionalized TMAC/HOM - C10 monoliths; 
and (c) HOM/TMAC/TPPS nanosensor.  
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the silica surfaces by charged molecules (TMAC) and by the probe moiety (PR) 
through clarifi cation of the molecular environment in the silica materials (see 
Figure  5.1 ).  

  5.3.3 
 Optical Nanosensor of Cage  HOM  -  TMP  y  P  Sink for  Cd(II)  Ions 

 The results of these synthesis experiments showed that, due to potential leaching 
of the hydrophilic TMPyP chromophore by the washing cycle, the TMPyP probe 
could not be directly embedded on the cage (HOM - C10) pore surface matrices, 
without tuning the surface polarity. Optical nanosensors were successfully fabri-
cated with the TMPyP probe by using a silica - modifi ed MPTS coupling agent 
(Scheme  5.3 ), which can be used to create highly tuned and functional nanostruc-
tured surfaces  [59] . Oxidation of the mercapto group to sulfonic acid occurred by 
the addition of H 2 O 2  solution, leading to the creation of anionic sites on the HOM 
surfaces. With the introduction of a TMPyP probe, strong ion - pair interactions 
successfully occurred between the TMPyP chromophore containing a ammonium 
ion and the negatively charged (SO 3 H) carriers (Scheme  5.3 ). The electrostatic 
interactions could also induce retention of the incorporated TMPyP probe during 
the washing cycle, indicating the successful design of cage HOM - TMPyP optical 
sink. 

 The  Fourier - transform infrared  ( FTIR ) spectra (Figure  5.2 ) revealed that the 
MPTS and TMPyP organic moieties were functionalized the HOM carriers. With 
all samples, the appearance of a broad absorption band in the 3000 – 3500   cm  − 1  
region indicated the presence of Si − OH asymmetric stretching. In addition, two 
strong bands at 1100 and 960   cm  − 1  were assigned to Si − O − Si and Si − OH stretch-
ing vibrations, respectively  [45] . The silica - modifi ed MPTS showed additional 

    Scheme 5.2     Representative scheme of the Sb(III) ion - sensor 
design through the post - grafting technique by using TMAC as 
a coupling agent and PR as probe - modifi ed cage HOM 
structures. Reversibility of the [Sb – PR] n+  complex was achieved 
using 0.01    M  EDTA as stripping agent several times, without 
causing leaching of the PR probe from the HOM pore surface.  
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    Scheme 5.3     Construction and design of the 
HOM - TMPyP nanosensor for Cd(II) ion -
 sensing assay through the modifi ed - silica with 
thiol group using MPTS as coupling agent 
and subsequent formation of SO 3 H - modifi ed 
silica, using H 2 O 2  as an oxidizing agent and 

coupling agent. Reversibility of the [Cd –
 TMPyP] n+  complex was achieved using 0.1    M  
EDTA as stripping agent several times, 
without causing leaching of the TMPyP probe 
from the HOM pore surface.  
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absorption bands at 2960 and 1400   cm  − 1 , which were due to the aliphatic C − H and 
the stronger C − S bonds, respectively  [63] . The FTIR results were consistent with 
 energy - dispersive spectrometry  ( EDS ) X - ray microanalysis of each element. 
However, the composition contents of nanosensor  1  were estimated by recording 
an EDS X - ray microanalysis of each element (C, S, O, Si and N contents of 9.01, 
6.12, 53.3, 30.14 and 1.02 mass%, respectively). The  thermogravimetry - differential 
thermal analysis  ( TG - DTA ) curves of MPTS - modifi ed HOM monoliths are shown 
in Figure  5.3 , where the TG profi le shows a gradual decrease in the weight of 
HOM - MPTS, although the total weight loss was about 15% between 200 and 
700    ° C. Two broad exothermic peaks were observed at 320 and 520    ° C in the DTA 
curve, indicating that the MPTS fragments had decomposed between 200 and 
700    ° C  [63] . The data, in general, indicated the successful functionalized of MPTS 
with the silica carriers; however, the high concentration of nitrogen and sulfur 
compared to carbon within the cage HOM - TMPyP sensor might have been due 
to some unreacted functionalities with the probe moieties, consistent with the 
adsorption amounts (Q) of the TMPyP - probe molecule (Table  5.1 ).      

  5.3.4 
 Optical Nanosensor of Cage  HOM  -  DZ  Sink for  Pb(II)  Ions 

 The fabrication of cage HOM - DZ sink sensors was successfully fabricated by using 
the direct grafting process in which the DZ - probe was immobilized into HOM 

    Figure 5.2     FTIR spectra of (a) cage silica monoliths (HOM -
 C10); (b) functionalized MPTS/HOM - C10; (c) functionalized 
HSO 3 /HOM - C10; and (d) cage HOM - TMPyP nanosensors.  
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    Figure 5.3     Thermogravimetric (TG) analysis and differential 
thermal analysis (DTA) of MPTS - modifi ed monoliths.  
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 Table 5.1     Metal ion - sensing assays and sensing performance 
of monolithic cage nanosenors during the recognition of 
Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  analyte ions at pH 9, 3, 9.5 and 7, 
respectively. The sensor amount, total volumes and 
temperature of the sensing systems were maintained at 4   mg, 
20   cm 3  and 25    ° C, respectively. 

  Metal ion - sensing assays    Nanosensor performance  

  HOM 
sensor  

  Analyte    pH 
range  

   Q  
(mmol   g  − 1 )  

  Log 
 Ks   

   S     10 9 . L D   
(mol   dm  − 3 )  

   D R   
(mol   dm  − 3 )  

  10 8 . L Q   
(mol   dm  − 3 )  

  Storage 
(months)  

   t  R  
(s)  

  TPPS    Hg 2+     8 – 10    0.0054    14.8    1   :   1    6.34    9.9    ×    10  − 9  to 
1.5    ×    10  − 6   

  2.11    10    60  

  PR    Sb 3+     2.7 – 3.6    0.019    8.9    1   :   1    33.7    4.1    ×    10  − 8  to 
1.6    ×    10  − 6   

  11.2    7    60  

  TMPyP    Cd 2+     7 – 10    0.0031    13.52    1   :   1    13.5    1.78    ×    10  − 8  to 
4.4    ×    10  − 6   

  4.5    8    60  

  DZ    Pb 2+     6 – 7.5    0.12    8.87    1   :   1    2.38    9.7    ×    10  − 9  to 
4.8    ×    10  − 6   

  7.93    4    150  

   Adsorption amount ( Q ) of the probes, detection ( L D  ) and quantifi cation ( L Q  ) limits and range ( D R  ), response times 
( t  R ), stoichiometry of metal ions/probes complex formation ( S ) and effective pH range used and stability constant 
(log  K  s ) of the complexes.    Adapted with permission from Ref.  [24] ;  ©  2006, Wiley - VCH. 
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monoliths without previous modifi cation of their pore surfaces (Scheme  5.4 ). In 
fact, the direct grafting of DZ chromophore molecules with high adsorption capac-
ity ( Q ) led to the design of optical molecular sensors for the simple detection of 
Pb(II) ions (Table  5.1 ). However, the amount ( q ) of DZ probe adsorbed at satura-
tion was calculated by Equation  5.1 :

   Q C C V m= −( ) ( )−
o t mmolg 1     (5.1)  

where  Q t   is the adsorbed amount at contact time  t, V  is the solution volume (in 
liters),  m  is the mass of HOM carriers (in grams), and  C  o  and  C  t  are the initial 
concentration and the concentration at saturation time  t , respectively (see Table 
 5.1 ). In general, the variation in the loading capacity ( Q ) of probes for the cage 
sink nanosensor (Table  5.1 ) was attributed to the interaction characteristics of the 
TPPS, PR, TMPyP and DZ probes with HOM cage monoliths  [24] . 

 The functional use of the mesoporous silica HOM monoliths with large particle 
morphology (size  ≥  150    μ m) and 3 - D nanoscale cubic structures as modal carriers 
enhanced the potential sensing of Pb(II) ions. These results revealed that the direct 
immobilization of a DZ - probe into HOM monoliths occurred mainly through the 
physical  ‘ short - range ’  interactions (i.e. van der Waals and H - bonding interactions) 
between the abundant hydroxyl groups of pore surface silicates and the three - 
centered heteroatoms of DZ (Scheme  5.4 ). Such interactions led to the stability of 
mesocaged chemosensors during the washing cycle and potential sensing detec-
tion of Pb(II) ions. Compared to the indirect immobilization of a probe in which 
commonly used silane or thiol coupling agents were used to tune the surface 
polarity of HOM - , SBA -  and MCM - silicas  [24, 61] , the direct immobilization 
enabled the design of chemosensors without pore blockage that commonly 

    Scheme 5.4     Fabrication of HOM - DZ sensor via direct 
immobilization of DZ probe into HOM monoliths via H -
 bonding interaction under vacuum. Reversibility of the [Pb –
 (DZ) 2 ] n+  complex was achieved using 0.1    M  CH 3 COO  −   as 
stripping agent several times, without causing leaching of the 
DZ probe from the HOM pore surface.  
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occurred with the grafting of silane and thiol moieties  [25] . Furthermore, such a 
direct incorporation process not only led to a strongly bound DZ probe with a 
higher loading capacity onto the pore surfaces, but also enhanced the accessibility 
of the DZ probe to Pb(II) ions, without any increase in kinetic hindrance compared 
to that of an indirect grafting process  [25] . In fact, the ability to achieve fl exibility 
on the specifi c activity of the electron acceptor/donor strength of the DZ molecular 
probe might lead to the easy generation and transduction of an optical color signal 
in response to the DZ – Pb(II) analyte binding events, as evidenced from the cubic 
chemosensor responses (see Table  5.1 ).   

  5.4 
 Optical Sensing Assays of Metal Ions Using Nanosensors 

 Although, in general, the successful design of optical sensors based on nanostruc-
tures enabled the selective and sensitive detection of Pb(II), Hg(II), Cd(II) and 
Sb(III) ions to subnanomolar concentrations (see Table  5.1 ), the high performance 
of the sensors was dependent on key factors such as the contact - time  ‘ signal 
response time ’ , the amount of support - based sensor, the reaction temperature 
 [1 – 17]  and the pH  [18 – 20] . In order to control the sensing assays, it I necessary to 
understand that these key factors strongly affected the homogeneity in the color 
map distribution and intensity, even at low loading level of metal ions during the 
visual detection process in the laboratory experiments. In general, changes in these 
key factors can play signifi cant roles involving redistribution of the charge polarity 
and electron and energy transfer within the probe molecule into the pore surfaces. 
Therefore, the chemical sensing system is extremely sensitive to such changes 
which, in turn, acutely affects the accuracy and precision in the determination and 
visual detection of the target ions  [24] . 

 In order to control the sensing assays of the chemical nanosensors for Hg(II), 
Sb (III), Cd(II) and Pb(II) ions, they were studied as a function of the HOM - 
nanosensor amount, temperature, pH solution and contact - time  ‘ signal response 
time ’  (Figures  5.4  and  5.5 ). In this study, a series of experiments was carried out 
to systematically defi ne and evaluate the relative importance of these factors in a 
HOM - probe nanosensor for the detection of Pb(II), Hg(II), Cd(II) and Sb(III) ions. 
In general, the extent of metal ion chelation with the receptor - immobilized HOM 
was monitored quantitatively after equilibration at a real - time response (i.e.  ≥  R t  ), 
in which the prominent color change and signal saturation of the [Hg – TPPS] n+ , 
[Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  complex equilibrium of binding were 
achieved (see Figures  5.4  and  5.5 ). In such a quantifi cation procedure,  R t   can be 
considered as a reference signal with practically no metal analyte ion remaining 
(see Table  5.1 )  [24, 25] . The pH response was also studied by continuously moni-
toring the signal sensing response of the nanosensors for [0.5   ppm] Hg 2+ , [0.5   ppm] 
Sb 3+ , [0.3   ppm] Cd 2+  and [1.0   ppm] Pb 2+  analyte ions at different pH - values of the 
solution (from 1 to 11) and at 25    ° C. It should be noted that the effect of pH on 
the visual detection of Hg(II), Sb(III), Cd(II) and Pb(II) ions was studied by adding 



    Figure 5.4     The pH - dependent signal response 
of HOM - TPPS, HOM - PR, HOM - TMPyP and 
HOM - DZ nanosensors during the recognition 
of [0.5   ppm] Hg 2+ , [0.5   ppm] Sb 3+ , [0.3   ppm] 
Cd 2+  and [1.0   ppm] Pb 2+  analyte ions at  λ  of 

447, 534, 453 and 501   nm, respectively. The 
amount of solid sensors, response time, total 
volume and temperature of the sensing 
systems were maintained at 4   mg, 3.0   min, 
20   cm 3  and 25    ° C, respectively.  

    Figure 5.5     Effect of the amount of monolithic 
HOM - TPPS, HOM - PR, HOM - TMPyP and 
HOM - DZ nanosensors on the signal response 
of [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and 
[Pb – (DZ) 2 ] n+  complexes during the recognition 
of [0.5   ppm] Hg 2+ , [0.5   ppm] Sb 3+ , [0.3   ppm] 

Cd 2+  and [1.0   ppm] Pb 2+  analyte ions at pH 9, 
3, 9.5 and 7, respectively. The response time, 
total volumes and temperature of the sensing 
systems were maintained at 3   min, 20   cm 3  and 
25    ° C, respectively.  
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a mixture containing a specifi c concentration of Hg(II), Sb(III), Cd(II) and Pb(II) 
ions adjusted to a pH between 1 and 3 (by using 0.2    M  KCl/HCl), to 4 – 6 (by using 
0.2    M  CH 3 COOH - CH 3 COONa), to 7 – 8 (by using 0.2    M  3 - morpholinopropane sul-
fonic acid, MOPS) and to 9 – 11 (by using 0.2    M  2 -  cyclohexylamino ethane sulfonic 
acid ;  CHES ), respectively, under the same conditions. The results of this pH study 
showed that the maximum absorbance intensity of the metal - to - ligand complex 
was exhibited at pH 9.0, 3.0, 9.5 and 7.0, respectively (see Figure  5.4 ).   

 In fact, not only a high surface area and porosity but also the particle - size mor-
phology of the materials proved advantageous by allowing a high adsorption capac-
ity of the chromophore probe, with fast kinetics. While the amount adsorbed onto 
the probe signifi cantly infl uenced the creation of a signifi cant sensing system, the 
results also showed that the quality of the sensing system depended on the amount 
of solid support - probe used; however, the probe concentration substantially 
affected the sensitivity in ordinary spectrophotometric methods. Based on the 
results of these recent studies, the amount of adsorbed probe was seen to signifi -
cantly affect the metal ion - sensing systems. The data in Figure  5.5  show that the 
signal response of the [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  
complexes at  λ  - values of 447, 534, 453 and 501   nm, respectively and at the specifi c 
pH solutions, were also dependent on the amount of solid HOM - probe nanosen-
sor used; however, the probe concentration also had a signifi cant effect on complex 
formation (see Figure  5.5 ). These fi ndings revealed that  ∼ 4   mg of solid HOM - probe 
was suffi cient to achieve a good color separation between the blank and the Hg(II), 
Sb(III), Cd(II) and Pb(II) ion samples, even at a low metal concentration.  

  5.5 
 One - Step and Simple Ion - Sensing Procedures 

 Despite the feasible use of these commercial receptor TPPS, PR, TMPyP and DZ 
probes for the sensitive determination of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions up to 
10  − 7    mol   dm  − 3   [64] , the solid cage materials immobilized by the indicator dyes 
could, in principle, be used as preconcentrators to yield a high adsorption capacity 
and preconcentration effi ciency. This would lead to a simultaneous visual inspec-
tion and simple detection over a wide, adjustable range of Hg 2+ , Sb 3+ , Cd 2+  and 
Pb 2+  ion concentrations, even at trace levels ( ∼ 10  − 9    mol   dm  − 3 ). No elution of the 
probe molecules was evident with the addition of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions 
during the sensing process. The binding of these ions with probes led to a color 
change of nanosensors which corresponded to formation of the metal – chelate 
[Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  complexes (Schemes 
 5.1 – 5.4 ). The results (Figures  5.6 – 5.9 ) indicated that chemical nanosensors offered 
one - step, simple sensing procedures for both the quantifi cation and visual detec-
tion of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions, without the need for sophisticated instru-
mentation  [33] .   

 Key to the success of these nanosensors was that the colorimetric determination 
using UV - visible refl ectance spectroscopy could be used to quantitatively validate 



    Figure 5.6     Representative concentration -
 dependent changes of HOM - TPPS cage 
chemosensor sink in the color map and in 
UV - visible refl ection spectra of [Hg – TPPS] n+  
complex formation at  λ    =   447   nm, with the 
addition of various concentrations of Hg(II) 

ions. The signal responses of the optical sink 
were monitored at specifi c sensing conditions 
(pH 9, 4.0   mg, 60   s, 25    ° C).  Adapted with 
permission from Ref.  [24] ;  ©  2006, 
Wiley - VCH.   
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    Figure 5.7     Representative concentration -
 dependent changes of HOM - PR cage 
chemosensor sink in the color map and in 
UV - visible refl ection spectra of [Sb – PR] n+  
complex formation at  λ    =   534   nm, with the 
addition of various concentrations of Sb(III) 

ions. The signal responses of optical sink 
were monitored at specifi c sensing conditions 
(pH 3, 4.0   mg, 60   s, 25    ° C).  Adapted with 
permission from Ref.  [24] ;  ©  2006, 
Wiley - VCH.   
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    Figure 5.8     Representative concentration -
 dependent changes of HOM - TMPyP cage 
chemosensor sink in the color map and in 
UV - visible refl ection spectra of [Cd – TMPyP] n+  
complex formation at  λ    =   453   nm, with the 
addition of various concentrations of Cd(II) 

ions. The signal responses of optical sink 
were monitored at specifi c sensing conditions 
(pH 9.5, 4.0   mg, 60   s, 25    ° C).  Adapted with 
permission from Ref.  [24] ;  ©  2006, 
Wiley - VCH.   
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    Figure 5.9     Representative concentration -
 dependent changes of HOM - DZ cage 
chemosensor sink in the color map and in 
UV - visible refl ection spectra of [Pb – (DZ) 2 ] n+  
complex formation at  λ    =   501   nm, with the 
addition of various concentrations of Pb(II) 

ions. The signal responses of optical sink 
were monitored at specifi c sensing conditions 
(pH 7, 4.0   mg, 150   s, 25    ° C).  Adapted with 
permission from Ref.  [24] ;  ©  2006, 
Wiley - VCH.   
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the wider concentration range of the Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions (see Table  5.1 ); 
this could be achieved by monitoring the signaling change in the refl ectance 
spectra of nanosensors during the formation of [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd –
 TMPyP] n+  and [Pb – (DZ) 2 ] n+  complexes (Figures  5.6 – 5.9 ). However, in general, the 
refl ectance spectra of HOM - TPPS and HOM - TMPyP nanosensors exhibited a 
bathochromic shift, from 410 and 429   nm to 447 and 453   nm, during recognition 
of the Hg II  and Cd II  ions, respectively. In turn, the refl ectance spectra of the HOM -
 PR sensor showed a hyperchromic effect at 534   nm upon the addition of Sb III  ions. 
In the Pb II  ion - sensing system, the HOM - DZ sensor at 596   nm exhibited a blue 
shift to 501   nm after the addition of Pb II  ions. These results indicated the formation 
of charge – transfer complexes between the metal ions and the probes (as shown 
in Schemes  5.1 – 5.4 ). 

 Successful visual detection of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions over wide  detection 
range s ( D R  s) of 2 to 500   ppb, 5 to 2000   ppb, 2 to 300   ppb and 2 to 2000   ppb was 
clearly achieved by using HOM - TPPS, HOM - PR, HOM - TMPyP and HOM - DZ 
nanosensors, respectively. The color of the nanosensors (see insets in Figures  5.6  
to  5.9 ) changed with increasing [Cd 2+ ] ions. The color reaction was stable, and no 
elution of the probe molecules occurred with addition of the Hg 2+ , Sb 3+ , Cd 2+  and 
Pb 2+  analyte ions  [24, 25, 33, 63] . The rapid, sensitive detection of Hg 2+ , Sb 3+ , Cd 2+  
and Pb 2+  ions at nanomolar concentrations by using the naked eye, without any 
instrumentation, indicated the high performance and reliability of these sensing 
systems, as evidenced by the results of UV - visible spectroscopy (see Figures 
 5.6 – 5.9 ).  

  5.6 
 The Calibration Graphs and Analytical Parameters of Nanosensors 

 The refl ectance bands of the [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb –
 (DZ) 2 ] n+  complexes were recorded after correction of the baseline of the refl ection 
spectra between the nanosensor signal of the blank and the concentration - depen-
dence for Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions at  λ  - values of 447, 534, 453 and 501   nm, 
respectively. A linear calibration at low - level concentrations of Hg 2+ , Sb 3+ , Cd 2+  and 
Pb 2+  ions with a correlation coeffi cient range of  ∼ 0.998 was characteristic of the 
calibration curve for the 3 - D cubic cage nanosensors (Figure  5.10 ). Due to satura-
tion effects, however, a nonlinear correlation at the infl ection point was observed 
with high concentrations of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions ( ≥ 0.049, 0.024, 0.088 
and 0.014, respectively)  [24] . The nonlinear curves indicated that the Hg 2+ , Sb 3+ , 
Cd 2+  and Pb 2+  analytes could be detected with highest sensitivity at low concentra-
tions. To ensure both accuracy and precision of the metal ion - sensing systems, 
several quantifi cation measurements (10 or more times) were carried out over a 
wide range of concentrations of  ‘ standard ’  solutions of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  
analytes at the specifi c sensing conditions (see Figures  5.4  and  5.5 ). The calculated 
standard deviation for the analysis, using all monolithic nanosensors, was in the 
range of 0.1 – 0.3%, as evidenced by the fi tting plot of the calibration graphs.   
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 Both, the detection ( L D  ) and quantifi cation ( L Q  ) limits of Bi(III) ions, using the 
mesocaged nanosensors, were estimated from the linear portion of the calibration 
plot (Figure  5.10 )  [34, 64] , according to Equations  5.2  and  5.3 :

   L k S mD b= 1     (5.2)  

   L k S mQ b= 2     (5.3)  

where the constants of  k  1  and  k  2  are equal to 3 and 10, respectively,  S b   is the stan-
dard deviation for the blank, and  m  is the slope of the calibration graph in the 
linear range (Figure  5.10 ). The  L D   value (Table  5.1 ) indicated that the cubic nano-

    Figure 5.10     Calibration plots (A - A o  [metal ion] 
concentration, where A o  and A c  is the 
absorbance of HOM - probe (blank) of (a) 
HOM - TPPS; (b) HOM - PR; (c) HOM - TMPyP; 
and (d) HOM - DZ nanosensors and the signal 
response of [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd –
 TMPyP] n+  and [Pb – (DZ) 2 ] n+  complexes during 

the recognition of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  
analyte ions at pH 9, 3, 9.5 and 7, 
respectively. The sensor amount, total 
volumes and temperature of the sensing 
systems were maintained at 4   mg, 20   cm 3  and 
25    ° C, respectively.  
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sensors enabled an effective detection of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  target ions at 
concentrations up to  ∼ 10  − 9    mol   dm  − 3  by using these simple ion - sensing systems. 
Furthermore, the quantifi cation limit ( L Q  ) signifi es the precise correlation of the 
experimental sensing procedure of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ion - sensing data 
obtained from the fabricated nanosensors (see Table  5.1 ). 

 Furthermore, at the infl ection points in the calibration curves (see Figure  5.10 ), 
the stoichiometry of the [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  
complexes was 1   :   1 (Hg II    :   TPPS), 1   :   1 (Sb III    :   PR), 1   :   1 (Cd II    :   TMPyP) and 1   :   2 
(Pb II    :   DZ) for HOM - probe nanosensors (see Schemes  5.1 – 5.4 ). Further evidence 
for the stoichiometric [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  
complexes was revealed from Job ’ s plot (data not shown), where changes in the 
absorbance of the complex formation in solution under experimental conditions 
were monitored. The results indicated a 1   :   1 binding for TPPS with Hg II , PR with 
Sb III  and TMPyP with Cd II  ions, respectively (see Schemes  5.1 – 5.3 ). However, a 
1   :   2 binding for DZ with Pb II  ion was characteristic for formation of the [Pb –
 (DZ) 2 ] n+  complex (see Scheme  5.4 ). 

 The stability constant (log  K s  ) of the formed [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd –
 TMPyP] n+  and [Pb – (DZ) 2 ] n+  complexes with the nanosensors, at specifi c pH values 
of 9.0, 3.0, 9.5 and 7.0, was estimated according to Equation  5.4 :

   logKs = [ ] [ ] × [ ]ML L MS S     (5.4)  

where [M] refers to the concentration of metal ions in solution that have not 
reacted with the chelating agent, [L] represents not only the concentration of free 
DZ ligand but also the concentration of all ligands not bound to the metal, and 
the subscript S refers to the total concentration and the species in the solid phase 
 [64] . Values of the binding constants (log  Ks ) indicated that the nitrogen - containing 
TPPS and TMPyP ligands typically bound tightly to Hg II  and Cd II  ions of the fab-
ricated nanosensors. In general, the high analyte - to - receptor binding affi nity was 
due to an intrinsic mobility of the probe - based nanosensors to bind the Hg 2+ , Sb 3+ , 
Cd 2+  and Pb 2+  ions effi ciently in these sensing systems (see Table  5.1 ).  

  5.7 
 The Advantages of Nanosensor Designs 

  5.7.1 
 Retention of Uniformity of Nanosensor Cage - Like Sinks 

 The  X - ray diffraction  ( XRD ) profi les (Figure  5.11 ) provide evidence that the ordered 
face - centered cubic Fm3m structures (HOM - C10) were characteristic of the fabri-
cated monolithic carriers and nanosensors  [21b, d] . Despite the high loading level 
of the organic - probe moieties into the necked pore channels, or onto the pore 
surface, fi nely resolved Bragg diffraction peaks were clearly evident for the cubic 
Fm3m nanosensor geometries. This fi nding indicated the successful immobiliza-
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    Figure 5.11     (a) X - ray diffraction pattern and 
(b) N 2  adsorption/desorption isotherms at 
77   K of cubic Fm3m cage carriers (HOM - C10) 
(curve a) and HOM - DZ (curve b); HOM -
 TMPyP (curve c); HOM - PR (curve d) and 
HOM - TPPS (curve e) nanosensors. The 

inserts are the texture parameters of the 
HOM carriers and sensors: Mesopore ( V p  ) 
volumes, BET surface area ( S BET  ) and pore 
cavity ( C R  ).  Adapted with permission from 
Ref.  [25] ;  ©  2006, Wiley - VCH.   
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tion of the hydrophilic TPPS, TMPyP and PR probes and hydrophobic DZ 
chromophore into the rigid condensed framework of the matrices, while retaining 
the mesoscopically orientational order (Figure  5.11 a and b, curves b to e) of 
cubic Fm3m mesostructures. These rigid matrices with such order led to a high 
fl ux and transport of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  analyte ions during the detection 
process  [24] .   



 The N 2  isotherms revealed a uniformity and regularity of the 3 - D cubic cage 
nanosensors, as evidenced from a well - known sharp infl ection of the adsorption/
desorption branches (Figure  5.11 b). However, H 2  - type hysteresis loop and the 
well - defi ned steepness of the isotherms (Figure  5.11 b, curves a to e) indicated that 
uniform cage - like pore structures were characteristic of the cubic Fm3m nanosen-
sors  [21, 65] . The adsorption branches were slightly shifted to a lower relative 
pressure ( P / P  o ) when the organic probe moieties were immobilized (Figure  5.11 b), 
indicating an inclusion of the organic moieties (to some extent) into the spherical 
mesopore cavity, without any signifi cant effect on the uniformly sized structures. 
In turn, no shift in the desorption branches of the nanosensors was evident. The 
latter aspect, in particular, indicated a retention of the entrance of cage structures 
and an accessibility and retainability of the probes in the spherical cavity. Further 
evidence of this inclusion inside the pore cavity was that, fi rst, the width of the 
hysteresis loop was decreased with embedding of the organic moieties, which in 
turn indicated a decrease in the nanoscale pore length for all of the fabricated 
nanosensors (see Figure  5.11 b, inset). Second, a decrease in the surface area and 
pore volume with the functionalization of cubic nanosensors provided further 
evidence that the organic moieties were embedded inside the mesopore. The reten-
tion of physical characteristics of nanosensors, such as large porosity, surface area 
and pore volume, allowed the Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions to access the func-
tional active sites of the probe - based nanosensor  [65] . In fact, homogeneous dif-
fusion and rapid transport of analyte ions onto the ordered pore networks of 
materials led to an excellent sensitivity with a rapid response - time of detection (see 
 t  R  in Table  5.1 ). 

  Transmission electron microscopy  ( TEM ) images (Figure  5.12 ) revealed well -
 organized mesopore arrays over a large area of the cubic Fm3m lattices of nano-
sensors, despite an immobilization of the loading coverage of bulky chromophore 
molecules such as the TPPS, PR, TMPyP and DZ probes. The TEM images (Figure 
 5.12 ) show uniformly sized, cage - like pores and continuous spherical arrange-
ments along all directions of the nanosensors  [21] , despite the slight defects, as 
indicated by arrows. The topological defect surfaces for these fabricated nanosen-
sors were also evident from the 3 - D TEM images (Figures  5.12 c and d). Both sets 
of images, in general, indicated the retention of uniformly sized order structures, 
which in turn facilitated receptor – metal binding events during the sensing 
response systems, as evidenced by the rapid response times for Hg 2+ , Sb 3+ , Cd 2+  
and Pb 2+  ion detection (see Table  5.1 ).    

  5.7.2 
 Rapid Time - Response of Metal Ion - Sensing Systems 

 The rapid metal - to - ligand binding kinetics with formation of the [Hg – TPPS] n+ , 
[Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  complexes was investigated by continu-
ously monitoring the UV - visible refl ectance spectra (Figure  5.13 ) and the color 
change of the nanosensors after addition of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions as a 
function of time. The results showed that charge transfer between the TPPS, PR, 
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TMPyP and DZ probes and Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+ , respectively, occurred within 
a short time period (60   s    ≤     t  R     ≤    3   min), due to the ability of the nanostructures with 
large, open, uniform pore architectures to effi ciently bind the Hg 2+ , Sb 3+ , Cd 2+  and 
Pb 2+  ions to the grafted TPPS, PR, TMPyP and DZ probes (Figure  5.13 ). Despite 
a low, or even high, concentration of analyte ions used during the detection 
process, no signifi cant change in nanosensor response time was evident. The 
results indicated a high availability and affi nity of the probe ligands for Hg 2+ , Sb 3+ , 
Cd 2+  and Pb 2+  ions binding at all metal – ion loading levels. In fact, the high metal 
fl ux    –    namely, ion transport and the affi nity of the metal – ligand binding    –    were 
signifi cantly affected by the mesopore shape and by the structural geometry and 
morphology of fabricated nanosensors, as clearly evidenced by the  t  R  value (Table 
 5.1 ). The results also indicated that the cage nanosensors  ‘ sink - like ’  exhibited an 
easy accessibility of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions, and rapid binding of TPPS with 
Hg II , PR with Sb III , TMPyP with Cd II , and DZ with Pb II .    

    Figure 5.12     Representative transmission 
electron microscopy (TEM) images of 
uniformly shaped cage mesochannels of 
the optical (a) HOM - DZ and (b) HOM - PR 
sensors recorded along the [110] (a); distorted 
[110]/[111] (b). The 3 - D surfaces of these TEM 
micrographs (c and d, respectively) with a tilt 
of 45    °  revealed, in general, smooth and well -
 ordered network surfaces over wide - range 

domains. However, TEM image (b) showed 
that grafting of the cage monoliths during 
batch embedding experiments might induce 
an orientationally distorted portion, though 
this did not lead to signifi cant collapse in the 
mesoscopic frameworks.  Adapted with 
permission from Ref.  [24] ;  ©  2006, 
Wiley - VCH.   
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  5.7.3 
 Stability of the Monolithic Nanosensors 

 The stability of the grafted PR - probe based nanosensors was examined for 2 - D and 
3 - D mesostructured traps. The long - term retention of the electron acceptor/donor 
strength of the probe functional group bestows great technological promise on 
these optical sensing systems  [1 – 17] . Among the developed sensor - based nano-
structure materials, the robustness in sensor design (see Schemes  5.1 – 5.4 ) pro-
vided control over any potential leaching of the hydrophilic TPPS, TMPyP and PR 
chromophores and hydrophobic DZ probe during any washing cycles, or after 
long - term storage (see Table  5.1 ). However, the strong (coulombic) electrostatic 
interactions of the hydrophilic TPPS, TMPyP and PR chromophores with charged 
grafted surfaces by TMAC and MPTS ligands led to stable, confi ned sensors. The 
study results showed that only a slight change in the optically colored density of 
the  ‘ absorption spectra ’  for the HOM - TPPS, HOM - TMPyP and HOM - PR nano-
sensors was evident, even after long - term storage (on the order of months), which 
provided further evidence of an effi cient sensing functionality (see Table  5.1 ). 
Although, direct immobilization of the DZ - probe into HOM monoliths, without 
the use of silane or a thiol coupling agent, led to a high - mobility ion - sensing 
system during the Pb(II) – DZ binding events, although limitations were observed 
in the retention of sensor activity during storage. This effect might have been 
due to the grafting design of DZ into HOM carrier, which occurred through the 

    Figure 5.13     Kinetic response - time of the 
signal response of [Hg – TPPS] n+ , [Sb – PR] n+ , 
[Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  complexes 
during the recognition of [0.5   ppm] Hg 2+ , 
[0.5   ppm] Sb 3+ , [0.3   ppm] Cd 2+  and [1.0   ppm] 
Pb 2+  analyte ions using the monolithic 

HOM - TPPS, HOM - PR, HOM - TMPyP and 
HOM - DZ nanosensors at pH 9, 3, 9.5 and 7, 
respectively. The sensor amount, total 
volumes and temperature of the sensing 
systems were maintained at 4   mg, 20   cm 3  and 
25    ° C, respectively.  

 5.7 The Advantages of Nanosensor Designs  189



 190  5 Mesoporous Cage-Like Silica Monoliths for Optical Sensing of Pollutant Ions

physical  ‘ short - range ’  interactions (i.e. van der Waals and H - bonding interactions). 
In both designs of optical nanosensor, the tailored nanostructures achieved 
by tuning the surface characteristics with charge carrier groups enabled the 
sensing systems to acquire long - term stability in their functionalities, despite 
the longer storage time (see Table  5.1 ). Such long - term stability makes these 
sensing systems particularly applicable for the detection of other toxic metal 
ions  [1 – 3] .  

  5.7.4 
 Reversibility of the Metal Ion - Sensing Systems 

 One major advantage of nanostructured sensors is their retention of functionality 
in terms of sensitivity with a rapid response time, even after multiple regenera-
tion/reuse cycles of the [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  
complexes in the materials  [1 – 3, 24, 25, 33] . Although improvements in the reduc-
ibility and reversibility of the chemical sensors represent a major challenge, the 
nanostructured sensor can extend control of the Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ion 
detection, even after several cycles of decomplexation in which an appropriate 
stripping agent is used, such as 0.01 – 0.1    M   ethylenediaminetetraacetic acid  
( EDTA ), 0.01    M    ClO4

− or 0.1    M    CH COO3 3
− (see Schemes  5.1 – 5.4 ). After multiple 

regeneration/reuse cycles (i.e. six, or more), although the regenerated nanosensors 
showed a relatively lower sensitivity (Figure  5.14 ) with greater metal - to - ligand 
kinetic hindrances (see  t  R  values), they also showed a well - controlled signaling for 
their visual detection (see Table  5.2 ).     

 As a consequence of the recycle process, the effective binding and signaling of 
the metal ion targets to the probe functional sites might become signifi cantly 
degraded due to the substantial infl uence of the stripping agents (Figure  5.14 ) 
upon cycling. Although the time - response of such regenerated sensors was gener-
ally infl uenced by the extensive cycling process, the binding and signaling 
remained relatively rapid (on the order of minutes), and fully reversible  [24] . In 
order to understand the differences in sensing effi ciency among the various 
regenerated nanosensors, textural parameters were examined for all of the nano-
structured sensors after the reuse cycles (Table  5.2 ). The results revealed that, in 
particular, all of the sensing systems experienced a signifi cant reduction in 
surface area and pore volume. Compared to the powder sensors  [15 – 17] , the 
meso/macroporous surfaces of monolith - based nanosensors showed a greater 
reversibility, due to the open interconnectivity macropore grains. These large - pore 
surface grains may induce characteristics of high adsorption in the probe, and 
increase accessibility for analyte ion transport, leading to large amounts of the 
probe being retained. A high probe loading may result in a selective and sensitive 
sensor, without increased kinetic hindrance, despite the probe potentially leaching 
from the pore surface during decomplexation. In this way, the nanosensors will 
achieve the high performance required for use in the environmental clean - up of 
toxic heavy metal ions.  



    Figure 5.14     Reversibility graph of the cage 
HOM - DZ (a); HOM - TMPyP (b); HOM - PR (c); 
and HOM - TPPS (d) nanosensors after 
regeneration cycles  ‘ decomplexation process ’  
of analyte ions using [0.1    M ] CH 3  COO  −  , 
[0.1    M ] EDTA, [0.01    M ] EDTA and [0.01    M ]   

ClO4
− stripping agents, respectively. Note 

the calculated percent variability regarding 
effi ciency of the optical sensors after cycling 
of 0.3   ppm analyte ions.  Adapted with 
permission from Ref.  [24] ;  ©  2006, 
Wiley - VCH.   

 Table 5.2     Textural parameters ( V   p   and   S BET   ) and sensing 
features of optical  HOM  nanosensors after several 
decomplexation processes of [Hg –  TPPS ] n+ , [Sb –  PR ] n+ , [Cd –
  TMP  y  P ] n+  and [Pb – ( DZ ) 2 ] n+  complexes using various eluants 
and the reuse cycles and during the recognition of 0.3   ppm 
analyte ions. 

  HOM 
sensor  

  Eluant ( M )    Analyte     V p   
 (cm 3    g  − 1 )  

   S BET   
 (m 2    g  − 1 )  

  Cycle no.     t  R  
 (min)  

  E   a    
 (%)  

  TPPS    [0.02]   ClO4
−     Hg 2+     0.99    700    2    1.5    96  

  0.96    680    4    2.0    94  
  0.94    670    6    2.5    90  

  PR    [0.01] EDTA    Sb 3+     0.93    790    2    1.5    96  
  0.9    770    4    2.0    95  
  0.88    740    6    2.5    92  

  TMPyP    [0.1] EDTA    Cd 2+     0.86    780    2    1.0    98  
  0.84    760    4    1.5    96  
  0.83    750    6    2.0    95  

  DZ    [0.1] CH 3  COO  −      Pb 2+     1.0    740    2    3.0    95  
  0.98    690    4    3.5    90  
  0.96    680    6    3.5    86  

    a  Effi ciency (E) of cage HOM sensors within the regeneration/reuse cycle numbers was 
estimated based on sensor sensitivity during detection of analytes ions compared with the 
original data in Table  5.1 .   
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    Figure 5.15     Selectivity profi les of (a) HOM -
 TPPS; (b) HOM - PR; (c) HOM - TMPyP; and 
(d) HOM - DZ nanosensors using the 
simultaneously selective recognition method, 
in which the effect of various cations on 
the signal response of [Hg – TPPS] n+ , [Sb – PR] n+ , 
[Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  complexes 
during the recognition of [0.1   ppm] Hg 2+ , 
[0.1   ppm] Sb 3+ , [0.05   ppm] Cd 2+  and [0.3   ppm] 

Pb 2+  analyte ions at pH 9, 3, 9.5 and 7, 
respectively. Note: the concentration of 
diverse ions was in ppm, and given with 
the notations of interfered ions (x - axis). The 
inferred species were also fi rst mixed with 
the monolithic sensors before addition of the 
analytes under working sensing conditions of 
4   mg sensor, 20   ml volume and 25    ° C.  
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  5.7.5 
 Optically Selective Nanosensors for Trace - Level Toxic Ions 

 The practical utility of the nanoscale - structured sensors described here is the 
ability to fi ne - tune highly selective sensing systems, when combined with actively 
diverse ions (interfering components), under experimentally controlled conditions 
(Figures  5.15  and  5.16 ). In order to investigate the effect of extraneous ions in the 



    Figure 5.16     Selectivity profi les of (a) HOM -
 TPPS; (b) HOM - PR; (c) HOM - TMPyP; and 
(d) and HOM - DZ nanosensors using the 
simultaneously selective recognition method, 
in which the effect of various anions and 
complexing agents on the signal response of 
[Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and 
[Pb – (DZ) 2 ] n+  complexes during the recognition 
of [0.1   ppm] Hg 2+ , [0.1   ppm] Sb 3+ , [0.05   ppm] 
Cd 2+  and [0.3   ppm] Pb 2+  analyte ions at pH 9, 
3, 9.5 and 7, respectively. Note: the 
concentration of diverse ions was in ppm, and 
given with the notations of interfered ions (x -
 axis). In addition, the inferred species were 

fi rst mixed with the monolithic sensors before 
addition of the analytes at the working 
sensing conditions of 4   mg sensor amount, 
20   ml volume and 25    ° C. The abbreviation of 
anions were as follows:   CO carbonate3

2− = ;   
HCO bicarbonate3

− = ;   SO sulfate4
2− = ;   

SO sulfite3
2− = ;   NO nitrate3

− = ;   NO nitrite2
− = ;   

PO phosphate4
3− = ; F  −     =   fl uoride; 

SCN  −     =   thiocyanate; Thiour   =   thiourea;   
IO iodate3

− = ;   S O thiosulfate2 3
2− = ; 

Ptalat   =   phthalate; Oxlat   =   oxalate; 
Citat   =   citrate; Tartat   =   tartrate; 
HAH   =   hydroxylamine hydrochloride; 
ASC   =   ascorbic acid; IDA   =   iminodiacetic acid.  
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simultaneous selective detection of Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  ions (particularly at 
low concentration), a series of controlled sensing experiments was conducted in 
which known amounts of cations and anions were added to the Hg 2+ , Sb 3+ , Cd 2+  
and Pb 2+  ion - sensing systems (Figures  5.15  and  5.16 ). The results showed the 
sensing system for Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  target ions to be affected by oppositely 
and potentially charged species of the interfering anions and cations. These extra-
neous ions could actually bind or interact, detrimentally, with the HOM - TPPS, 
HOM - PR, HOM - TMPyP and HOM - DZ nanosensors. However, despite such 
interactions the optical signal of the [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and 
[Pb – (DZ) 2 ] n+  complexes varied within a permissible tolerance limit of  ± 5%; this 
indicated that the sensing system for Hg 2+ , Sb 3+ , Cd 2+  and Pb 2+  target ions was 
highly tuned, functional and selective, even at nanomolar - level detection (Figures 
 5.15  and  5.16 )  [33] . In general, no signifi cant changes in either the developed color 
or the refl ectance intensities of the [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and 
[Pb – (DZ) 2 ] n+  complexes were observed (Figures  5.15  and  5.16 ), despite the addition 
of cations, which are effective disturbance species at concentrations ranging from 
1 -  to 100 - fold higher than that of the target ions.   

 In this respect, the nanostructured hydrophilic -  and hydrophobic - based sensors 
exhibited a high selectivity for Hg 2+ , Sb 3+ , Cd 2+  and Pb 2  target ions, permitting the 
accurate and specifi c detection of analyte ions, without signifi cant interference by 
the active component species  [15 – 17] . Under specifi c sensing conditions, two key 
factors affect the selectivity of the nanostructured sensing systems. First, nano-
structured sensors exhibit selectivity even at a low concentration of target ions 
(nanomolar scale); however, active interfering species and multicomponents at 
much higher concentrations can be introduced into these nanostructured sensors 
without affecting either signifi cant physical characteristics or chemical properties. 
This retention in nanosensor features allowed an effi cient binding of multifunc-
tion components with probe molecule - based sensors, without causing distortion 
in the octahedral [Hg – TPPS] n+ , [Sb – PR] n+ , [Cd – TMPyP] n+  and [Pb – (DZ) 2 ] n+  com-
plexes. Second, the 3 - D - ordered sensor with nanoscale open - pore arrays, high 
surface areas and high pore volumes might enhance the rapid, homogeneous 
distribution of multi - ion transport species onto the modifi ed probes, leading to a 
durable signal in response to metal - to - probe binding events in toxic environmental 
and wastewater samples.   

  5.8 
 Conclusions and Outlook 

   In this chapter we have defi ned the key factors for the development of receptors 
as  ‘ indicator dyes ’ , and surface - confi ned nanomaterials as  ‘ carriers ’ , for the cre-
ation of optical chemical sensors capable of selectively discriminating trace levels 
of toxic analytes. Our aim was to widen the knowledge base with regards to the 
causes of    –    and solutions to    –    metal - ion toxicity. A key factor when designing optical 
nanosensors to sense mercury, cadmium, lead and antimony is the stable immo-
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bilization of molecular probes on 3 - D - ordered cubic monoliths. Hence, we have 
reviewed the published information relating to these four metals, in terms of their 
chemical behavior in various processes and environmental conditions, their con-
tributions to toxicity, and applicable sensing technologies. 

 The nanosensor designs were aimed at identifying and evaluating metal - 
treatment technologies for reducing    –    or even eliminating    –    the toxicity of these 
four metals. Hence, a simple, generalized nanosensor design was described, based 
on a dense pattern of immobilized hydrophobic  ‘ neutral ’  and hydrophilic  ‘ charged ’  
chromophores, but with an intrinsic mobility and robust construction based on 
3 - D nanoscale structures. The fl exibility of electron acceptor/donor strength of the 
receptor molecules might lead to the creation and transduction of optical color 
signals in response to receptor – metal analyte binding events. Thus, potential 
nanosensor designs in the area of environmental sensing for toxic analytes has 
been emphasized. 

 Today, the invention, optimization and commercialization of sensing processes 
represents a signifi cant challenge in materials science and nanotechnology. Whilst, 
at present, these properties are diffi cult to monitor with chemical - oriented sen-
sors    –    and, indeed, progress has been made in this direction    –    the need for simple, 
effective and eco - friendly solid sensors persists and, in recent years, this has led 
to the emergence of solid - material sensors. Today, nanosensors with probes can 
be utilized not only for basic laboratory assays, but also for fi eld measurements 
using portable devices and in the domestic situation as commercial indicators.  
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 An attractive means of improving pollution monitoring would be the use of sim-
ple, inexpensive, rapidly responsive and portable sensors. In this respect, selective 
optical sensing attracts much interest due to the use of  ‘ low - tech ’  spectroscopic 
instrumentation to detect relevant chemical species in biological and environmen-
tal processes. With recent advances in mesostructured materials and nanotech-
nologies, new methods are emerging to design optical sensors and biosensors and 
develop highly sensitive solid sensors. Recent developments have focused on tai-
loring specifi c sensors for the naked - eye detection of highly toxic heavy metal ions 
such as lead, cadmium, antimony and mercury in aquatic samples. Sensitive, low -
 cost, simple nanosensor designs have been successfully developed by the immobi-
lization of hydrophobic and hydrophilic chromophore molecules into spherically 
nanosized cage cavities and surfaces. A rational strategy was crucial to the develop-
ment of optical nanosensors that can be used to control the accurate recognition 
and signaling abilities of analyte species for ion - sensing purposes. In this chapter, 
we report evidence of signifi cant key factors in the development of receptors as 
 ‘ indicator dyes ’  and surface - confi ned materials as  ‘ carriers ’  to broaden the appli-
cability of optical chemical sensors for the selective discrimination of trace levels 
of toxic analytes. For the nanosensor design techniques described here, a dense 
pattern of immobilized hydrophobic  ‘ neutral ’  and hydrophilic  ‘ charged ’  chromo-
phores with intrinsic mobility via extremely robust constructed sequences onto 
nanoscale structures was key to enhancing the sensing functionality of optical na-
nosensors. These nanosensor designs can be used as cage probe sinks with reliable 
control, for the fi rst time, over the colorimetric recognition of highly toxic metal 
ions to low levels of  ∼ 10  − 9     M . Control sensing assays were established to achieve 
enhanced signal response and color intensities. Moreover, these new classes of 
optical cage sensor exhibited long - term stability of signaling and recognition func-
tionalities that provided extraordinary sensitivity, selectivity, reusability and rapid 
kinetic detection and quantifi cation of deleterious metal ions in the environment. 
This chapter details recent developments in the effi cient design of optical nanosen-
sors that employ mesoporous materials as model carriers to control the accurate 
recognition and signaling abilities of analyte species for ion - sensing purposes. 

Keywords

Abstract

 nanosensor ;  cage ;  monoliths ;  chromophores ;  lead ;  cadmium ;  antimony ;  mercury 
ions 
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   6.1 
 Introduction 

 Biomaterials for medical applications have a long history. The demand for syn-
thetic biomaterials and better treatments for the patient pushes science to improve 
existing or exploit novel materials.  Bioactive glasses  represent a group of surface -
 reactive materials which are able to bond to bone in a physiological environment, 
and were fi rst developed by Hench and coworkers in 1969  [1] . The traditional bio-
active glasses described in biomedical science consist of a silicate network incor-
porating sodium, calcium and phosphorus at different ratios (SiO 2  – Na 2 O – CaO – P 2 O 5  
system). Other glass compositions contain either no sodium or have additional 
elements in the silicate network such as fl uorine, magnesium or zinc  [2 – 5] . The 
common characteristic of all bioactive glasses is their ability to interact with living 
tissue ( bioactivity ). The bonding to bone is established by the precipitation of a 
calcium - defi cient, carbonated apatite surface layer on the bioactive glass surface 
when in contact with body fl uids. Although some details of this process remain 
unknown, it is clearly recognized that for a bond with bone tissue to occur, a layer 
of biologically active apatite must be formed at the interface. This conclusion is 
based on the fact that the apatite layer is the common characteristic of all known 
bioactive materials used for orthopedic implants, bone replacement and bone fi ller 
 [6] .  In vivo , the apatite crystals precipitate in the vicinity of collagen fi brils, thereby 
allowing interfacial bonding and cell attachment. An interesting fi nding for the 
development of bone regeneration strategies was that the dissolution products 
from bioactive glasses upregulate the expression of genes that control  osteogenesis  
 [7] . The range of bioactive glasses which exhibit these properties has been extended 
over the years as new methods of preparation have become available, for example, 
sol – gel techniques. Thus, variations of silicate compositions still exhibiting bioac-
tivity have been considered  [8, 9] . The classical 45S5 composition of bioactive glass, 
known as  Bioglass  (in wt%: 45% SiO 2 , 24.5% Na 2 O, 24.5% CaO and 6% P 2 O 5 ) has 
received approval from the US  Food and Drug Administration  ( FDA ), and is 
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currently used in the clinical treatment of periodontal diseases as a bone fi ller as 
well as in middle ear surgery  [6] . 

 The traditional synthesis method for bioactive glasses is very similar to the 
preparation of conventional glasses, such as window glass. The process involves 
melting of the correct mixture of metal oxides at elevated temperatures. The glass 
components in the form of grains of oxides or carbonates are mixed, melted and 
homogenized, and the glass forms at temperatures of 1200 – 1400    ° C. Subsequently, 
the melt is either quenched and cast into a mold, or the liquid glass is poured into 
a liquid cooling medium to prepare glass frit. In order to form glass particles of 
a size below 100    μ m, the material is subsequently milled (e.g. ball - milled) to the 
preferred size. Such top - down approaches are straightforward and simple, but of 
low energy effi ciency. Although they often result in a dense material, a particle 
size reduction to the submicron size range to enhance glass particle reactivity is, 
in most cases, not possible. Moreover, the milling process often requires additives 
or provokes contamination by wear debris    –    both of which are undesirable factors 
when producing a material for implantation into the human body. As a result, 
other approaches are necessary to scale down the particle size of bioactive glass 
powders to the nanometric range, and thus to extend the applications of bioactive 
glasses to the domain of nanomaterials and nanotechnology. 

 In Section  6.2 , different synthesis methods to produce bioactive glasses with 
nanometric dimensions, including nanoparticles and nanofi bers, will be described, 
while in Section  6.3  some possible applications of such novel nanomaterials in 
medicine, with attention focused on dentistry, orthopedic implants and tissue 
engineering, are presented and discussed. The subject of the development of 
composites consisting of combinations of nanoparticulate bioactive glasses and 
biodegradable polymers for use in bone tissue engineering will also be introduced. 
Finally, in Section  6.4  a summary of the topic is presented, together with some 
details of future research developments in the fi eld.  

  6.2 
 Fabrication of Nanoscale Bioactive Glass Particles and Fibers 

 The two processes used to prepare nanostructures of bioactive glass are the sol – gel 
technique and the fl ame spray synthesis method. The processes are rather differ-
ent, as one is performed in liquid phase at room temperature, and the other in 
gas phase at high temperature. An overview of both schemes, and their character-
istics, is provided in the following sections. 

  6.2.1 
 Liquid - Phase Synthesis Method (Sol – Gel Technique) 

 Liquid - phase preparation methods use metal – organic precursors which are con-
verted to inorganic materials, either in water or in an organic solvent. The  sol – gel 
process  has a long history in the preparation of silicate systems and other oxides, 



and has become widespread in the research fi eld with a high technological rele-
vance, for example in the fabrication of thin fi lms, coatings, nanoparticles and 
fi bers  [10] . The synthesis of specifi c bioactive glasses using the sol – gel technique 
at low temperatures, and using metal alkoxides as precursors, was fi rst demon-
strated in 1991 by Li  et al.   [11] . For bioactive glasses, chemicals such as tetraethyl 
orthosilicate, calcium nitrate and triethylphosphate are used. Following hydrolysis 
and polycondensation reactions, a gel is formed which subsequently is calcined at 
600 – 700    ° C to form the glass. Based on the preparation method, sol – gel derived 
products    –    such as thin fi lms or particles    –    are highly porous and exhibit a high 
specifi c surface area  [8, 10, 11] . The production steps to fabricate bioactive glass 
nanoparticles using the sol – gel method, as presented in Ref.  [12] , are shown sche-
matically in Figure  6.1 , together with some electron microscopy images of the 
typical nanoparticles produced. 

 Further investigations into the fabrication of bioactive silicate glass nanoparti-
cles using sol – gel have been carried out recently by Hong  et al.   [13]   . 

 For some applications, such as in tissue engineering, it is advantageous to use 
anisotropic structures such as fi bers, and for this purpose a combination of the 
sol – gel and electrospinning techniques is applied  [14] . Additives such as polyvinyl 
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    Figure 6.1     Production steps for the preparation of bioactive 
glasses by the sol – gel technique. (a,b) Electron microscopy 
images of nanoparticulate products  [12] .  Reprinted in part 
from Ref.  [12]  with permission.   
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    Figure 6.2     Scanning electron microscopy images of bioactive 
glass nanofi bers. (a) Prepared by electrospinning of a sol as 
electrospun fi bers; (b) After calcination at 600    ° C; 
(c) Distribution of the fi ber diameter; (d) Transmission 
electron microscopy image after calcination at 600    ° C. 
 Reprinted from Ref.  [15]  with permission.   

butyral are necessary to adjust the rheological properties of the sol for electrospin-
ning. As for the normal sol – gel preparation, the electrospun fi bers need to undergo 
a heat - treatment step in order to remove organic residues. This process can result 
in fi bers with diameters less than 100   nm  [14, 15] , although the diameter and 
morphology of the nanofi bers can be controlled to some extent by the amount and 
type of additive and the applied electric fi eld. The resulting nanofi ber mats are 
initially fl exible, but become fragile when immersed in a simulated body fl uid. 
Some scanning electron microscopy images of bioactive glass nanofi bers prepared 
by the electrospinning of a sol  [15] , and the distribution of fi ber diameters, are 
shown in Figure  6.2 .   

 Although the sol – gel technique is versatile, it has limitations in terms of the 
composition and a high residual water or solvent content; indeed, in some cases 
a high - temperature calcination step is required. Sol – gel processing is also rela-
tively time - consuming and, as it is not a continuous process, batch - to - batch varia-
tions may occur among the products.  



  6.2.2 
 Gas - Phase Synthesis Method (Flame Spray Synthesis) 

 In gas - phase synthesis routes, an inorganic or metal – organic precursor compound 
is used which is then converted to the nanoscale product at very high temperatures, 
typically above 1000    ° C. One of the most successful gas - phase synthesis methods is 
 fl ame spray synthesis , where the precursor is combusted in a fl ame  [16] . One advan-
tage of this process compared to other gas - phase processes is that no additional 
source of energy is required for the precursor conversion, such as plasma, lasers or 
electrically heated walls  [16] . Flame synthesis has its roots in the manufacture of 
 carbon black , which today is prepared in megaton quantities each year for use in 
tire and rubber production, and also as a pigment in inks. Although the process was 
later adapted for the preparation of titania and fumed silica, it was still very limited 
in terms of accessible materials. A subsequent adaptation of the process precursors 
away from gaseous towards organic liquids loaded with metals proved to be very 
successful  [17 – 19] . In this re - engineered system, the liquid precursor is dispersed 
by oxygen over a nozzle and thereby forms a spray, which is ignited. As the spray 
burns, the organic constituents of the liquid precursor combust completely and 
the metal constituents oxidize to form the nanoparticles. The basic principle of all 
gas - phase synthesis methods is the formation of molecular nuclei from either con-
densation or chemical reactions, and subsequent growth by coalescence in high -
 temperature regions during the process. The process dynamics is well understood 
and can be controlled  [17 – 19] . A scheme representing the fl ame spray synthesis 
process, together with some electron microscopy images of  nanoparticulate 
bioactive glass  ( NBG ) prepared in this way, are shown in Figure  6.3 .   

 The metal carboxylate system is most prominent because it allows the synthesis 
of oxide nanoparticles of almost any composition  [17 – 19] . In addition, the metal –
 organic salts are considerably stable in air, tolerate humidity and, most impor-
tantly, are fully miscible among each other. Consequently, the process allows the 
production of nanoparticulate mixed - oxides and even salts with high chemical 
homogeneity. As a result, the preparation of different bioactive glasses has become 
possible by employing corresponding mixtures of 2 - ethylhexanoic acid salts of 
calcium and sodium, hexamethyldisiloxane, tributyl phosphate and fl uorobenzene 
to introduce fl uorine  [20] . In addition, the preparation of a highly amorphous 
calcium phosphate material    –    that is, calcium phosphate glass with different Ca/P 
ratios    –    has become possible  [21] . 

 The high - temperature environment in the fl ame reactor, as well as short resi-
dence times and rapid cooling directly after production of the particles, often result 
in the formation of metastable phases or polymorphs which are not easily acces-
sible by conventional techniques. Depending on the composition, the rapid 
quenching can preserve the amorphous state of the material  [20, 21] . As a result 
of the process characteristics and parameters, the primary particles produced are 
spherically shaped with different degrees of agglomeration  [22, 23] . Based on 
models and experimental data, the primary particles have a log normal particle 
size distribution  [24, 25] . 
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 In summary, the advantages of fl ame spray synthesis lie in the ready accessibility 
of a wide range of nanoparticle compositions, as well as the facile introduction of 
dopants and the proven scalability of the technique. However, the process is very 
energy - intensive when compared to wet synthesis methods, which are conducted 
at room temperature.   

  6.3 
 Applications of Nanoscale Bioactive Glasses 

  6.3.1 
 Conventional Bioactive Glasses 

 Since its clearance by the FDA, 45S5 bioactive glass (Bioglass  ®  ) has been used in 
biomedical applications such as middle ear surgery (Ceravital  ®  ) or in the clinical 
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    Figure 6.3     (a) Electron microscopy images of nanoparticulate 
bioactive glass (NBG) as prepared by fl ame spray synthesis. 
Upper: Partial agglomeration of the nanoparticles; Lower: 
Primary nanoparticles with  < 50   nm diameter; (b) Schematic 
representation of the fl ame spray synthesis process  [20] .  



treatment of periodontal diseases (PerioGlas  ®  , NovaMin  ®  ). Bioactive glass can 
also be applied as bone fi ller for different osseous defects, or for the coating of a 
variety of implants or devices. Here, a brief overview will be provided of the appli-
cations of bioactive glasses in medicine. 

 The early applications of bioactive glasses were in the form of solid shapes for 
small bone replacement, typically in middle ear surgery  [6] . If the middle ear 
cannot perform its function as an acoustic impedance transformer, the cochlear 
input signal is diminished and so - called  conduction deafness  results. The recon-
struction of an osseous part of the middle ear is possible and, by fi tting a prosthe-
sis, the patient ’ s hearing can be regained.  Cochlear implants  have been prepared 
from porous polyethylene or biocompatible bioactive glass ceramic (Ceravital)  [26, 
27] . Although the implants prepared from bioactive glasses showed good tolerance 
and compatibility in the middle ear space, today they fi nd only limited use because 
of the diffi culties encountered when trimming the glass prostheses  [28] . 

 Later, other clinical applications of bioactive glasses (e.g. in periodontology) have 
become evident. The discipline of periodontology deals with the supporting struc-
tures of teeth and dental implants, as well as diseases and conditions that affect 
them. When teeth are extracted, an extraction socket is formed and the jawbone 
begins to be resorbed, resulting in bone loss, and the subsequent placing of a 
metallic dental implant becomes diffi cult, or even impossible. In this respect, 
bioactive glass (PerioGlas) can act as a scaffold around and through which new 
bone in an osseous defect can form. Once the new bone is built up and/or enough 
mechanical stability is achieved, a dental implant can be placed in position  [29, 
30] . Another traditional application of bioactive glasses is in the form of coatings; 
here, orthopedic implants or medical devices are covered with bioactive glass in 
order to establish a bioactive surface for better bonding to bone tissue and to 
improve adherence  [31 – 34] . 

 More recently, great potential has been attributed to the application of bioactive 
glasses in tissue engineering and regenerative medicine  [7, 35, 36] . Tissue engi-
neering combines the action of mammalian cells, engineering and materials 
methods, and suitable biochemical and physico - chemical factors to repair or 
replace tissues such as bone  [7, 36 – 42] . As indicated by an ever - increasing number 
of reports, bone tissue engineering possibly represents one of the most exciting 
future clinical applications of bioactive glasses, for example, in the design and 
fabrication of optimal scaffolds  [43] . Both, micron - sized and nanoscale particles 
are considered in this application fi eld, which includes also the fabrication of 
composite materials, such as a combination of biodegradable polymers and 
bioactive glass  [37]  (see below).  

  6.3.2 
 Advantages of Nanometric Bioactive Glasses 

 A reduction in size to the nanometer scale has been suggested to develop a new 
family of nanostructured materials that should not only enhance the performance 
of bioactive glasses in existing applications, but also open new application oppor-
tunities. The higher specifi c surface area of nanostructured bioactive glasses allows 
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not only for a faster release of ions but also a higher protein adsorption; hence, 
an enhanced bioactivity can be expected. As a consequence, a faster deposition or 
mineralization of tissues such as bone or tooth is possible when they are in contact 
with nanoscale bioactive glass particles, as opposed to micron - sized particles. 

 Another advantage of bioactive glass nanoparticles is that their small size could 
enable passage into smaller domains within the body, when compared to micron -
 sized particles. For example, tooth matrix contains dentinal tubules with a diame-
ter of 2 – 3    μ m  [44] . In order to regenerate dentine it would be advantageous for the 
active ingredient to penetrate these tubules. However, whereas micron - sized par-
ticles of bioactive glass are incapable of doing so, nanoparticles should be able to 
infi ltrate dentinal tubules and be active within them. 

 For bone tissue engineering purposes, nanostructured bioactive glasses can 
improve the microstructural, mechanical and biological properties of the degrad-
able biopolymer/bioactive glass composites used to fabricate scaffolds. For example, 
nanoscale bioactive glass particles will induce nanotopographic features on scaf-
fold surfaces, and this is likely to improve osteoblast cell attachment  [45] . Bone 
has nanostructured features consisting of a tailored mixture of collagen and 
hydroxyapatite, and most current orthopedic implant materials are smooth at the 
nanoscale. Mimicking the nanofeatures of bone on the surface of a synthetic 
implant material has been shown to increase bone - forming cell adhesion and 
proliferation  [45] .  

  6.3.3 
 Applications in Dentistry 

 As mentioned above, bioactive glasses are known for their specifi c  in vivo  responses, 
including osteoconductivity and bonding to bone via the release of relevant ions 
and formation of an apatite layer  [6, 46, 47] . Therefore, while these materials are 
used for bone reconstitution and tissue engineering, they are also interesting 
candidates for mineralization in dentistry  [48] .  Dentin  accounts for the greatest 
part of the dental hard substance but, unlike enamel, is very much like bone, 
having an organic matrix of collagen and other proteins in which crystalline apatite 
mineral is embedded. A well - defi ned system of tubules stretches from the pulp 
space towards the dentin – enamel and dentin – cementum junctions. Dentinal 
tubules contain projections of odontoblast cells that line the inside of the pulpo-
dentinal junction. Dental plaque    –    that is, the biofi lm adhering to the teeth    –
    contains numerous bacteria which produce organic acids that can dissolve the 
dental hard tissues enamel and dentin. This demineralization or loss of mineral 
from these tissues is counterbalanced by the deposition of minerals from saliva 
or oral fl uid (remineralization), and the relative magnitude of these two actions 
determines whether destruction by caries or regeneration occurs  [49] . Odonto-
blasts orchestrate mineralization processes in dentin not only during dentinogen-
esis, but also after the teeth have been formed. Mineralizing processes are conveyed 
via a liquid similar to extracellular fl uid  [50] .  In vitro  studies using micron - sized 
bioactive glasses have been reported to induce the mineralization of dentin disc 



surfaces  [48, 51, 52] . These results suggest that bioactive glass could be instrumen-
tal for the remineralization of human dentin, and that it has potential as a fi ller 
component in mineralizing restorative materials  [53] . Unfortunately, relatively 
long reaction times have limited or inhibited the application of micron - sized 
bioactive glass as a remineralization agent in dental practice. 

  6.3.3.1   Remineralization 
 The remineralization potential of NBG of the 45S5 composition (Bioglass), as 
prepared by fl ame spray synthesis, compared to a micron - sized reference material 
was investigated by Vollenweider  et al.   [54] . The results showed a substantially 
higher dentin remineralization rate induced by NBG compared to the conven-
tional, micron - sized material. The results of studies monitoring ion release in 
suspension showed that NBG releases more ions into its environment than does 
its micron - sized counterpart (Figure  6.4 ). Thus, bioactive glass in nanoparticulate 
form can be considered a more effi cient calcium and silicon source for reminer-
alization. The measured ion release profi les refl ected the critical role of particle 
size and specifi c surface area, which were in agreement with reports made by 
Sepulveda  et al.   [55] . Biomechanical testing, however, indicated that remineraliza-
tion did not restore the original mechanical properties of dentin; although a 
possible explanation for this might be that no proper interconnection with the 
collagen matrix took place. If newly precipitated apatite mineral does not form a 
composite material with the collagen matrix of demineralized dentin bars, then 
no mechanically stable composite material will be formed.    

    Figure 6.4     (a) Release of ions from NBG and a commercial 
micron - sized bioactive glass (Perioglass, PG) in buffered 
saline solution. The nanoparticles showed a much faster 
release of silica and calcium when compared to PG; (b) The 
basicity (pH) of NBG dispersions caused an up to 10 - fold 
higher OH  −   concentration than corresponding micron - sized 
particles.  Reprinted from Ref.  [54]  with permission.   
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  6.3.3.2   Antimicrobial Effects 
 Besides their potential for promoting mineralization, bioactive glasses are also 
of interest because they may possess a certain antimicrobial effect in closed 
systems  [56, 57] . An important issue in dentistry    –    and especially in endodontics    –
    is the disinfection of infected tissue. Microorganisms are omnipresent in the oral 
environment, and can cause pathological situations such as root canal infections. 
Root canals are fi lled with a highly vascularized, loose connective tissue (  ‘ dental 
pulp ’   which may become infected and infl amed, generally as a result of caries 
or tooth fractures that allow microorganisms (mostly bacteria from the oral fl ora, 
or their byproducts) to access the pulp chamber or root canals. The infected tissue 
is removed by a surgical intervention known as  endodontic therapy  or  root canal 
treatment . Following the removal of as much of the infected pulp as possible, the 
root canals are often temporarily fi lled with a calcium hydroxide slurry, which 
is not tolerated by microorganisms. This strong alkaline biocide is left in position 
for a week or more to disinfect and therefore reduce infl ammation in the sur-
rounding tissues. At a subsequent consultation, the disinfectant must be removed 
and the root canal system sealed with epoxy resin or silicon sealer, in conjunction 
with gutta percha points. The tooth may then be restored either by placing a 
crown or a coronal fi lling. If any remaining infected tissue is left in the tooth, or 
leakage of the crown occurs, then the root canal treatment may fail, causing a 
reinfection. 

 As bioactive glasses also cause an increase in pH  [57] , they may potentially be 
used as topical endodontic disinfectants, without the reported negative side effects 
of calcium hydroxide on dentin stability  [58] . Therefore, a treatment using bioac-
tive glass would be less harsh, in part also due to the bioactivity of the glass, which 
may be benefi cial in terms of dentin remineralization. The bioactive glass can also 
be left in the root canal, making a second treatment session unnecessary. However, 
the antibacterial effi cacy of a conventional bioactive glass in human teeth is infe-
rior to that of calcium hydroxide  [59] . Flame spray synthesis - derived bioactive glass 
nanoparticles of the 45S5 composition showed a higher dissolution rate of alkaline 
species, and thus an elevated antimicrobial effi cacy  in vitro  when compared to 
currently available melt - derived, micron - sized bioactive glass, yet having the same 
chemical composition  [60] . When the antimicrobial effi cacy of nanoscale bioactive 
glass particles was assessed against the  Enterococcus faecalis  - type strain clinical 
isolates of enterococci from persistent root canal infections, the shift from micron -
 sized to nanoscale treatment materials led to a 10 - fold increase in silica release, 
while the solution pH values changed by four units. The key results of these 
experiments are summarized in Figure  6.5 .   

 The short - term antimicrobial effect of these glasses has been attributed exclu-
sively to their ability to raise the pH in an aqueous environment  [57, 61] . This pH 
increase results from the release of alkali ions, mainly Na + , and the incorporation 
of protons (H + ) into the corroding material  [55, 62] . A secondary effect explaining 
the antimicrobial behavior has been identifi ed, which is believed to be related to 
the release of specifi c ions from the glass  [61] .   



  6.3.4 
 Applications in Tissue Engineering 

 The combination of biodegradable polymers and bioactive ceramics has resulted 
in a new group of composite materials which can act as hard tissue regeneration 
materials, or as biocompatible scaffolds in the fi eld of tissue engineering  [37] . The 
goal of these composite materials is to impart strength and bioactivity by an inor-
ganic bioactive fi ller while retaining the positive properties of the polymer such 
as fl exibility and capacity to deform under loads. 

 Various composites of biodegradable polymers and bioactive inorganic phases 
have been reported. Among these polymeric compounds, both natural materials 
such as collagen  [63 – 65]  and chitosan  [66, 67]  and synthetic polymers such as 
poly(lactic acid),  poly(lactic acid -  co  - glycolic acid)  ( PLGA ),  polycaprolactone  ( PCL ) 
 [68, 69]  (to name only a few) have been considered. Inorganic materials for the 
production of bioactive composites range from calcium phosphates such as 
hydroxyapatite  [65, 70]  and tricalcium phosphate  [66, 71]  to bioactive silicate glasses 
 [37, 42, 72, 73] . 

 Inorganic phases can be added to the different polymer matrices in the form of 
micron - sized or nanoscale particles or fi bers. The size of the fi ller particles is an 
important parameter that affects the mechanical properties of composite materi-
als. This is due to the marked microstructural differences introduced by the 
micron - sized or nanoscale fi llers that contribute towards different interactions 
between the fi ller particles and the polymer matrix. In general, the introduction 
of nanoscale fi llers with a desired morphology can increase the mechanical 
strength and stiffness of the composites in comparison to the properties of the 
neat polymer. The use of nanoscale degradable fi llers such as bioactive glass or 

    Figure 6.5     (a) Bovine dentin surface with dentinal tubules 
covered with  E. faecalis  bacteria; (b) Reduction of viability of 
 E. faecalis  bacteria after treatment with nanoparticulate and 
micron - sized bioactive glass, with nanometric zirconia as an 
inert reference.  Reprinted in part from Refs  [60, 61]  
with permission.   
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calcium phosphate nanoparticles might result therefore in improved orthopedic 
implants and tissue engineering scaffolds. Additionally, in the case of bioactive 
silicate glass nanoparticles, they can produce a higher alkalinity when compared 
to commercially available (micron - sized) 45S5 Bioglass  [54] . This effect could 
buffer to a greater extent the acidic degradation of some polymers when nanoscale 
bioactive glass particles are used as fi ller in a composite. 

 The larger specifi c surface area of the nanoparticles should lead to increased 
interface effects, and it should also contribute to improved bioactivity, when com-
pared to standard (micron - sized) particles. Additionally, the use of nanoparticles 
in a polymeric matrix mimics more closely the structure of natural bone, which 
contains nanoscale hydroxyapatite crystallites combined with the polymeric phase 
of collagen, being responsible for the desirable mechanical properties of bone. 
Moreover, Webster  et al.   [74]  have reported that a signifi cant increase in protein 
adsorption and osteoblast adhesion has been observed on nanoscale ceramic mate-
rials compared to micron - sized ceramic materials and composites. Related results 
were achieved by Loher  et al.   [75]  who showed that the bioactivity, degradation and 
mechanical properties of PLGA doped with nanoscale amorphous calcium phos-
phate are strongly improved by the addition of nanoscale amorphous calcium 
phosphate particles when compared to the pure polymer  [75] . In recent inves-
tigations, Misra  et al.   [76]  have described the successful preparation of  poly(3 -
 hydroxybutyrate)  ( P(3HB) )/NBG composites with different fi ller concentrations by 
solvent casting. The thermal, mechanical and microstructural properties of these 
new composites were compared to their counterparts prepared with micron - sized 
bioactive glass. Similar to other reported studies  [75] , the addition of nanoparticles 
was shown to have a stiffening effect on the modulus of the composites, as shown 
in Figure  6.6 . The systematic addition of nanoparticles of bioactive glass induced 
a nanostructured topography on the surface of the composites, which was not 
visible on their micron - sized bioactive glass particle - containing counterparts. This 
surface effect induced by the nanoparticles considerably improved the total protein 
adsorption on the composites compared to the unfi lled polymer and composites 
containing micron - sized bioactive glass particles. A short - term  in vitro  degradation 
(30 days) study in a simulated body fl uid showed a high level of bioactivity as well 
as a higher water absorption for the nanoparticle - containing composites. A pre-
liminary cell proliferation study using osteoblast - like cells also highlighted the 
excellent biocompatibility of both types of P(3HB)/bioactive glass composite 
system  [76] . Hong  et al.   [77]  investigated a similar system using poly( L  - lactic acid) 
as the biodegradable polymer and sol – gel - derived bioactive glass ceramic nanopar-
ticles, and prepared porous scaffolds by thermally induced phase - separation; the 
structure and porosity of the foams produced are depicted in Figure  6.7 . The most 
striking effect of adding nanoparticles to the scaffolds, however, was an improved 
mechanical stability when compared to neat polymer foams.   

 Thus, the introduction of bioactive glass nanoparticles as fi llers in biodegradable 
polymers adds many interesting features, and represents a promising step towards 
the development of improved biomaterials for bone regeneration, as well as 
engineered scaffolds for tissue engineering applications.   



    Figure 6.6     Young ’ s modulus of composites consisting of 
different concentrations of micron -  or nanosized bioactive 
glass particles in poly(3 - hydroxybutyrate) compared to the 
neat polymer  [76] .  

    Figure 6.7     (a,b) Scanning electron microscopy images of 
poly( L  - lactic acid) scaffolds without nanoparticles; (c,d) 
Scaffolds containing 25 wt% bioactive glass - ceramic 
nanoparticles.  Reprinted from Refs  [13, 77]  with permission.   
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  6.4 
 Summary and Future Perspective 

 The preparation of bioactive glasses in nanoparticle and nanofi ber form has 
recently been made feasible by advances in wet and dry synthesis methods. Both, 
nanoscale particulate and nanofi ber bioactive glasses, have demonstrated advan-
tages over conventional (micron - sized) glasses due to their large surface area and 
enhanced solubility, coupled with the possibility of inducing nanotopographic 
surface features. As a consequence, these nanomaterials have inspired research 
groups to investigate new applications of bioactive glasses in biomedical engineer-
ing. A minor drawback here is that, whilst all studies to date have been performed 
 in vitro , their clinical effi cacy must be tested and validated  in vivo . In conclusion, 
the great potential of nanometric bioactive glass systems lies in the fi eld of bone 
tissue engineering and dentistry, notably in dentin regeneration and the recon-
struction of critical bone defects.  
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   7.1 
 Introduction 

 A wide variety of engineered nanomaterials has been extensively developed in 
recent years. Among these, certain photoactive engineered nanomaterials have 
become highly attractive and widely used, including quantum dots, gold (Au) 
nanoparticles, carbon nanotubes and silica - based fl uorescent nanoparticles. One 
of the major applications of these photoactive nanomaterials is the labeling of 
biological samples for the detection and imaging of trace amounts of biological 
targets  [1 – 12] . At the same time, these nanomaterials have also been used for gene 
and drug delivery  [13 – 22] , as well as cancer diagnosis and therapy  [23 – 27] . The 
performances of these nanomaterials are remarkable due to their unique physical, 
chemical and electrical properties  [28 – 31] . However, the question of whether they 
would exert any toxic effect(s) on living systems is starting to become a major 
concern  [25, 32 – 36] . 

 In order to address this possible problem, the toxicity of a variety of engineered 
nanomaterials towards biological systems has been studied both  in vitro  and 
 in vivo   [33 – 35, 37 – 50] . Based on the results of current studies, several properties 
of nanomaterials    –    including their size, shape, composition, form, coating material 
and surface properties    –    may affect their toxicity  [33, 35, 51, 52] . The mechanism 
of toxicity for these nanomaterials was also investigated, and pointed towards oxi-
dative stress as being an important factor in nanomaterials - induced toxicity  [32, 
33, 35] . For example, cadmium - containing quantum dots  –    for example, cadmium 
selenide quantum dots and cadmium telluride quantum dots  –    were each shown 
to generate  reactive oxygen species  ( ROS ) which mutate and break DNA strands, 
oxidize proteins and phospholipids, trigger oxidative stress, and also cause cell 
apoptosis  [40, 42, 47, 49, 50] . The generation of ROS during the application of 
photoactive nanomaterials has also been demonstrated for metallic nanoparticles 
and carbon nanotubes  [35] . The accepted mechanism in toxicity for these nano-
materials has been detailed in several recent reviews  [14, 32, 33, 35, 51, 53, 54] . 



 222  7 Toxicity of Spherical and Anisotropic Nanosilica

 Today, colloidal and/or amorphous silica nanomaterials represent the most 
widely studied engineered nanomaterials  [6 – 11, 15, 17, 21, 24, 26, 28 – 31, 37, 43, 
48, 55 – 81] . Silica nanomaterials are frequently used as supporting or entrapping 
nanomatrices to engineer a variety of functionalized nanomaterials. Such wide use 
is based on two major advantages which make silica a useful matrix, and particu-
larly relevant in bioapplications: 

   •       The surface of silica nanomaterials is easily modifi ed , based on well - established 
chemistry. With appropriate surface and internal functionality, the nanomaterials 
can be linked to a variety of biorecognition agents in many different ways (e.g. 
antibodies, protein complexes, nucleic acids, aptamers).  

   •       The negatively charged silica matrix itself provides numerous electrostatic 
binding sites  to physically dope (i.e. adsorb) a wide variety of positively charged 
molecules. When doped with bioactive molecules, these nanomaterials can 
serve as drug delivery vehicles capable of controlling the quantity and time of 
release. When doped with dye molecules, the nanoparticles become intensely 
luminescent reagents that are capable of sensitively signaling biological targets.    

 Today, silica - based fl uorescent nanomaterials have an important role as fl uores-
cent labeling reagents for bioanalysis, having been used for the ultrasensitive 
detection of trace amounts of DNA strands and bacterial cells  [10 – 12] . The excep-
tionally strong and stable fl uorescence signals of silica nanomaterials are the 
driving forces behind their high detection sensitivity. In addition to being an 
effective photoactive nanomaterial, silica nanomaterials are also promising matri-
ces for drug delivery, with anticancer drugs having been doped into the porous 
structure of silica nanomaterials. Upon modifi cation with antibodies or aptamers, 
the silica nanomaterials are  ‘ driven ’  to cancer cells, which are then killed either 
by photodynamic therapy or by the anticancer drugs doped inside the nanomate-
rial  [23] . 

 Such extensive use of colloidal silica - based nanomaterials in biological systems 
brought about further safety concerns with regards to the rapidly developing fi elds 
of nanoscience and nanotechnology. Thus, a clear and basic understanding of the 
toxicity of silica nanomaterials might further improve their use in the biological 
arena. Although the toxicity of engineered silica nanomaterials has not been exten-
sively studied, several research reports and reviews  [25, 32 – 36]  have suggested 
possible mechanisms for silica nanomaterials - induced toxicity. Whilst most of 
these reports have focused on the toxicity of airborne particulate matter, some have 
also discussed the direct toxicity of engineered nanomaterials such as quantum 
dots and metal - containing nanomaterials. In this chapter, attention will center on 
the toxicity of engineered amorphous silica nanomaterials and, in order to more 
clearly understand these structures, the current methods used for their production 
will be introduced. The three important pathways by which nanomaterials invade 
living systems will also be discussed, providing essential information for avoiding 
the toxic effects of nanomaterials in humans. The toxic effects and mechanisms 
of toxicity of amorphous silica nanomaterials on living systems will be reviewed 



in detail. It has long been recognized that the properties of silica nanomaterials 
may have an impact on their own toxicity, and these so - called  ‘ property effects ’  
will be addressed. The chapter will conclude with a brief summary and perspective 
of the silica nanomaterials fi eld.  

  7.2 
 Synthesis of Amorphous Silica Nanoparticles 

 With amorphous silica having been employed in industry for many years, the 
methods for its synthesis and its properties    –    including its toxicity    –    have been well 
documented. However, as the dimension of amorphous silica moves down to the 
nanometer level, not only have some of the properties of silica materials changed, 
but different synthetic methods have also been developed for the preparation of 
suitable sizes of silica nanoparticles  [28 – 30, 59] . Currently, the most common 
methods used to create silica nanoparticles are the  St ö ber method  and the  water -
 in - oil  ( w/o ) microemulsion method (also known as  reverse microemulsion )  [6 – 9, 
28 – 30, 56, 58, 59, 63, 64, 70, 71, 75, 78, 82] . Moreover, on the basis of the very 
narrow size - distribution of the products, the w/o microemulsion method is the 
preferred approach (Figure  7.1 ).   

 The St ö ber method, which was developed in 1968, is a simple and convenient 
method for producing silica nanoparticles, in which a mixture of water and alcohol 
(e.g. methanol, ethanol, propanol) is employed as a hydrolysis reaction medium 
 [59] . The hydrolysis of  tetraethylorthosilicate  ( TEOS ) leads to the formation of silica 
nanoparticles, with ammonia being used to catalyze the hydrolysis. The resultant 
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    Figure 7.1     Transmission electron microscopy image of silica 
nanoparticles synthesized via the reverse microemulsion 
method.  
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size of the silica nanoparticles can be easily controlled, from tens of nanometers 
to several micrometers, by changing the amount of TEOS and varying the reaction 
time  [6, 9, 10, 30, 56, 59, 70, 76, 77] . Unfortunately, the method is limited by the 
relatively wide size distribution of the silica nanoparticle product. In addition, the 
method has not been optimized to produce functionalized silica nanoparticles by 
doping functional molecules inside the silica matrix. 

 In overcoming the limitations of the St ö ber method, the w/o microemulsion 
method represents an ideal alternative  [7, 8, 12, 28, 30, 58, 60, 63, 67, 71, 78] . A 
w/o microemulsion is an isotropic and thermodynamically stable single - phase 
solution which consists of a small amount of water, a large volume of organic 
solvent (oil), and a surfactant. The surfactant molecules reduce the interfacial 
tension between water and the organic solvent, and this results in the formation 
of a transparent solution (Figure  7.2 ). The water droplets which are formed in the 
bulk organic solvent serve as nanoreactors for the synthesis of nanoparticles from 
various silane precursors, and with a variety of dopants. TEOS is a typical water -
 soluble precursor for the synthesis of silica nanoparticles. Upon the polymeriza-
tion of TEOS, a silica core is formed in the water droplet and, as the polymerization 
progresses, the silica core grows in size. Ultimately, a stable silica nanoparticle is 
produced in the water droplet. Several factors that affect the size of the silica 
nanoparticle product have been extensively studied, including the type of surfac-
tant, the water - to - surfactant ratio, the dimension of organic solvents, and the 
amount of TEOS present.   

 In addition to the St ö ber and w/o microemulsion methods, a new technique 
was recently developed which produces organically modifi ed silica nanoparticles 
that contain a hydrophobic core and a hydrophilic shell  [15, 21, 24, 26] . In order 
to synthesize such a core – shell structure, an organic solvent, surfactant and water 
were fi rst mixed to form a micellar solution, after which a special precursor    –    
triethoxyvinylsilane    –    was used to provide amphiphilic characteristics to the organi-
cally modifi ed silica nanoparticles. By using this method, water - insoluble molecules 
can be doped  in situ  within the silica core during the synthesis. This new approach 
has broadened the applications of silica nanoparticles such that, today, water -
 insoluble anticancer drug molecules and photodynamic therapy reagents can be 
doped inside the silica core, without affecting their functions. 

    Figure 7.2     Schematic diagram of the reverse microemulsion 
method for the synthesis of silica nanoparticles.  



 Each of the above three methods produces amorphous silica nanoparticles of 
various sizes and with varying properties, the versatility being obtained mainly 
through doping and surface modifi cations. The St ö ber method is simple and fast 
(a few hours), but the size of products is not uniform. In contrast, the w/o micro-
emulsion method results in uniform and small - sized silica nanoparticles, but only 
allows hydrophilic dopants to be embedded in the silica matrix, as does the St ö ber 
method. The triethoxyvinylsilane method, on the other hand, allows hydrophobic 
molecules to be doped inside the silica matrix, while the properties of the hydro-
phobic molecules remain stable. In this way, both hydrophilic and hydrophobic 
dopants can be readily engulfed in the silica matrix by combining multiples of the 
above - described methods. Consequently, silica nanoparticles rather resemble 
nanoscale vessels that load and deliver cargo, or an assembly of single molecules 
that exhibit a group behavior. Today, the biological applications of silica nanopar-
ticles show much promise due to the novel physical and chemical properties of 
the dopants, with a wide variety of applications having been demonstrated in areas 
of biosensing and bioimaging  [7 – 12, 28] , gene, protein and drug delivery  [6, 15, 
17 – 19, 21] , cancer diagnosis, and photodynamic therapy  [23, 24, 26] .  

  7.3 
 Invasion Pathways of Silica Nanomaterials into Living Systems 

 In order to understand the toxicity of silica nanomaterials, we must fi rst be made 
aware of the exposure routes that silica nanomaterials might take to penetrate 
living systems. Previous studies of particle toxicity have shown that the size, shape 
and surface properties of the particles are the key factors that eventually determine 
whether, or not, the particles can enter and remain inside living systems  [14, 32, 
35, 51, 83, 84] . As the interior properties and composition of the particle have a 
negligible effect on its penetrance of biological systems, similar investigations of 
invasion routes for other nanomaterials can be used to study silica nanomaterial 
invasion. In general, foreign materials invade the human body through one of 
three pathways, namely the  respiratory tract , the  gastrointestinal tract , and by  skin 
contact . The invasion routes used by nanomaterials to access living systems will 
be detailed in the following sections. 

  7.3.1 
 Exposure via the Respiratory Tract 

 Respiratory tract exposure is the most common and widely studied pathway of 
particulate matter invasion  [14, 32, 35, 51, 84] , and the same is true for nanoma-
terials. The inhalation of airborne natural particulate matter or engineered nano-
materials may lead to serious toxic effects; for example, the prolonged exposure 
and uptake of these materials in the human lung can cause chronic obstructive 
pulmonary disease and pulmonary morbidity, both of which may lead to death 
 [32] . Therefore, it is crucial to understand how these materials enter and reside in 
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the respiratory system, and whether the human body can detoxify them and/or 
translocate them to other organs. 

 Particulate matters, when inhaled into the respiratory system, may remain 
unchanged in the nasopharyngeal, tracheobronchial and alveolar regions  [14, 51, 
85] . Previously, the suggested model of how particulate matters exist in the respira-
tory system was widely accepted (Figure  7.3 )  [51, 85] , with the preferential region 
of particle distribution being essentially size - dependent. Such a prediction is valid 
for single, unattached particles (i.e. without aggregation), and most micrometer -
 sized particles are more likely to be deposited in the nasopharyngeal region. 
However, as the size falls to nanometer scale the particles can move deeper into 
the tracheobronchial and alveolar regions. When the diameter reaches about 
20   nm, the particles show the highest theoretical deposition effi ciency in the alveo-
lar region (50%). Surprisingly, however, it is not the smallest nanomaterials that 
are deposited in the deepest region of the respiratory tract. For example, over 90% 
of particles with a diameter  < 1   nm will remain in the nasopharyngeal region, and 

    Figure 7.3     Prediction of site - selective deposition of 
nanomaterials in the respiratory tract during nose breathing. 
 Reprinted with from Ref.  [51]  with permission from 
 Environmental Health Perspectives .   
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10% in the tracheobronchial region. None of these nanomaterials can reach the 
alveolar region, as the smallest nanomaterials can easily be exhaled from the 
alveolar interstitial region, without deposition. Although the size - related deposi-
tion effi ciency is complicated, the evidence is clear that it is particle size that 
determines the rates of decomposition and consequent particle - induced toxicity. 
In addition to size, the solubility of particles is also important with regards to their 
deposition site. Typically, water - soluble particles are readily absorbed in all parts 
of the respiratory tract, whereas insoluble particles will remain inside the lung, 
due to their long retention time  [85] .   

 Any particulate matter and nanomaterials which invades the respiratory system 
will be disposed of by macrophages and the  ‘ mucociliary escalator ’ , before they 
reach the epithelial cells  [35] . Macrophages will engulf and relocate particles via 
the process of  phagocytosis  and, indeed, following the instillation of amorphous 
silica particles in the lung the concentration of macrophages and neutrophils in 
the bronchoalveolar lavage increases dramatically  [38, 44 – 46] . Moreover, the 
numbers of these cells kept increasing until 15 days after exposure  [38, 45, 46] . 
Biodegradable particles can be decomposed after being trapped inside macro-
phages. Here, the water - soluble debris is either evacuated by the mucociliary 
escalator, or translocated into the blood circulation or lymphatic drainage. Although 
amorphous silica may not be easily degraded by macrophages, the silica particles 
can still be ejected from the body or translocated to other organs. 

 As particulate matters and synthetic nanomaterials are deposited in the respira-
tory system, they are further translocated to other organs via several pathways. The 
fi rst step for the translocation is  endocytosis  or  transcytosis   [35] , after which par-
ticulate matters and nanomaterials will be further transported to other organs via 
the blood, lymphatic drainage or, in very rare cases, the sensory nervous system 
 [86] . The particle size, shape and surface properties greatly affect these processes. 
First, the endocytosis of particulate matters and nanomaterials is size -  dependent, 
with smaller particles more easily taken up by epithelial cells than larger particles. 
Thus, nanomaterials are more readily translocated via endocytosis or transcytosis. 
As an example, the uptake effi ciency of polystyrene microbeads was quite different 
from that of nanobeads  [51] . Whereas, the large majority (80%) of microbeads was 
located in macrophages (by phagocytosis), only 20% of the nanoparticles were in 
macrophages, with the other 80% either being located in epithelial cells or further 
transported to other organs via the blood or lymphatic circulation. In nonphago-
cytic cells, the smaller nanomaterials were engulfed through caveolae sites, while 
larger particles were transported by clathrin - coated pits  [35, 87, 88] . 

 The rate of uptake is also affected by the nanomaterials ’  surface properties. 
Whilst, in theory, water - soluble materials are easier to translocate to other organs 
than their insoluble counterparts, an effective surface coating, such as albumin, 
lecithin or  polyethylene glycol  ( PEG ), can enhance the process of endocytosis 
 [35] . 

 The shape of nanomaterials is also a considerable factor in the process of endo-
cytosis. The macrophages fi nd greater diffi culty in phagocytosing fi ber -  or acicular -
 like nanomaterials than spherical shapes  [68, 89] . The large dimension of fi bers 
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also greatly hinders the uptake process, with a comparison among single - walled 
and multiwalled carbon nanotubes and fullerenes showing a comparative uptake 
rate in the order fullerene  >  multiwalled carbon nanotube  >  single - walled carbon 
nanotube  [25] . The same trend was also recently reported for nanosized amor-
phous silica nanomaterials  [68] . 

 Finally, nanomaterials can be deposited ( ‘ settle ’ ) in different organs, such as the 
liver, spleen, vasculature, heart and bone marrow  [14, 35, 51, 84] . Most nanoma-
terials deposited in the liver were engulfed by Kupffer cells  [51] . The deposition 
location appears to be affected by the nanomaterials ’  surface coating; for example, 
a PEG surface coating can prevent the uptake of nanoparticles by hepatic and 
splenic cells  [90] . On occasion, for drug delivery purposes, an intentional surface 
coating is required. For example, the delivery of nanomaterials to the brain is 
extremely diffi cult, although a specifi c receptor,  apolipoprotein , has been used to 
facilitate such translocation  [16, 20, 91, 92] . 

 Typically, the translocation of synthetic nanomaterials leads to a reduction 
in the pulmonary symptoms, although diseases and symptoms may appear 
in other organs due to the redeposition of nanomaterials. For example, cardiovas-
cular events such as heart attacks and cardiac rhythm disturbances have been 
observed after pulmonary exposure to ultrafi ne particles  [93] . The relationship 
between toxicity and the impact on a patient ’ s health will be discussed later in the 
chapter.  

  7.3.2 
 Exposure via the Gastrointestinal Tract 

 Exposure to nanomaterials via the gastrointestinal tract is inevitable as food 
products may be contaminated by synthetic nanomaterials present in the environ-
ment. In addition, nanomaterials or particulate matter cleared through the muco-
ciliary escalator in the respiratory system will relocate to the gastrointestinal tract 
 [14, 35, 51, 84] . Thus, it is important to understand particulate invasion via the 
gastrointestinal tract, and the factors that dominate the tract ’ s absorption 
processes. 

 Hagens  et al.  have summarized details of the different routes of uptake of par-
ticulate matters and nanomaterials via the gastrointestinal tract  [84] , noting that 
micrometer - sized particles may be transported to the lymphatic and circulatory 
systems through a persorption process. The absorption routes via the Peyer ’ s 
patches in the small intestine, and also by intestinal enterocytes, have been 
observed previously. Similar to the respiratory tract, absorption in the gastrointes-
tinal tract fi rst requires nanomaterials to be absorbed, and then transferred to the 
circulatory and lymphatic systems. Finally, the nanomaterials will be deposited in 
other organs such as the liver, spleen, bone marrow and kidneys. As nanomaterials 
enter the blood or lymphatic circulations, the procedure is similar to that in the 
respiratory tract, and therefore only the initial step of gastrointestinal uptake is 
discussed in detail. The translocation step mostly demonstrates the same phenom-
ena; for example, the liver is the primary target organ of translocation, with studies 



of the gastrointestinal uptake of titanium particles (150 – 500   nm) having shown 
the particles to be deposited primarily in the liver. Likewise, gastrointestinal 
exposure to fullerene resulted in a 73 – 80% hepatic deposition of the nanomaterial 
 [51] . 

 The uptake of nanomaterials in the gastrointestinal tract is greatly affected by 
the nanomaterials ’  size and surface properties  [32, 51, 94] , with small nanoparti-
cles being more easily absorbed than larger nanoparticles. The rate of uptake for 
different - sized polystyrene particles showed a distinctive pattern of effi ciencies, 
with 6.6% and 5.8% of small particles (50 and 100   nm) being absorbed, respec-
tively, but almost none of the micrometer - sized particles (0.8% and 0% for 1    μ m 
and 3    μ m particles, respectively)  [94] . 

 The surface charges of the nanomaterials can also affect their rate of uptake. 
Typically, positively charged particles are absorbed more effi ciently than neutral 
and negatively charged particles. although most particles in the gastrointestinal 
tract will be quickly expelled via the feces  [84] .  

  7.3.3 
 Skin Contact 

 As nanomaterials may invade living systems by penetrating the epidermal layer 
of the skin, the handling of engineered nanomaterials and the use of cosmetic 
products containing nanomaterials will increase the threat of epidermal exposure. 
Since large, micrometer - sized particles cannot penetrate healthy skin, their only 
route is through open wounds and cuts  [35] . However, as the size of particles 
reduces to the nanometer scale, the chance of particle penetration is increased 
dramatically, and consequently nanometer - sized particles will be more harmful 
than their micrometer - sized counterparts in the case of skin contact. 

 It has been shown that 0.5    μ m fl uorescent dextran beads may penetrate the 
stratum corneum within 60   min under fl exing, whereas 1    μ m beads could not 
penetrate  [95] . Small - sized nanomaterials, such as fullerene, metal nanoparticles 
and quantum dots, were able to penetrate the intact skin  [83, 96 – 99] , with small -
 sized quantum dots (15   nm) penetrating deeper (observed in the epidermal region) 
than the larger (40   nm) quantum dots (observed only in the stratum corneum) 
during the same period (8   h)  [98] . Aside from the size of the quantum dots, their 
shape also seems have a role in skin penetrance, as spherical quantum dots were 
seen to penetrate the epidermal barrier more easily than ellipsoids  [98] . 

 The surface properties of the nanomaterials may also affect skin penetration. 
In a study of metal nanoparticles in which the skin pH was varied  [83] , a tetra-
methylammonium hydroxide - coated metal nanoparticle (TMAOH - nanoparticle) 
with an isoelectric point of 6.3 was used. Changing the skin pH caused a change 
in the surface charge of the nanoparticles; this in turn led to aggregation such that 
the hydrodynamic diameter of the nanoparticles expanded. These changes led 
directly to a slower rate of penetration. However, in a study using quantum 
dots, whether the surface charges were negative, positive or neutral, a passive 
penetration dominated, which meant that the surface charge had no effect on the 
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penetration rate of quantum dots  [99] . Besides the effect of surface charges, other 
types of coating (e.g. surfactant coating) also affect the penetration rate of nanopar-
ticles. For example,  Aerosol OT  ( AOT ) - nanoparticles might compromise the integ-
rity of skin due to the amphiphilic property of AOT, which assisted in the 
nanoparticle penetration  [83] . As in the case of nanomaterials which enter living 
systems via other routes, foreign nanomaterials that penetrate via skin contact 
may further translocate to other organs, assisted by the circulatory or lymphatic 
systems.  

  7.3.4 
 A Brief Summary 

 Although most studies of the exposure routes of nanomaterials in living systems 
have not been conducted with silica nanomaterials, the same general principles 
should still be applied. Because the size, shape and surface properties of nanoma-
terials are key factors not only during the exposure but also following their trans-
location and deposition, the chemical composition of nanomaterials serves only a 
minor role in this respect. Therefore, amorphous silica nanomaterials may invade 
living systems by all three of the above - mentioned routes. Importantly, intrave-
nous injection may represent an additional, minor route for the invasion of silica 
nanomaterials, due to their potential use as drug delivery vessels or cancer thera-
peutic reagents. In theory, the penetration, translocation and deposition of amor-
phous silica nanomaterials are all affected by their properties, such as size, shape 
and surface characteristics.   

  7.4 
 Mechanism of Nanomaterials - Induced Toxicity 

 In the past, the toxicity of airborne ultrafi ne particles and certain engineered 
nanomaterials have been well documented  [32, 33, 35, 51, 53, 54, 93] , with colloidal 
silica generally being accepted as either a nontoxic or low - toxicity material  [44, 53] . 
However, when the structure is changed to a crystallized analogue    –    an ultrafi ne 
quartz particle    –    the previously inert silica becomes acutely toxic  [44] . If the 
amorphous structure remains constant while the size of amorphous silica particles 
is reduced to nanometer scale, then the changes will mainly be physical and chemi-
cal and capable of generating many fantastic applications of nanomaterials in the 
fi eld of biology. Meanwhile, however, the toxicity of silica particles must be 
re - evaluated. 

 In general, when living systems come into direct contact with amorphous silica 
nanomaterials, the result may be a series of negative effects including chronic 
pulmonary changes during infl ammation, ROS generation, and damage to intra-
cellular DNA, RNA and proteins  [37, 38, 43 – 46, 48, 100] . The following section 
provides some introductory details of the mechanism of toxicity for photoactive 
and silica nanomaterials. 



  7.4.1 
 Photoactive Nanomaterials - Induced Toxicity 

 Recently, the toxic effects of engineered photoactive nanomaterials have under-
gone extensive investigation, notably the toxicity of quantum dots  [14, 32, 33, 35] . 
The proposed essential mechanism for nanomaterials - induced toxicity has focused 
on the generation of ROS and the induction of oxidative stress  [35, 54] . The ROS 
were generated via different pathways as a result of stimulation by nanomaterials 
 [54] ; an example was the generation of ROS by cadmium - containing quantum dots 
irradiated with UV light  [40] . The oxidation of metals, or the catalysis of redox 
cycles (e.g. Fenton chemistry) led to the production of intracellular ROS  [35, 54] , 
as did the direct interaction of nanomaterials with cells, since nanomaterials are 
capable of activating a  phagocytic oxidative burst . When nanomaterials interact 
directly with intracellular molecules    –    such as DNA, RNA, enzymes and other types 
of protein    –    the damage or malfunction of these molecules may cause the genera-
tion of ROS. With genomic contamination the cells may repair their damaged 
DNA, but if the cell defense mechanism does not function correctly, then muta-
genesis or cancer may occur. In general, nanomaterials can induce ROS genera-
tion through both acellular and cellular pathways, although the characteristics 
of the nanomaterials, such as size, shape, composition, solubility and surface 
properties, will each have an effect on such generation.  

  7.4.2 
 Toxicity of Silica Nanoparticles 

 The mechanisms of engineered photoactive nanomaterials - induced toxicity apply 
only partially to amorphous silica nanoparticles, mainly because their composition 
and structure differ from those of quantum dots, metal nanoparticles, carbon 
nanotubes and quartz nanoparticles. The amorphous structure and nontoxic com-
position provide amorphous silica nanoparticles with a signifi cant advantage    –    that 
is, the nanoparticle has a relatively low toxicity compared to the above - mentioned 
photoactive nanomaterials. Until now, studies on the toxicity of silica nanoparticles 
have been reported both  in vitro  and  in vivo , as discussed below. 

  7.4.2.1    In Vitro  Studies of Silica Nanomaterials - Induced Toxicity 
  In vitro  toxicity studies of amorphous silica nanomaterials are mostly focused on 
the reaction of nanomaterials with cells from organs included in the three nano-
materials exposure routes (respiratory tract, gastrointestinal tract and skin contact). 
Until now, a variety of different cell lines have been studied, including mesothelial 
cells (MET - 5A, skin), WS1 (skin), CCD - 966sk (skin), A549 cells (lung), alveolar 
macrophage cells (lung) and MKN - 28 (gastric). 

 The  MTT  [ 3 - (4,5 - dimethylthiazol - 2 - yl) - 2,5 - diphenyltetrazolium bromide ] and 
 LDH  ( lactate dehydrogenase ) assays are commonly used to evaluate the cytotoxicity 
of nanomaterials, while measurements of ROS,  glutathione  ( GSH ) and hOgg1 are 
used to evaluate nanomaterial - induced oxidative stress. The different cell lines 
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showed varied resistance to the nanomaterials - induced toxicity. In the study by 
Chang, cancer cell lines (A549, MKN - 28) had a higher viability and resistance to 
silica nanoparticles than did normal cell lines (MRC - 5, WS1 and CCD - 966sk)  [37] . 
Similarly, a previous study showed that A549 cells were more resistant to the treat-
ment of silica nanoparticles than were macrophages  [43] . When Lin  et al.  examined 
the size -  and time - dependence of silica nanoparticle - induced toxicity  [48] , a 48   h 
treatment of cells with silica nanoparticles caused a reduction in GSH level, indicat-
ing that the silica nanoparticles had induced the generation of ROS. Levels of the 
hOgg1 protein (a DNA repair protein produced in response to oxidative stress) were 
also increased when cells were exposed to silica nanoparticles, although no increase 
in DNA damage was observed. Again, these fi ndings suggested that the silica 
nanoparticles had induced oxidative stress, in response to which the cells had pro-
duced more hOgg1 to prevent further DNA damage and cell death  [43] .  

  7.4.2.2    In Vivo  Studies of Silica Nanomaterials - Induced Toxicity 
 Although the toxicities of silica nanomaterials have been investigated widely  in 
vitro , these studies may not refl ect the true scenario, as would occur with  in vivo  
exposure. For example, a low effi ciency of endocytosis might lead to a low cyto-
toxicity  in vitro , while severe chronic toxicity may be induced in the evacuation 
process. Therefore,  in vivo  studies are necessary in order to evaluate silica nano-
materials - induced toxicity. 

 Pulmonary exposure is the most popular route for  in vivo  investigations of 
nanomaterials - induced toxicity. In order to better understand the toxic effect of 
amorphous silica nanomaterials, the nanomaterials were instilled into the respira-
tory tract  [38, 44 – 46, 100]  and, after a period of treatment, the acute and subacute 
pulmonary toxic effects were monitored. However, this phenomenon was an 
induced transient toxicity, and pulmonary function was fully recovered after several 
days post - exposure. Compared to the persistent pulmonary infl ammation caused 
by crystalline silica nanomaterials, the negative effect of amorphous silica nano-
materials was considered insignifi cant. 

 Under pulmonary exposure, silica nanomaterials can be taken up via phagocy-
tosis and endocytosis. In response to the instillation of silica nanomaterials, 
various cytokines [including  interleukin  ( IL ) - 1 β , IL - 6, IL - 8 and  tumor necrosis 
factor -  α   ( TNF -  α  )] and chemokines [ monocyte chemoattractant protein - 1  ( MCP - 1 ) 
and macrophage infl ammatory protein - 2 (MIP - 2)] were expressed to regulate the 
pulmonary infl ammation  [38] . While the increase in IL - 1 β  mediated the process 
of infl ammation, the levels of other cytokines such as IL - 6 and IL - 8 were also 
increased, even after one week of instillation of the silica nanomaterials. Mean-
while, MIP - 2 (which can direct neutrophils to the infl ammation sites) was also 
expressed as a result of silica nanomaterial - induced oxidative stress. Thus, it 
appeared that the infl ammation and phagocytic  ‘ oxidative burst ’  had occurred as 
a result of exposure to silica nanomaterials. 

 Upon the uptake of the silica nanomaterials in the respiratory tract, the cell 
counts of both neutrophils and macrophages were transiently increased  [38, 44 – 46] . 
Cho and coworkers reported an increase in neutrophil count in the bronchoalveolar 
lavage fl uid following the instillation of 14   nm silica nanomaterials, at different 



doses  [38] . The symptoms (which included infl ammation and an increased expres-
sions of both cytokines and chemokines) were acute, but resolved as the post - 
instillation time was prolonged. The rapid recovery was most likely due to the small 
size of the silica nanomaterials, which had facilitated endocytosis and transcytosis 
to aid in the rapid translocation of nanomaterials and their evacuation from the 
lung. However, at times the macrophage population may have decreased. 

 In  in vivo  studies, the induced toxicity of silica nanomaterials is transient, with 
the level of apoptosis, neutrophil and macrophage counts and cytokine/chemokine 
expressions returning to normal between one week and one month of recovery.  

  7.4.2.3   Mechanism of Silica Nanomaterials - Induced Toxicity 
 Most engineered photoactive nanomaterials contain metal components. Metals can 
generate ROS without interacting with cells; for example, quantum dots can gener-
ate ROS under UV irradiation, while iron - containing nanomaterials can catalyze 
redox reactions through Fenton chemistry. The crystallized metal oxide nanomate-
rials can also produce ROS through an acellular approach  [35, 40] . In contrast, 
amorphous silica nanomaterials contain no metal components, and the direct gen-
eration of ROS is unlikely to occur. However, an intracellular presence of ROS was 
observed in the  in vitro  treatment of silica nanomaterials  [37, 43, 48] , which sug-
gests that a different mechanism might be involved in the generation of ROS. 

 Based on previously proposed mechanisms, the cellular - based generation of 
ROS is most likely the case for the silica nanomaterial - induced ROS and oxidative 
stress. In the cellular mechanism, interactions between intracellular nanomateri-
als and the cells are dominant, and an uptake of silica nanomaterials has been 
demonstrated in both  in vitro  and  in vivo  studies  [43, 45, 46] . Furthermore, small -
 sized nanomaterials have been found in the mitochondria and nuclear regions, 
where damage to the cellular structure and biomolecules is possible  [101] . Pro-
teins, such as  human carbonic anhydrase I  ( HCAI ), could be absorbed and dena-
tured on the surface of nanomaterials  [72] , while DNA strands were shown to 
interact easily with the surface of amine - modifi ed silica nanomaterials  [55] . There-
fore, a strong binding and interactions of silica nanomaterials with intracellular 
biomolecules led to incorrect functions of these molecules and nanomaterial -
 engulfed cells  [55, 69, 72, 74, 80, 102] . It is possible that these processes might 
trigger the infl ammation and generation of ROS and oxidative stress, and that 
apoptosis and necrosis may also occur during the treatment of silica nanomaterials 
 [37, 38, 43 – 46, 48] .    

  7.5 
 Effects of Silica Nanomaterial Properties on Toxicity 

 Many factors infl uence the toxicity of silica nanomaterials, including their size, 
shape and surface and core properties, as well as the concentration of the nano-
material, the treatment time and the type of targeted cell line. Thus, a knowledge 
of these factors might help in the reduction and/or control of the toxicity associated 
with silica nanomaterials. 
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  7.5.1 
 Effect of Silica Nanomaterial Size 

 The size of the nanomaterial greatly infl uences its toxicity; typically, as the nano-
material ’ s size decreases, certain of its parameters are changed  [28 – 31] . Many 
studies have shown that variations in the size of nanomaterials account for the 
different toxicity levels between nanosized and micrometer - sized materials  [32, 35, 
51] . It is known that a reduction in size can increase the rate of uptake and trans-
location of silica nanomaterials  in vitro  and  in vivo , thereby inducing a more severe 
and transient toxicity (Figure  7.4 )  [82] . For example, Kaewamatawong  et al.  reported 
that, with the same treatment dose (mg   ml  − 1 )  in vivo , small silica nanoparticles 
(14   nm) showed a more severe toxicity than did large nanoparticles (213   nm)  [45] . 
A similar phenomenon was observed by Jin  et al.  in an  in vitro  study, when smaller 
silica nanoparticles (23   nm) proved to be more toxic than larger ones (85   nm) fol-
lowing a three - day treatment of A549 cells (Figure  7.5 )  [82] . In contrast, when 
 similar  toxicities were observed  in vitro  for 15   nm and 46   nm amorphous silica 
nanoparticles  [48] , this was considered due to the similarity of the nanoparticles ’  
hydrodynamic diameters. Thus, the state of the conjugate and the hydrodynamic 
size of the silica nanomaterial, rather than its physical diameter, are more repre-
sentative of the differences in size - induced toxicity  [48] .   

 A smaller size not only facilitates the cellular uptake and translocation of nano-
materials but also alters the interaction between nanomaterials and the cellular 
components. Changes in particle – protein interaction appear to infl uence silica 
nanomaterial - induced toxicity  [69, 72, 74, 80, 102] , as demonstrated in the pioneer 
studies reported in 2004 of the interaction between silica nanoparticles and pro-

    Figure 7.4     Penetration of different - sized silica nanoparticles 
(NP) through the membranes of A549 cells. Large - NP: 85   nm; 
small - NP: 23   nm. Both NPs are fl uorescent and monitored 
by their fl uorescent color (yellow) under the confocal 
fl uorescence microscope.  Reprinted with permission from 
Ref.  [82] ;  ©  2007, American Chemical Society.   
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teins. In studies conducted by both Vertegel and Lundqvist and colleagues, pro-
teins were seen to be denatured when they were adsorbed onto the surface of silica 
nanoparticles  [72, 74] , with larger nanoparticles (15   nm) inducing a more severe 
(ca. sixfold) denaturation than their smaller counterparts (6   nm). As an example, 
ribonuclease A, when adsorbed to the silica surface, could be unfolded to different 
extents based on the curvature of the silica nanoparticles. In overall terms, however, 
it is the size of silica nanoparticles that affects their toxicity.  

  7.5.2 
 Effect of Silica Nanomaterial Shape 

 Although, until now, investigations into the effect of nanomaterial shape on toxic-
ity have been limited in number, currently available information suggests that the 
shape of a nanomaterial can affect its toxicity in two ways. First, the shape of a 
nanomaterial has an effect on the rate of its cellular uptake; and second, the shape 
of a nanomaterial can affect the extent of its aggregation, and hence alter its cyto-
toxic properties. 

 An initial study of the toxicity of carbon nanotubes and fullerene implied that 
fi ber - shaped nanomaterials were more toxic than spherical nanomaterials  [25] . In 
the case of the carbon nanotube, its shape appeared to hamper the processes of endo-
cytosis and phagocytosis, such that chronic pulmonary toxicity occurred. However, 
a recent  in vitro  toxicity study using different sizes of silica nanomaterials showed 
spherical nanomaterials be more toxic than rods  [68] . The suggested reason for this 
was that the silica nanorod aggregated much more easily than the spherical silica 
nanomaterials; consequently, the large aggregates not only reduced the surface area -
 to - volume ratio of the nanomaterials but also slowed their rate of cellular uptake. It 
was also shown to be more diffi cult for elliptical nanomaterials to penetrate the 
skin layer than spherical ones  [98] . Overall, however, the results of these studies 
indicated that the shape of nanomaterials could indeed affect their toxicity.  

    Figure 7.5     Comparison of cytotoxicity induced by different -
 sized nanoparticles (NP) using the cell proliferation assay. 
 Reprinted with permission from Ref.  [82] ;  ©  2007, American 
Chemical Society.   

0

20

40

60

80

100

120

140

NP concentration (mg mL–1)

P
e
rc

e
n
ta

g
e
 o

f 
c
e
ll 

p
ro

lif
e
ra

ti
o
n

Large-NP

Small-NP

0.01 0.1 0.5

 7.5 Effects of Silica Nanomaterial Properties on Toxicity  235



 236  7 Toxicity of Spherical and Anisotropic Nanosilica

  7.5.3 
 Effects of Silica Nanomaterial Surface Properties 

 The surface properties of nanomaterials include their chemical reactivity, water 
solubility, charge, functional groups and biocompatibility, In general, the surface 
properties of nanomaterials have a profound effect on their toxicity. Pure silica 
nanomaterials show low levels of toxicity as: 

   •      the inert nature of silica surface is resistant to the direct generation of ROS, 
which greatly reduces the silica nanomaterials - induced toxicity  

   •      the surface of silica nanomaterials is hydrophilic; hence, a high water solubility 
reduces the aggregation of silica nanomaterials and facilitates endocytosis, 
transcytosis and the translocation of silica nanomaterials  [78] . Such a rapid 
translocation may reduce the chronic pulmonary burden.    

 Based on well established silica chemistry, the surface of silica nanomaterials 
can be modifi ed to introduce a variety of functionalizations  [28 – 30] . The toxicity 
of surface - modifi ed nanomaterials is largely determined by their surface func-
tional groups. For example, when quantum dots were coated with three different 
functional groups of amine, carboxyl and PEG  [99] , their endocytotic processes 
became signifi cantly different. The surfactant (AOT) - coated nanomaterials, which 
had detergent - like surface properties, were able to break the skin structure such 
that skin penetration was much easier  [83] . The amine group - modifi ed silica 
nanoparticles exhibited a strong DNA binding capability to prevent DNA cleavage 
 [55] , while a specifi c PEG coating on the nanoparticles dramatically reduced their 
hepatic and splenic deposition from the blood circulation  [90] . A specifi c antibody 
coating on silica nanomaterials may cause the nanomaterials to be  ‘ driven ’  to a 
specifi c location in the living system, thus having less effect on other organs. As 
an example, Kreuter reported that an apolipoprotein coating on silica nanoparticles 
aided their endocytosis in brain capillaries through the LDL - receptor  [16, 91, 92] . 
Overall, silica nanomaterials are low - toxicity materials, although their toxicity can 
be altered if surface modifi cations are applied to them.  

  7.5.4 
 Effect of Dopants 

 Although a wide variety of molecules can be doped inside a silica matrix, the 
dopants, in general, have little effect on the toxicity of silica nanomaterials because 
they are isolated from the environment  [28 – 30, 63] . However, if the dopants are 
photosensitizers or some other specialized molecule, they can have an effect on 
the toxicity of the silica nanomaterial. For example, when a hydrophobic photo-
sensitizer,  PS HPPH  [ 2 - devinyl - 2 - (1 - hexyloxyethyl) pyropheophorbide ], was doped 
inside organically modifi ed silica nanoparticles  [23] , and the nanoparticles were 
delivered into cells (under irradiation), ROS were produced by the doped photo-
sensitizers such that the cells were killed. 



 Dopants may also leak from the silica matrix, and if this occurs then the toxicity 
of the silica nanomaterials will be altered. However, under certain circumstances, 
leakage can be deliberately induced, an example being in the case of drug delivery. 
Here, anticancer drugs can be doped inside a silica matrix and then delivered to 
target cells  [15, 21, 26] ; the subsequent intracellular release of the drug molecules 
would then result in death of the cancer cells.  

  7.5.5 
 Effects of Dose and Interaction Time 

 Dose - dependent toxicity has frequently been observed in the study of nanomateri-
als  [37, 38, 43 – 46, 48] , with increasing doses of silica nanomaterials invariably 
worsening their toxicity. Both, cell proliferation and viability were greatly ham-
pered at higher doses in  in vitro  studies  [37, 43, 48] , whereas acute pulmonary 
toxicity and infl ammation were both prolonged as higher concentrations of 
silica nanomaterials were instilled  in vivo   [38, 44 – 46] . Thus, it would appear that 
there was a dose  ‘ safety limit ’  for the application of variable - sized silica nanoma-
terials  [43, 82] . Interactions between nanomaterials and environmental materials 
generally occur on the surface of nanomaterials, and indeed the release of 
ROS and interactions of nanomaterials with protein and DNA molecules are all 
surface - related. Therefore, the effective surface area of a nanomaterial is an 
important factor when determining dose - related toxicity. However, similar dose -
 dependencies have also been observed in toxicity studies of other materials. 

 The duration of treatment with nanomaterials in living systems is another 
important factor that affects silica nanomaterial - induced toxicity. Whilst for  in vitro  
studies a greater toxicity was observed with a prolonged treatment (several days) 
 [37, 43, 48] , for  in vivo  studies the pulmonary toxicity and infl ammation regressed 
and recovered with a prolonged post exposure time (one to several weeks)  [38, 
44 – 46] . However, this difference might be due to differences in methodology 
since, for the  in vivo  study the nanomaterials could be evacuated or translocated 
via several mechanisms. In contrast, in the  in vitro  studies the nanomaterials could 
not be excluded from the culture environment, which in turn would induce 
chronic toxicity. Nonetheless, a longer experimental time for  in vivo  studies would 
allow observations to be made of any slow regression.   

  7.6 
 Toxicity of Silica Nanomaterials: A Summary 

 The toxicity of amorphous silica nanomaterials has been investigated both in 
 in vitro  and  in vivo . Although the severity of the toxic reaction increases as the size 
of the amorphous silica is reduced to the nanometer scale, compared to metal -
 containing nanomaterials silica nanomaterials exhibit a relatively lower toxicity, 
due to their amorphous silica structure. Among  in vitro  studies, no signifi cant toxic 
effect was observed for silica nanomaterials at concentrations up to 100    μ g   ml  − 1  
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 [37, 43, 48] . A low toxicity was also observed in  in vivo  studies, where the amor-
phous silica nanomaterials can only cause transient toxicity, and no chronic affect 
was found  [38, 44 – 46] . However, a signifi cant toxicity of silica nanomaterials was 
observed at high doses; this may be caused by the generation of intracellular ROS 
as the nanomaterials penetrate and interact with cells and organelles. Increased 
ROS levels have been observed by monitoring the ratio of GSH   :   GSSH, DNA 
damage and the level of DNA repair proteins. Following treatment with silica 
nanomaterials, both cytokines and chemokines have been detected, some of which 
are responsible for the regulation of apoptosis and necrosis of the invaded cells. 
The hampered proliferation and low viability were observed using the MTT and 
LDH assays. 

 In summary, whilst the toxicity of silica nanomaterials is generally low    –    and 
even more so at lower concentrations    –    a variety of factors which include the nano-
materials ’  size, shape, surface properties, dopants, treatment dose and time, all 
affect their toxicity to similar degrees. Although such toxicity is a relatively recently 
investigated topic, and many studies are still at the experimental stages, the above -
 described factors are crucial for the safe use of silica nanomaterials in a variety of 
biological applications.  

  7.7 
 Perspectives on Silica Nanomaterials 

 In their role as engineered nanomaterials, amorphous silica nanomaterials possess 
several attractive properties for bioapplications. First, a minimal toxicity not only 
permits their wide and safe use in biological fi elds, but also ensures that their 
environmental impact will be insignifi cant. Second, the unique amorphous silica 
matrix provides large intraparticle spaces and numerous docking sites for dopants, 
such as fl uorophores and anti - cancer drugs. Third, amorphous silica nanomateri-
als can be engineered with different sizes, shapes and properties. Until now, the 
biological uses of silica nanomaterials have involved bioimaging, analyte determi-
nation at trace levels, drug delivery and cancer therapy. In addition, due to their 
low toxicity, silica materials may be used as a protective outer shell to reduce the 
toxicity of other nanomaterials, such as Au nanoparticles and quantum dots. Nev-
ertheless, the correct use of engineered silica nanomaterials among a wide variety 
of fi elds will require the use of a standard protocol for their handling and disposal, 
which has yet to be completed.  
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  8.1 
 Introduction 

 Today, zirconia nanomaterials are attracting great interest for applications in the 
fi elds of catalysis and sensing  [1 – 8] , as fi ller materials in organic – inorganic nano-
composites with enhanced mechanical or optical properties  [9 – 13] , and as solid 
electrolytes  [14] . Their development and application in the biomedical fi eld, 
however, has not yet received much attention, this being in stark contrast to other 
metal oxides such as magnetite or silica. The reasons for this surely include the 
greater diffi culty of synthesis and manipulation of zirconia nanostructures with 
defi ned and highly controlled properties, and the fact that, as a hard nonmagnetic 
ceramic material, zirconia is not  a priori  suited for tasks such as drug delivery 
or diagnostic imaging that currently represent the backbone of the    –    arbitrarily 
defi ned    –    new area of  ‘ nanomedicine ’   [15, 16] . Although zirconia - based materials 
are usually not considered for such applications  [17, 18] , this does not imply that 
they are  not  highly suited for use in the biomedical fi eld. On the contrary, they 
possess great potential due to their outstanding material properties in terms of 
mechanical behavior, especially their high tensile strength and toughness, good 
corrosion and abrasion resistance  [19]  and superplasticity  [20] , as well as their 
nontoxicity  [21]  and oncological safety  [22, 23] . 

 The relatively low profi le that zirconia nanomaterials have found stems from 
the fact that very diverse research areas, from ceramic engineering to biochemis-
try, are currently involved in the development of nanostructured or nanoengi-
neered zirconia biomaterials. However, as yet no strong impetus of any one 
combined research goal has emerged that would create a multidisciplinary, but 
unifi ed and more interactive, research community    –    as has been the case for 
example in the fi eld of magnetic nanomaterials for diagnostic imaging. Until now, 
no single specialized review article dedicated to zirconia - based nanostructured 
materials has been prepared. Hence, the aim of this chapter is to fi ll that gap and 
to report on the development of zirconia - based nanomaterials from a totally new 
perspective of applications in the life sciences, attempting to combine the so - far 
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diverse approaches pursued by scientists with diverse backgrounds. Ultimately, 
this chapter may even provide a  ‘ bridge ’  by helping to defi ne research goals and 
leading to a more focused research on this area. 

 The chapter incorporates a comprehensive overview of the synthesis and use of 
zirconia nanomaterials in the life sciences today. First, an overview is provided of 
the synthetic schemes for nanoparticles and anisotropic nanostructures, with the 
most frequently used strategies being discussed, together with examples. In 
general, the syntheses are described with no specifi c application in mind; rather, 
the discussion will center on synthetic approaches for nanomaterials used in bio-
medical applications, or which may be further processed to materials capable of 
use in the life sciences. 

 Details will then be presented of the current applications of nanostructured zir-
conia, not only in the life sciences but also of biolabeling and biosensing that 
might lead to future biomedical applications. Today, whilst the zirconia - based and 
 - reinforced ceramics that are used widely as bioceramic implants involve the use 
of nanopowders to produce materials with optimum mechanical stability and bio-
compatibility, further processing mainly uses conventional ceramic methods. As 
yet, the use of nanoengineered materials, with the control of structure at the 
nanoscale, or the production of individual zirconia nanocrystals, have shown 
promise at the laboratory scale but must still be proven for biotechnological and 
 in vivo  use. Examples are provided for both fi elds, with recent developments in 
bioceramics indicating the current uses and benefi ts of nanostructured and nano-
composite materials, and introducing conceptual approaches and initial reports 
on novel applications for zirconia nanomaterials, notably in diagnostics, biosens-
ing and bioelectronics. 

 Finally, a concise summary is provided of the synthetic strategies towards zir-
conia nanoparticles and their applications in the life sciences, as well as an outlook 
of anticipated future trends in this area. Despite their unobtrusive    –    almost hesi-
tant    –    introduction into the biomedical fi eld, these materials can expect a bright 
future, most likely leading to completely novel applications. There are, however, 
many challenges to face and risks to overcome!  

  8.2 
 Synthesis of Zirconia Nanomaterials 

  8.2.1 
 Historical Overview 

 Among the earliest driving forces of research into nanocrystalline materials was 
the observation of their lower sintering temperature compared to coarsely grained 
powders  [24 – 26] . In view of the importance of zirconia ceramics, it is no surprise 
that research into ZrO 2  nanomaterials began in the area of ceramics research, the 
main incentive being to prepare ceramic bodies with high density and fi ne micro-
structure that possessed advantageous properties  [27, 28] . Much of this early inter-
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est was triggered by the fact that zirconia appears in several polymorphs, namely 
in monoclinic, cubic and tetragonal modifi cations. Whilst, the monoclinic form is 
normally stable at temperatures up to 1170    ° C, Ruff and Ebert demonstrated in 
1929 that the cubic phase of zirconia could be stabilized at room temperature by 
doping with certain metal oxides  [29] . A few years later, it was also noted that, 
whilst normally being stable only above 1000    ° C, the tetragonal polymorph of zir-
conia was metastable at room temperature for  ‘ extremely fi ne - grained ’  powders 
 [30] . During the next few decades these ultrafi ne zirconia particles (often  < 10   nm 
in size) were prepared by the thermal decomposition of suitable precursors, espe-
cially zirconium salts such as hydrous ZrOCl 2   [30, 31] , ZrO(NO 3 ) 2   [32, 33]  or alk-
oxides  [34] , or by their precipitation from aqueous salts followed by calcination  [32, 
35] . In 1983, Tani, Yoshimuri and Somiya described the hydrothermal synthesis 
of zirconia nanoparticles under high pressure (100   MPa), and this resulted in 
highly crystalline nanoparticles  [36] . This report attracted a great deal of attention 
because the crystalline ZrO 2  powders in the tetragonal modifi cation were obtained 
at temperatures as low as 200    ° C. The infl uence of alkaline metal salts on miner-
alization was also investigated, and resulted in a high control over the polymorph 
and particle size; in fact, the particle size could be tuned within a range of 16 to 
30   nm by varying the reaction temperature  [36] . 

 Four years later, Komarneni and coworkers reported the use of zirconia nanopar-
ticles of approximately 10   nm diameter as seeds for the sol – gel - based preparation 
of zircon  [37] . The hydrothermal treatment of zirconyl oxynitrate and zirconium 
oxychloride thereby enabled these authors to prepare stable sols of crystalline zir-
conia nanoparticles of 70   nm and 10   nm in size, respectively. Some transmission 
electron microscopy (TEM) images of the nanoparticles obtained are shown in 
Figure  8.1 .   

 During the two decades that have passed since the above - described studies were 
conducted, the synthesis of nanomaterials has attracted enormous attention, and 
the synthesis of nanostructured zirconia has become a focus of research. Whereas, 
during the early days research into nanoscale particles was carried out mainly by 
those active in the fi eld of ceramics, today the major investigations into nanostruc-

    Figure 8.1     Zirconia nanoparticles prepared via a hydrothermal 
method. (a) Monoclinic ZrO 2  of 70   nm diameter; (b) cubic 
ZrO 2  of 10   nm particle size  [37] .  (Reproduced from Ref.  [37] , 
with kind permission of Springer Science   +   Business Media).   
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tured materials are conducted by materials chemists, physicists and, to an increas-
ing extent, also engineers. Especially during the past decade, research into zirconia 
nanomaterials has led to the publication of numerous reports, often strongly 
focused on specifi c aspects of the synthesis or processing. Thus, whilst the aim of 
this chapter is to place the individual research strategies into a more general 
context, the extremely large number of reports means that only a selection of arti-
cles describing the various strategies and methods can be discussed. It is also 
important to focus on approaches that lead to nanostructured materials in their 
stabilized or isolated form, or to composites that are suitable for biomedical appli-
cations. For a more complete overview, the reader is referred to a growing number 
of books describing nanomaterials syntheses  [38, 39] , to an encompassing general 
review on metal oxide nanomaterials by Cushing  et al.   [40] , and to other reviews 
of selected areas, notably those of Omata  [14]  (an overview of zirconia - based nano-
materials suitable as solid electrolytes) and Di Monte and Ka š par  [41]  (which 
focuses on CeO 2  - ZrO 2  composites). 

 Today, both chemical and physical synthesis routes to zirconia are employed. 
Most chemical methods are performed in solvents at rather moderate tempera-
tures, and offer advantages such as the possibility of utilizing organic surface 
modifi ers in the synthesis mixture that can act to stabilize the formed particles 
against agglomeration. However, for highly covalent metal oxides such as zirconia, 
many of these methods do not result in crystalline materials, and therefore must 
be succeeded by a calcination treatment. Unfortunately, this poses several disad-
vantages, including decomposition of the organic modifi ers and uncontrolled 
grain growth. Both drawbacks render these methods unattractive for advanced 
biomedical applications, where specifi c surface functionality with organic ligands 
is required to ensure stability and biocompatibility. Gas - phase chemical methods 
are capable of high throughputs, and result in materials of high crystallinity. 
However, their often rather rigid conditions, involving low pressures or high 
temperatures, as well as the strong tendency of the obtained products to agglomer-
ate, severely hamper their potential in the production of biocompatible nanoma-
terials. In addition, most physical methods are often capable of only low production 
rates, and normally operate under nonstandard conditions, which renders them 
rather unsuitable for large - scale production. As the distinction between chemical 
and physical synthesis methods is sometimes ambiguous, we will in the following 
sections attempt to classify the synthesis routes to zirconia nanostructures as 
solvent - based and gas - phase strategies. We will also briefl y discuss the  ‘ top - down ’  
approaches to nanoscale zirconia powders that are, to some extent, becoming an 
attractive alternative to  ‘ bottom - up ’  methods.  

  8.2.2 
 Solvent - Based Synthesis of Zirconia Nanoparticles 

 The main advantage of the chemical solution - based methods used to prepare metal 
oxide nanoparticles is the excellent homogeneity of the resultant particles, even 
when a complex metal oxide system is the target rather than a pure oxide. Espe-
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cially for ceramic applications   (but also in the biomedical fi eld; see Section  8.3 ), 
the desired properties can often only be realized by doping or by the fabrication 
of composite materials which sometimes consist of three or more phases. Whilst 
most ceramic nanocomposites consist of individual grains of pure metal oxides 
sintered together, in doped oxides a mixing of the metals is desired on the atomic 
level in order to achieve optimum homogeneity. This is especially relevant for the 
synthesis of zirconia, where doping is usually desirable in order to achieve stabi-
lization against phase transformation; the most common dopant used is Y 2 O 3  
( yttria - stabilized zirconia ;  YSZ ). Chemical solution - based methods, in principle, 
ensure homogeneity of the doped materials on a molecular scale, as the individual 
components are dissolved and homogenized in solution  [42, 43] . However, inho-
mogeneous materials might still be obtained if the subsequent reactions leading 
to the formation of solids do not proceed in a controlled manner at similar reaction 
rates. This constitutes a major diffi culty that must be overcome in order to suc-
cessfully establish versatile and reliable synthesis strategies. 

  8.2.2.1   Hydrothermal Synthesis Strategies 
 Due to the generally good crystallinity of the obtained materials, and the usually 
high homogeneity (even in the case of systems with a complex composition), the 
hydrothermal synthesis strategy is still receiving considerable attention today  [44] . 
Both, pure and doped zirconia, as well as mixed ceria – zirconia and zirconia –
 alumina nanocrystals, have been prepared via the hydrothermal strategy. A variety 
of precursors and reaction media has been employed, and the older developments 
in this fi eld are described in a review produced by Somiya and Akiba  [45] . During 
the past few years, a number of novel approaches have been reported which 
employ reagents that lead to a substantially improved product quality and/or a 
potential for lowering the reaction temperature. For example, Zhu  et al.  described 
the synthesis of zirconia nanocrystals of 5   nm in size by the treatment of zirconium 
salts in aqueous hydrazine solutions at only 150    ° C  [46] . Some TEM images of the 
obtained nanoparticles are shown in Figure  8.2 . The overview image (panel a) 
illustrates some weak agglomeration of the nanoparticles, whereas in the high -
 resolution image (panel b) the lattice fringes of the individual zirconia crystals are 
clearly visible, evidencing the high crystallinity of the nanoparticles. For compari-
son, hydrothermal treatment was also carried out in sodium hydroxide, and the 
resulting particles are shown in Figure  8.2 c. These are substantially larger than 
the particles obtained in the presence of hydrazine and, based on additional spec-
troscopic analysis, the authors inferred that hydrazine would act as mineralizer in 
the former system, interacting with the zirconium precursor salts to form clusters 
which transform to ZrO 2  in a controlled fashion under hydrothermal conditions 
 [46] .   

 A comparative study of the infl uence of the mineralizing agent on the product 
quality was performed by Su  et al.  By using conductivity measurements, these 
authors showed that nanopowders prepared in ammonia possessed a higher purity 
than when other mineralizers such as urea were used, and that hydrothermally 
prepared nanopowders exhibited less agglomeration than nanoparticles prepared 
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by precipitation  [47] . Zirconia - based, mixed - metal oxide and doped - zirconia 
nanoparticles were prepared by several research groups. For example, Walton and 
coworkers prepared ceria – zirconia in nanocrystalline form from CeCl 3  and ZrOCl 2  
in the presence of bases, additionally using H 2 O 2  as an oxidizing agent for the 
ceria  [48] . The infl uence of various mineralizers on the hydrothermal synthesis of 
yttria - doped zirconia nanoparticles was investigated by Yueming  et al. , and sug-
gested certain advantages of bivalent mineralizers  [49] . Hydrothermal treatment, 
however, is not only suitable for the direct reaction of molecular zirconia precur-
sors to the oxide; it has also been shown to be effective in the conversion of 
amorphous zirconia gels to crystalline nanoparticles  [50, 51] . Qin and Song thereby 
studied the infl uence of various alcohol additives on the zirconia product, and 
showed that the addition of monohydric and dihydric alcohols (e.g.  n  - propanol and 
glycol) resulted in formation of the monoclinic ZrO 2  polymorph, whereas polyhy-
dric alcohols (e.g. trimethylolpropane) led to pure - phase tetragonal zirconia  [50] . 
Some interesting variations of the hydrothermal synthesis have also been applied, 
such as the sonochemically assisted hydrothermal synthesis reported by Meskin 
 et al.   [52] , and the microwave - assisted hydrothermal technique described by Bondi-
oli  et al.   [53] . The latter method was shown to allow the rapid synthesis of nanopar-
ticles of praseodymium - doped ZrO 2  with narrow size distributions; a representative 

    Figure 8.2     (a,c) Overview transmission electron microscopy 
images and (b) high - resolution micrograph of crystalline ZrO 2  
nanoparticles obtained via the hydrothermal treatment of 
zirconium salts  [46] .  (Reproduced from Ref.  [46] , with kind 
permission of the American Ceramic Society).   
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TEM image and its evaluation are shown in Figure  8.3 . The respective metal salts 
were simply dissolved and the neutralized solution subjected to the hydrothermal 
treatment for 2   h using a microwave digestion system  [53] . Another variant of the 
hydrothermal synthesis, which has been considered a  ‘ green - chemistry ’  strategy, 
is the so - called  supercritical water method , as proposed by Sue  et al.   [54] . Here, 
the synthesis is carried out in a fl ow - through reactor under higher temperatures 
and pressures than are usually employed in hydrothermal synthesis (400    ° C, pres-
sures of 25 – 40   MPa), leading directly to crystalline oxide nanoparticles of several 
metals, including zirconium.   

 As an alternative to water, alcohols may also be used as solvents, notably ethanol 
and isopropanol. This solvothermal treatment was proposed to result in less -
 agglomerated nanoparticles  [55] . Mixtures of water and organic solvents have also 
been employed, and it was observed that, by varying the nature of the organic sol-
vents, the particle morphology would be strongly infl uenced  [56] , as would the 
stability of the particles against agglomeration  [57] . Whilst all of these studies 
employed soluble zirconium salts, which can only be subjected to solvothermal 
treatment at low concentrations due to problems of corrosion and aggregation, a 
commercially more promising method was recently presented that utilizes metal 
hydroxides as precursors  [58] . Whereas, the hydrothermal treatment of zirconium 
hydroxide normally results in amorphous, agglomerated powders, its solvothermal 
treatment would be capable of a high - yield production of crystalline ZrO 2  nanopar-
ticles (10 – 40   g powder per 100   ml reactant mixture), although the addition of 
NaOH would be required as a mineralizer  [58] .  

  8.2.2.2   Precipitation Techniques 
 The quickest    –    and most straightforward    –    strategy for the preparation of inorganic 
materials is the  precipitation technique , although in the case of metal oxides this 
often results in amorphous materials that require extensive calcination treatment. 

    Figure 8.3     Synthesis of zirconia nanoparticles by 
sonochemically assisted hydrothermal synthesis. (a) TEM 
image of the obtained particles; (b) Size evaluation of the 
particles  [53] .  (Reproduced from Ref.  [53] , with kind 
permission of the American Ceramic Society).   
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In order to prepare ZrO 2 , zirconium oxychloride (ZrOCl 2 ) is normally used as the 
precursor, with its aqueous solution being added to an ammonia solution for pre-
cipitation. Following the addition of other metal salts to the precursor solution, 
doped or composite materials can be achieved via coprecipitation. However, the 
precipitates obtained must fi rst be washed extensively to remove unwanted impu-
rities (notably chloride), dried, and fi nally calcined to obtain crystalline particles. 
By varying the calcination temperature it is possible to tune the particle size to a 
great extent  [59] . Due to its simplicity, the precipitation method is still widely used. 
Additionally, by varying the precipitation agent and the processing conditions, 
improved product properties can be achieved. For example, YSZ nanoparticles 
with a crystallite size of 7   nm were obtained in a highly dispersed state after pre-
cipitation with urea and heat treatment at moderate temperatures of 500    ° C  [60] . 
Otherwise, the addition of  cetyltrimethylammonium bromide  ( CTAB ) as surfac-
tant allowed the synthesis of zirconia nanoparticles with a narrow size dispersion 
from zirconium nitrate  [61] . As an alternative to calcination, a hydrothermal pro-
cessing of the obtained precipitates can also be carried out to obtain crystalline 
nanoparticles. Shevchenko  et al. , for example, recently prepared mixed nanopow-
ders of the ZrO 2  − Y 2 O 3  − CeO 2  system by precipitation, starting from the respective 
metal nitrates, followed by hydrothermal treatment at 210    ° C  [62] . Whereas, after 
precipitation, an amorphous gel resulted, following the hydrothermal treatment 
a sol of nanoparticles with the cubic zirconia modifi cation was obtained. 

  Microemulsions  consist of nanometer - sized droplets that can be used as micro-
reactors in which the synthesis of nanoparticles, for example by precipitation, is 
carried out. As the liquid – liquid interface acts as boundary where the reaction is 
stopped, the particle sizes and morphologies obtained are highly controlled and 
uniform. The microemulsion - based synthesis of zirconia nanoparticles has been 
investigated in very few studies  [5, 63] , but in all cases the nanoparticles were 
obtained in amorphous form and needed to be subjected to a calcination treat-
ment. This limited the most prominent advantages of microemulsion - based syn-
thesis, as the grain growth processes during high - temperature treatments are 
uncontrolled and result in random particle morphologies. Directly, crystalline zir-
conia nanoparticles were obtained by the liquid – solid – solution phase - transfer 
method described by Li and coworkers. This astonishingly general strategy allowed 
the synthesis of 4   nm - sized ZrO 2  nanocrystals via dehydration of the acetate at 
180    ° C  [64] , and exhibited some similarities to the nonhydrolytic sol – gel synthesis 
discussed below.  

  8.2.2.3   The Pechini Method 
 Another common strategy for the synthesis of nanoparticles is the so - called Pechini 
method. Originally developed during the 1960s for thin ceramic fi lms  [65] , this 
method    –    which originated from the fi eld of ceramics    –    is today used for the syn-
thesis of fi ne particles of many metal oxides, including zirconia. Although, nor-
mally an aqueous salt solution is prepared, dilute acid starting mixtures can also 
be utilized; this allows the direct use of metal oxides as precursors that, prior to 
mixing, are dissolved in a mineral acid. The characteristic feature of this method 
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is the addition of an  α  - hydroxycarboxylic acid (often citric acid) and a multifunc-
tional alcohol which, upon heating, undergo polyesterifi cation leading to a viscous 
resin. The mixture is heated further until eventually a fi ne oxide powder is obtained. 
This strategy allows the preparation of metal oxides at signifi cantly lower tempera-
tures than are required for conventional solid - state reactions, and also permits 
the synthesis of complex multicomponent oxides with good homogeneity  [66] . 
Thulium - doped zirconia nanocrystals were, for example, prepared by dissolving 
zirconium nitrate and thulia in dilute nitric acid, followed by the addition of citric 
acid and  ethylenediaminetetraacetic acid  ( EDTA ) and calcination  [67] . In another 
study, Lin  et al.  prepared ZrO 2  nanocrystals of various sizes via the Pechini method, 
starting from zirconium oxychloride, and characterized their phase stability and 
photoluminescent properties  [68] . Scanning electron microscopy (SEM) images 
of the products showed grain growth effects which occurred during calcination 
(Figure  8.4 ). The sample prepared via the Pechini strategy at 500    ° C was composed 
of aggregated nanoparticles of approximately 80   nm in size (Figure  8.4 a) whereas, 
after an additional annealing treatment at 1000    ° C (as required in conventional 
solid - state synthesis) the nanoparticles were completely sintered together to form 
micrometer - sized grains (Figure  8.4 b). In contrast to this calcined sample, the 
zirconia powders obtained directly after a Pechini - type synthesis exhibited strong 
luminescence, which the authors attributed to carbon impurities  [68] . Unfortu-
nately, this risk of carbon impurities at the single - atom level constitutes one of the 
main disadvantages of the Pechini method.    

  8.2.2.4   Combustion Synthesis/Auto - Ignition 
 Somewhat similar to the Pechini method is the  combustion synthesis , or  auto - 
ignition technique , that was presented by Kingsley and Patil in 1988  [69] . Here, 
metal nitrate salts are reacted with an organic fuel (usually urea, glycine or 
citric acid) in a strongly exothermic reaction to form the crystalline oxides at 

    Figure 8.4     Scanning electron microscopy images illustrating 
the effect of calcination treatment on nanopowders. (a) 
Zirconia nanoparticles obtained after Pechini synthesis at 
500    ° C; (b) The same particles transformed into large 
micrograins after annealing at 1000    ° C  [68] .  (Reproduced from 
Ref.  [68] , with kind permission of the American Chemical 
Society).   
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substantially lower temperatures than otherwise required. This method has been 
used for the synthesis of zirconia nanoparticles  [70 – 72]  as well as for composite 
materials, especially mixed alumina – zirconia powders  [73, 74]  and ceria - doped 
zirconia  [75] . Depending on both the precursor – fuel ratio and the composition, 
particle sizes between 10 and 100   nm are usually obtained with this method, 
although an additional calcination treatment is often required to ensure high 
crystallinity and complete removal of any nitrate impurities. When using a glycine -
 to - nitrate ratio of 1.0, Das  et al.  obtained only loosely agglomerated particles with 
single crystalline nature (Figure  8.5 )  [72] .    

  8.2.2.5   Sol – Gel Methods 
 Sol – gel methods, on the other hand, have proven their potential for the controlled 
synthesis of nanomaterials in numerous examples, and consequently they have 
been studied extensively also for the preparation of zirconia nanoparticles  [76 – 78] . 
The synthesis of monodisperse ZrO 2  nanoparticles was achieved by Livage  et al. , 
using acetylacetone as a capping agent to reduce the reactivity of the zirconium 
alkoxides  [79] . However, these conventional aqueous sol – gel strategies result in 
amorphous zirconia nanomaterials that can only be crystallized by an additional 
thermal treatment  [79] . Recently, an interesting study on the crystallization kinet-
ics of yttria - stabilized zirconia nanomaterials was presented by Shih  et al. , who 
showed that the crystallization of zirconia stabilized with 8   mol% of yttria, and 
obtained by aqueous sol – gel processing, commenced at temperatures of approxi-
mately 475    ° C  [80] . 

 In order to circumvent the calcination treatment that may lead to desorption 
and decomposition of the organic stabilizers and uncontrolled grain growth, some 
more elaborate combined approaches were developed. Schmidt  et al. , for example, 

    Figure 8.5     (a) Transmission electron microscopy image and 
(b) high - resolution image of zirconia nanoparticles prepared 
by combustion synthesis from zirconyl nitrate and glycine  [72] . 
 (Reproduced from Ref.  [72] , with kind permission of Springer 
Science   +   Business Media).   
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performed the sol – gel reaction of zirconium  n  - propoxide in a mixture of isobuta-
nol, propionic acid and water. The resulting transparent sol was subjected to 
hydrothermal processing, which produced crystalline zirconia nanoparticles of 3 –
 4   nm in size at 250    ° C  [81] . Recently, Mizuno and coworkers reported the synthesis 
of stabilized zirconia nanocrystals by performing a controlled sol – gel reaction in 
a mixed organic environment, followed by extraction and annealing at 280    ° C  [82] . 
Another strategy is the so - called  aerogel processing technique , where zirconia (or 
YSZ) precursors are dissolved in water and the solutions transformed into gels 
upon the addition of propylene oxide or other epoxy monomers. After aging, 
washing and supercritical drying, aerogels are obtained that can easily be ground 
and calcined to obtain nanocrystalline powders with good homogeneity and 
uniform particle size and morphology  [83 – 85] .  

  8.2.2.6   Nonaqueous/Nonhydrolytic Sol – Gel Technique 
 One alternative to conventional sol – gel synthesis which is attracting an increasing 
amount of attention is the nonaqueous or nonhydrolytic sol – gel technique, which 
allows the simple fabrication of metal oxide nanostructures under high control 
and straightforward conditions  [86 – 88] . Although these approaches have been 
developed from aqueous sol – gel chemistry and employ the same precursor species, 
water is not added to the reaction medium as a catalyst, but rather is provided via 
organic reactions that may follow complex mechanisms and are often catalyzed by 
the precursor species  [89] . Strictly speaking, the term  ‘ nonhydrolytic ’  may only be 
applied if no hydroxyl groups are present in the reaction medium; otherwise, for 
example when using alcohols as solvents, the term  ‘ nonaqueous ’  will apply. Often, 
the materials obtained are highly crystalline even when employing comparably 
mild reaction conditions, and stabilization of the product particles against agglom-
eration is achieved with excellent results. Although the nonaqueous method has 
received much more attention in the past few years, similar methods had already 
been applied by Inoue and coworkers a decade earlier  [90] . In this reaction, using 
toluene or glycols as solvents, the decomposition of zirconium alkoxides resulted 
in crystalline nanomaterials at 300    ° C, although they were heavily agglomerated 
due to a lack of stabilizers. In 2003, the synthesis of highly crystalline and well -
 stabilized ZrO 2  nanocrystals in high yield was achieved via a nonhydrolytic 
approach by Hyeon ’ s group  [91] . When these authors reacted stoichiometric 
amounts of zirconium chloride and zirconium isopropoxide at 340    ° C in high -
 boiling organic solvents, the result was the production of monodisperse nanopar-
ticles (see Figure  8.6 ). The function of the organic reaction medium thereby is 
manifold: it not only serves as solvent, but is also capable of binding to the particle 
surface, thus acting as a stabilizer. An analogous procedure allowed the synthesis 
of binary Hf  x  Zr 1 –  x  O 2  nanocrystals within a broad range of compositions  [92] . In 
these approaches,  trioctylphosphine oxide  ( TOPO ) was used as the organic reac-
tion medium and stabilizer, but zirconia nanocrystals were also prepared via 
similar nonhydrolytic approaches using long - chain amines  [93] .   

 Alternatively, alcohols can be used as solvents for water - free sol – gel processing 
and, in contrast to the media mentioned above, they are actively involved in the 
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particle formation process. Benzyl alcohol in particular has shown great potential 
for the formation of a variety of metal oxides  [94 – 97] , and has also been used for 
the synthesis of zirconia nanoparticles  [12, 98] . The use of a very simple experi-
mental protocol, simply adding benzyl alcohol to zirconium isopropoxide, followed 
by thermal treatment at 200    ° C, led to the production of monodisperse zirconia 
nanocrystals about 3   nm in size. These crystals could be stabilized such that they 
were totally nonagglomerated by the addition of fatty acids (the pronounced effect 
of this stabilization treatment is shown in Figure  8.7 ). As the zirconia precursors 
can be used in a quite concentrated fashion, these synthesis methods represent 
a highly promising strategy for the future large - scale production of high - quality 
ZrO 2  nanomaterials  [12] .     

  8.2.3 
 Gas - Phase Synthesis of Zirconia Nanoparticles 

 Gas - phase synthesis techniques used to prepare metal oxide nanoparticles are 
capable of high throughputs, and generally lead to well - crystallized materials of 
high purity. Hence, they have become the main industrial techniques for the bulk 
production of nanomaterials today  [99] . Zirconia nanoparticles can be obtained in 
high throughput via the fl ame spray pyrolysis of alkoxide precursors, with the 
particle properties being tuned by the precise control of processing parameters 
 [100, 101] . The main disadvantage of the pyrolysis route is that the particle stabili-
zation cannot be achieved to a degree possible with solvent - based routes; conse-
quently, some degree of agglomeration always occurs, although by optimizing the 
process conditions it is possible to obtain only  ‘ soft ’  agglomerates  [100] . Whereas 
in many cases, the preparation of mixed oxides via the gas - phase synthesis is dif-

    Figure 8.6     Zirconia nanoparticles obtained via the 
nonhydrolytic sol – gel synthesis. (a) Overview TEM image; 
(b) High - resolution TEM image proving the high crystallinity 
of the nanoparticles  [91] .  
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fi cult to achieve due to the short reaction times, the synthesis of yttria - doped zir-
conia with high homogeneity of the resulting nanoparticles can be realized by 
using fl ame - spray pyrolysis, as demonstrated by the Pratsinis group  [102] . Whilst 
mixtures of inorganic precursors and metal organic precursors lead to poor mixing, 
a high degree of homogeneity was achieved by using either metal organic precur-
sors for both metal oxides, or inorganic precursors in the solvent 2 - ethylhexanoic 
acid. TEM images of nanoparticles of zirconia doped with 10   mol% yttria prepared 
from metal alkoxide precursors are shown in Figure  8.8 . Whereas, a quite narrow 
particle size distribution could be achieved at low production rates (Figure  8.8 a), 
rather broad distributions were obtained at higher production rates (Figure  8.8 b). 
However, in both cases the particles exhibited soft agglomeration  [102] .   

 A better control over particle size is achieved with the  inert gas condensation  
( IGC ) method  [103] . This laboratory - scale method is based on the thermal evapora-
tion of a volatile precursor into an inert gas atmosphere, at reduced pressure. At 
a cold surface (usually the wall of the reaction chamber, which is cooled by liquid 
N 2 ), the substance is condensed and crystalline nanoparticles form  [104] . For zir-
conia synthesis, zirconium monoxide is used as precursor, followed by post - 
deposition oxidation to the dioxide  [103] . In this way, highly crystalline, defect - free 
ZrO 2  nanoparticles were obtained, with the particle size being tunable to some 
extent through the cooling rate  [104] . As an alternative to conventional evaporation 
by Joule heating,  sputtering     –    using metallic zirconium as the sputter source    –    can 
be carried out; this results in ZrO 2  nanoparticles of very high purity and good 
crystallinity, as shown by Hahn  et al.  using DC magnetron sputtering  [105] .  

    Figure 8.7     Transmission electron microscopy images of ZrO 2  
nanoparticles prepared by the benzyl alcohol - based 
nonaqueous strategy. (a) The particles were agglomerated 
after the synthesis; (b) Particles were easily stabilized by the 
addition of fatty acids  [12] .  Image (a) reproduced courtesy of 
the author; image (b) reproduced from Ref.  [12] , with kind 
permission of Wiley - VCH).   
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  8.2.4 
 Top - Down Methods to Zirconia Nanoparticles 

 Top - down strategies to metal oxide nanomaterials often offer not only complemen-
tary benefi ts but also disadvantages, compared to the chemical synthesis. Previ-
ously,  comminution  has been employed to prepare nanosized zirconia particles 
as precursors for high - performance ceramics, this procedure being capable of high 
throughput at a much lower cost than solution - based chemical routes. Often, 
however, the resultant nanoparticles feature a broad size distribution, random 
shapes and, due to the high energy input required to obtain small nanoparticles, 
the crystal lattice may become severely distorted, especially on the particle surface. 
Yet, in the case of zirconia, the necessary ball - milling treatment had no detrimen-
tal effect on the crystallinity and phase changes during subsequent ceramic pro-
cessing  [106] . On the contrary, such treatment can even be utilized to introduce 
dopants by mechanical alloying, as investigated extensively during the 1990s  [107] . 
Kumagai  et al.  also showed that it is even possible to induce crystallization during 
the attrition - milling of amorphous yttria - partially stabilized zirconia composites, 
leading to stable tetragonal zirconia solid solutions as the particle sizes were 
decreased to the 10   nm region  [108] . One recent trend which has evolved in the 
fi eld of nanogrinding in recent years is that of  ‘ combined grinding ’ ; this is an 
ultrasonic processing method which has been reported to result in nano - ZrO 2 , 
with high effi ciency  [109] . 

 In addition to purely mechanical comminution, mechanochemical processing 
has been employed for the preparation of nanoscale zirconia. Here, McCormick 
and coworkers obtained nanoparticles of 4 – 6   nm by the reaction of ZrCl 4  with Li 2 O 
or MgO in a vibratory mill under an argon atmosphere to afford ZrO 2  and LiCl/
MgCl 2 , which could be crystallized at moderate temperatures  [110, 111] .  

    Figure 8.8     Transmission electron microscopy images of YSZ 
nanoparticles (containing 10   mol% yttria) by fl ame spray 
pyrolysis at (a) low and (b) high production rates  [102] . 
 Reproduced from Ref.  [37] ;  ©  Institute of Physics Publishing.   
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  8.2.5 
 Synthesis of Zirconia Nanorods and Nanowires 

 Metal oxide nanorods and nanotubes constitute a promising special class of nano-
structured materials with high potential in the fi eld of biotechnology  [112, 113] . 
Reports of the synthesis of anisotropic zirconia nanocrystals so far are scarce, 
however, due mainly to the intrinsic properties of the zirconia polymorphs not 
exhibiting any signifi cantly preferred direction of growth. Only recently have the 
fi rst reports on morphological control over zirconia nanostructures in solution -
 based systems been published. For example, Li and coworkers performed a hydro-
thermal treatment of zirconyl nitrate hydrate in the presence of NaOH as 
mineralizer, and observed a changing morphology of the resultant monoclinic 
ZrO 2  nanostructures as a function of the hydrothermal treatment time (see Figure 
 8.9 ). While, after 3   h, the structure remained ill - defi ned (Figure  8.9 a), after 24 – 48   h 
a rice grain - like structure could be seen (Figure  8.9 b,c), which transformed after 
further treatment into a fi brous structure (Figure  8.9 d)  [114] . The synthesis of 
zirconia nanocrystals via a two - phase solvothermal reaction was reported by Ji 
 et al. , who used fatty acids as surface capping agents to induce the formation of 
anisotropic nanostructures  [115] . Also in this case, the morphology of the obtained 

    Figure 8.9     Scanning electron microscopy images of zirconia 
nanostructures obtained by hydrothermal treatment in 
presence of NaOH after 3   h (a), 24   h (b), 48   h (c) and 72   h (d) 
 [114] .  (Reproduced from Ref.  [114] , with kind permission of 
Institute of Physics Publishing).   
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nanocrystals changed over reaction time: whereas initially, spherical particles were 
observed, after 42   h mainly anisotropic crystals were observed. The authors attrib-
uted this change to the low reactivity of the zirconium(IV)  n  - propoxide precursor, 
which formed only a small number of nuclei that tended to anisotropic growth 
along one axis as the monomer concentration decreased below a critical value 
 [115] .   

  Template - based methods  have so far been the only successful strategies to 
obtain zirconia nanorods or nanotubes with high aspect ratios. Hollow zirconia 
nanotubes were fi rst prepared by Rao  et al. , using carbon nanotubes as templates 
 [116] , subjected to acid treatment for the creation of acidic surface functions, and 
then immersed in a zirconium alkoxide. For zirconia formation, the material was 
calcined after the removal of excess alkoxide by washing; this had the extra benefi t 
of concurrent removal of the carbon nanotubes  [116] . Rao and coworkers also 
showed that organic hydrogel gelators could be used successfully as templates 
 [117] . Similarly, Ueda and colleagues utilized carbon nanofi bers as templates, 
although this required multiple coating with a solution of an alkoxide precursor 
in organic solvents to achieve stable zirconia structures after calcination. On the 
other hand, by using carbon nanocoil templates, even coiled structures could be 
prepared, as shown in Figure  8.10   [118] .   

    Figure 8.10     One - dimensional zirconia nanostructures 
(b) and (d) prepared from carbon nanofi ber templates 
(a) and (c) after multiple coating. Scale bars: (a,b)   =   30   nm; 
(c,d)   =   200   nm.  Reproduced from Ref.  [118] , with kind 
permission of the American Chemical Society.   
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  Hollow zirconia nanotubes  were also prepared by the immersion of porous 
alumina membranes in sols prepared from hydrous ZrOCl 2 , and it was even pos-
sible to fi ll the nanowires with nickel or copper metal wires by electrodeposition 
 [119] .  Anodic aluminum oxide  ( AAO ) was used as a template by Lee and cowork-
ers, who were able to tune the wall thickness of the resulting ZrO 2  nanotubes by 
varying the precursor concentration in the immersion solution (see Figure  8.11 ). 
Whilst low precursor concentrations resulted in thin rods, at higher concentrations 
predominantly nanowires were obtained  [120] . Li  et al.  obtained ordered arrays of 
ZrO 2  nanowires via a similar method  [121] . Another strategy was recently pre-
sented by Cochran  et al. , who prepared crystalline metal oxide nanotubes from 
fl uorine - based precursors, without any need for calcination treatment  [122] . For-
mation of the metal oxides was achieved using an interesting strategy: boric acid 
was added and acted as a scavenger for fl uoride ions, thereby promoting hydrolysis 
of the precursors and resulting in the formation of crystalline metal oxides. For 
ZrO 2 , ammonium hexafl uorozirconate was used as precursor, and nanorods of 60 
and 250   nm diameter consisting of 6   nm tetragonal ZrO 2  grains were obtained, 

    Figure 8.11     Zirconia nanotubes with tunable wall thicknesses 
(a – e) and nanorods (f) obtained using anodic alumina 
templates  [120] .  Reproduced from Ref.  [120] , with kind 
permission of Springer Science   +   Business Media.   
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depending on the template pore size. By sequential immersion of the template in 
the titania and zirconia precursor solutions, even coaxial TiO 2 /ZrO 2  nanotubes 
could be prepared  [122] .   

 Recently, solid ZrO 2  nanorods were grown in track - etched membrane templates 
by Palmese and coworkers  [123] . Here, a plasma treatment was performed on the 
template membranes (featuring various pore sizes of ca. 50 – 500   nm) before infi l-
tration to ensure good affi nity of the membrane pore surface to the prehydrolyzed 
zirconia precursor solution. After infi ltration, the composite was subjected to cal-
cination treatment at 600    ° C, which resulted in the removal of the polymer mem-
brane. The resulting zirconia nanorods (see Figure  8.12 ) ranged from about 50   nm 
to 500   nm in size, depending on the membrane pore size. Another strategy used 
here was the  electrochemical anodization  of zirconium, which can result in the 
formation of a layer of ZrO 2  nanorods on the metal electrode  [124, 125] .   

 Alternatively, gas - phase methods can be used for the growth of zirconia nano-
rods, enabling the synthesis of highly crystalline structures at comparatively low 
processing temperatures. In particular, the  atomic layer deposition  technique has 
been used to fabricate zirconia nanorods in porous polycarbonate templates  [126, 
127] . Kim  et al.  presented an interesting strategy to facilitate the preparation 
process (see Figure  8.13 ): prior to the deposition, a microcontact printing step 
was carried out in order to apply a hydrophobic layer of octadecyltrichlorosilane 

    Figure 8.12     ZrO 2  nanorods obtained from track - etched 
membranes  [123] .  (Reproduced from Ref.  [123] , with kind 
permission of the Royal Society of Chemistry).   

    Figure 8.13     Schematic illustration of the fabrication for metal 
oxide nanotubes. The template is coated with a passivation 
layer that enables selective deposition onto the inner pore 
walls; after chemical etching, the free - standing nanotubes are 
obtained  [126] .  Reproduced from Ref.  [126] , with kind 
permission of Wiley - VCH.   



onto the template outer surface. This resulted in a selective deposition of the 
metal oxide inside the pores, and directly resulted in free - standing nanotubes 
without any need to remove any excess material from the membrane surface 
 [126] . In addition to polycarbonate membranes, the authors also investigated 
the use of AAO as a template. Whilst this has an advantage of a much higher 
pore density, the authors also emphasized the substantially higher diffi culty in 
template removal. Whereas, polycarbonate is simply dissolved in organic solvents, 
AAO can only be removed by etching at either high or low pH. Although etching 
with KOH or NaOH proved effective for the selective removal of alumina in the 
presence of zirconia nanostructures, this led concurrently to the formation of 
nanowire bundles (see Figure  8.14 ). A solid – gas - phase reaction method 
was also reported to enable the synthesis of boron nitride nanotubes fi lled with 
zirconia nanorods. The formation of these composite nanotubes was achieved 
simply from zirconium diboride and ammonium chloride as solid - state 
precursors  [128] .     

  8.3 
 Biomedical Applications of Zirconia Nanomaterials 

  8.3.1 
 Nanostructured Zirconia - Based Bioceramics 

 Currently, zirconia is undergoing extensive investigation as a bioinert ceramic 
material for the repair and reconstruction of diseased or damaged parts of the 
human musculoskeletal system  [129] . ZrO 2  - based bioceramics are commonly 
used in the form of yttria - stabilized polycrystalline bodies (these are known as 
 tetragonal zirconia polycrystals ;  TZP  or Y - TZP), in order to make use of the 
transformation – toughening mechanism. This effect was fi rst reported by Garvie 
 et al. , who observed that metastable tetragonal zirconia grains fi nely dispersed 
within the matrix of cubic zirconia led to a major enhancement in toughness 
 [130] . Here, the tensile stress in the tip of an advancing crack in the material 
induces a phase transformation of the tetragonal zirconia grains, which results 
in a stress fi eld acting in opposition to the stress fi eld propagating the crack; 
additional energy is then required to advance the crack further  [131, 132] . A 
visualization of the transformation process, using  atomic force microscopy  ( AFM ), 
was recently presented by Deville and Chevalier, and is included in the illustra-
tion of the transformation - toughening effect in Figure  8.15   [133, 134] . Garvie 
 et al.  had already recognized that the tetragonal grains need to be less than 100   nm 
in size to be metastable, and therefore TZP bioceramics may be regarded as 
nanostructured materials. The ultrafi ne grain structure is, however, normally 
obtained via conventional techniques of colloidal processing rather than deliberate 
nanoengineering. Here, attention is focused on application examples where nano-
structured materials are deliberately used or applied to achieve special properties 
and effects.   
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    Figure 8.14     (a) Scanning electron microscopy and 
(b) transmission electron microscopy images of ZrO 2  
nanorods obtained via atomic layer deposition within AAO 
membranes; (c) The electron diffraction pattern corroborates 
the high crystallinity of the obtained nanotubes  [127] . The 
scale bars correspond to 1000   nm (a) and 100   nm (b), 
respectively.  Reproduced from Ref.  [127] , with kind permission 
of the Royal Society of Chemistry.   



  8.3.1.1   Joint Replacements 
 In the years after Garvie ’ s reports were published, TZP ceramics were investigated 
extensively and soon began to be used commercially, notably as ball heads in total 
hip replacements  [19] . However, the very complexity of the zirconia mechanical 
properties that was utilized for phase toughening began to cause serious problems 
in 2001 – 2002, when a high proportion of zirconia implants failed within a short 
period due to aging processes  [135] . It became clear that these failures were trig-
gered by a steam sterilization procedure performed prior to surgery    –    a fi nding 
which had a major impact on the use of zirconia as bioceramic material  [135] . 
Unfortunately, as no clear alternative to zirconia could be identifi ed, the decision 
was taken to develop an  ‘ aging - free zirconia ’  as a possible solution to the risk of 
failure. 

 Several possibilities emerged for the production of  ‘ aging - free ’  zirconia poly-
crystalline ceramics with a longer  in vivo  lifetime. Primarily, it was suggested 
that ceria could be used as a stabilizer instead of yttria, as the aging phenomenon 
arose from yttrium oxygen vacancies that aided the nucleation of transformation 
by a stress corrosion - type mechanism  [135] . Other solutions included the use of 
alumina – zirconia composites  [134]  or the application of an yttria coating rather 
than doping of the zirconia  [136] . The development of alumina – zirconia compos-
ites has been promoted by major ceramic manufacturers, and thus has received 
the greatest attention. Although alumina is the most common material for hip 

    Figure 8.15     Schematic illustration of the transformation -
 toughening mechanism in tetragonal zirconia polycrystal 
(TZP) ceramics, as visualized by atomic force microscopy. 
 (AFM images reproduced from Ref.  [133]  with kind 
permission of Wiley - Blackwell   Publishing.)   
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and knee joint replacements, it exhibits only a low fracture toughness. Hence, 
alumina – TZP composites, known as  zirconia - toughened alumina  ( ZTA ), have 
been investigated with the aim of obtaining materials that exhibit both good aging 
behavior and high fracture toughness for orthopedic implants with an extended 
lifetime  [134, 137, 138] . It turned out, however, that the formation of micrometer -
 sized phases was not effective and thus, the deliberate dispersion of nanometer -
 sized particles of the second phase within the matrix was investigated  [139 – 142] . 
These composites have been mainly prepared through ceramic processing ema-
nating from conventional powders for the matrix and commercial pyrogenic 
nanopowders  [141]  for the zirconia fi ller phase. A combined process has also 
been used, where a zirconium alkoxide is added to an aqueous or ethanolic sus-
pension of Al 2 O 3  particles, followed by drying and calcination steps  [137, 143, 
144] . Chevalier  et al.  showed that these nanocomposite ceramics, which consisted 
of nanosized TZP phases distributed within a microcrystalline alumina matrix 
(see Figure  8.16 ) were far less prone to degradation phenomena such as the slow 
crack growth that normally cause the deterioration of ceramic implants  [145] . An 
improved lifetime was demonstrated by Affatato  et al.  in a comparative, long - term 
 in vitro  wear study  [146] .   

 Whilst the aforementioned strategies employ nanosized zirconia fi ller particles, 
the alumina matrix is composed of  micrograins . Composites of zirconia nanopar-
ticles within nanocrystalline alumina, however, might exhibit different    –    and pos-
sibly even enhanced    –    mechanical properties  [147] . Until now, their fabrication has 
barely been reported due to diffi culties of preserving the nanocrystalline matrix 
in fully consolidated ceramics. One viable strategy was presented by Bhaduri and 
Bhaduri, who used a combustion synthesis to prepare composites consisting of 
10% ZrO 2  nanograins distributed within a nanocrystalline alumina matrix that 
possessed an ultra - high fracture toughness  [148] .  

    Figure 8.16     (a) Scanning electron microscopy image of the 
microstructure of an Al 2 O 3  – ZrO 2  nanocomposite. (b) A 
magnifi ed view showing the nanosized ZrO 2  particles 
embedded within the alumina matrix  [145] .  (Reproduced from 
Ref.  [145] , with kind permission of the American Chemical 
Society).   



  8.3.1.2   Dental Implants 
 Another fi eld of application for zirconia - based ceramics is that of  dental crown 
implants   [149] . Here, the use of zirconia is highly attractive due to the high shear 
stresses that occur during chewing processes  [150, 151] , although pure zirconia 
ceramics are not suitable for dental implants due to their bright white color. The 
rapid development for applications began only after the introduction of colored 
zirconia ceramics a decade ago  [152] . Today, a CAD/CAM (computer - aided design/
manufacturing) technique is regularly applied  [153] , where the surface structure 
of the tooth stump is recorded and the crown or bridge is virtually reconstructed 
using CAD software  [151] . In the next step, a CAM milling machine is used to 
carve the calculated structure either from a ceramic green body or from a predensi-
fi ed material. The fi nal step comprises a high - temperature sintering to ensure 
mechanical stability which, however, also involves a major shrinkage of green 
bodies that must be compensated. Although the predensifi ed ceramic body allows 
a higher geometric precision, its milling is complicated and costly due to its hard-
ness, requiring the use of diamond tools. Therefore, it is generally preferred to 
use green body ceramics for the forming process, though these must show a high 
homogeneity to ensure good control of the shrinkage during sintering  [154] . Only 
zirconia nanoparticles of  < 10   nm grain size allow the sintering of dense bodies at 
moderate temperatures  [155] , and these are therefore frequently used as starting 
materials. Recently, Oetzel and Clasen presented an interesting alternative to the 
CAD/CAM technique which involved an  electrophoretic deposition  ( EPD ), which 
is believed to be more cost - effi cient  [154] . For this, the authors fi rst prepared an 
aqueous dispersion of commercial Ce - doped zirconia and alumina powders by 
ultrasonic dispersion, and then adjusted the pH value to achieve the desired basic 
conditions. Additional nanosized zirconia particles were added to enhance the 
green body density. EPD was then performed, as shown schematically in Figure 
 8.17 a. The deposition of zirconia and alumina particles onto the mold, for which 
a cast of the dental stump is used, followed by calcination treatment, resulted in 
ceramic cups (Figure  8.17 b) of transformation - toughened zirconia. The particle 
size distribution of the powders used is shown in Figure  8.17 c; it appears that the 
highest green density was achieved at a weight content of ZrO 2  nanoparticles of 
8% (Figure  8.17 d). The role of alumina in these composites is to stop the growth 
of zirconia crystallites during the calcination, thus preventing their phase transi-
tion towards the monoclinic polymorph  [154] .     

  8.3.2 
 Nanostructured Zirconia in Bioactive Apatite - Based Ceramics 

 In contrast to early approaches involving purely bioinert materials, the concept of 
bioactive ceramics was founded on the assumption that optimum biocompatibility 
can only be achieved by promoting the formation of normal tissue on the surface 
of ceramic implants  [129, 156] . Such biologically active implants are interfacially 
bonded to the surrounding tissue, and therefore provide optimum fi xation, pre-
venting phenomena such as micromovements that might lead either to deteriora-
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tion in function of the implant, or to infl ammation of the surrounding tissue  [129] . 
 Hydroxyapatite  ( HA ) possesses excellent bioactivity, and is thus highly attractive 
as a ceramic material for orthopedic and dental implants. Unfortunately, however, 
its application is strongly limited by its poor mechanical properties and processing 
diffi culties, which in turn has prompted the development of ceramic composites 
and bioglasses as materials to overcome these limitations  [157] . In particular, bio-
ceramic composites consisting of HA and zirconia have shown great promise, 
being both mechanically strong and biologically active  [158] . The fabrication of 
dense HA – zirconia composites however is diffi cult, because HA decomposes at 
the temperatures above 1200    ° C that are needed for the densifi cation of conven-
tional ZrO 2  powders. One solution to this problem was to use nanoscale powders 
of HA and zirconia, as was fi rst suggested by Silva and Domingues  [159]  and later 
investigated by several other groups  [160, 161] . Novel sintering techniques have 
also been explored that allow densifi cation at lower temperatures  [162] . By combin-
ing nanostructure processing with pressure - assisted sintering, Ying and cowork-
ers developed a feasible method to obtain HA – zirconia composites with high 
mechanical strength  [163] . In this case, a step - wise chemical precipitation approach 
was employed where YSZ was fi rst precipitated by the addition of ethanolic zirco-
nia and yttria salt solutions to an ammonia solution. The resultant sol was then 

    Figure 8.17     (a) Schematic of an electrophoretic deposition 
cell and photographic image of the cell with a deposited cap 
on the plaster mold; (b) Photographic images of the obtained 
ceramic cups; (c) Particle size of the starting powders used; 
(d) Dependence of solids loading and obtained green density 
on the nano - ZrO 2  content.  (Reproduced from Ref.  [154]  with 
kind permission of Springer Science   +   Business Media).   
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aged before hydroxyapatite precipitation was performed by adding the HA precur-
sors. In this way, a homogeneous distribution of YSZ nanoparticles of approxi-
mately 20   nm in size within a nanocrystalline HA matrix was achieved after 
pressure - assisted sintering at 900 – 1000    ° C. Even though the YSZ content did not 
exceed 3   wt%, the fracture toughness was increased substantially, approaching that 
of compact bone  [163] . In a later study, the same group reported a substantially 
improved distribution of zirconia nanoparticles within the nanocrystalline HA 
matrix after performing colloidal processing. This involved the hydrothermal syn-
thesis of YSZ, followed by the addition and precipitation of HA, as compared to 
a gel - mixing synthesis route (see Figure  8.18 ), the consequence being a material 
with much better mechanical properties  [164] .    

  8.3.3 
 Nanostructured Zirconia Coatings on Non - Zirconia Bioceramics 

 Another approach for bioactive medical implants that has been pursued for several 
years is the use of hydroxyapatite thin - fi lm coatings on load - bearing bodies  [165] . 
For load - bearing applications, metallic alloys are commonly used, and  thermal 

    Figure 8.18     Scanning electron microscopy images of 
hydroxyapatite – zirconia composites obtained via a gel mixing 
strategy, using (a) zirconium hydroxide and (b) crystalline 
zirconia, compared to composites obtained after colloidal 
addition of crystalline zirconia nanoparticles (c, d)  [164] . 
 (Reproduced from Ref.  [164] , with kind permission of the 
American Ceramic Society).   
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spraying  is the coating technique mainly applied today. Although plasma - sprayed 
HA coatings on titanium alloy substrates have been used extensively, the erratic 
bond strength between HA and Ti alloy has raised serious concerns over the long -
 term reliability of these implants. It was shown by Khor and colleagues that the 
use of an intermediate layer of YSZ would result in composite coatings with supe-
rior mechanical properties as compared to conventional plasma - sprayed HA coat-
ings  [166] . Such coatings can also be accomplished by using sol – gel techniques, 
resulting in nanostructured ZrO 2  – HA composite coatings. The strategy employed 
here normally involves the preparation of a zirconia – yttria sol, which is mixed with 
a solution of the HA precursors, and then subjected to aging, coating and anneal-
ing treatment at about 1000    ° C. In this way, Balamurugan  et al.  obtained coatings 
with a grain structure of approximately 30   nm that led to easy adherence and 
spreading of osteoblastic cells on stainless steel substrates  [167] .  

  8.3.4 
 Doped Zirconia Nanostructures for Biolabeling 

  Luminescent nanomaterials  show great promise for biolabeling purposes, due to 
their generally high photochemical stability, narrow emission spectra and tunable 
fl uorescence emission  [168, 169] . The most prominent materials are the so - called 
 semiconductor quantum dots , which have been studied for use in biomedical 
studies, clinical diagnostics and photodynamic therapy  [170] . These materials are 
composed of toxic metal and chalcogenide components such as Cd, Pb, Se and 
Te, however, and so their biological safety remains the subject of much controversy 
 [171] . Consequently, the use of fl uorescent metal oxides that show bioinertness 
represent a promising alternative. Within this context, the use of lanthanide - doped 
zirconia nanoparticles is attracting an increasing amount of attention, mainly 
because the high chemical stability and bioinertness of ZrO 2  render it a highly 
suitable host lattice material. Thus, a number of studies on the synthesis and 
properties of fl uorescent rare - earth - doped zirconia materials have been reported 
during the past few years  [67, 172 – 178] , with the synthesis mainly being achieved 
via sol – gel or precipitation methods. Nevertheless, reports concerning the applica-
tion of these materials in the biomedical fi eld are very few in number. Among the 
few studies, Yuan and coworkers examined the use of terbium complex - doped 
zirconia nanoparticles as biosensors  [179] , having prepared the nanoparticles via 
a sol – gel method in microemulsions, and functionalizing them with streptavidin 
via a bovine serum albumin linkage. The biofunctional particles were then suc-
cessfully used for time - resolved fl uoroimmunoassay of human prostate - specifi c 
antigen  [179] . 

 Additionally, some lanthanide - doped zirconia materials present up - conversion 
behavior, and therefore have received special attention. Up - converting lumines-
cent materials emit light in the visible range when excited with near -  infrared  ( IR ) 
radiation. This represents an interesting prospect for biomedical applications, as 
IR light exhibits a higher tissue penetration than does ultraviolet light, with the 
result being superior sensitivity  [180, 181] . Until now, ZrO 2  nanomaterials doped 



with several rare earth ions have been prepared and investigated, notably the up -
 conversion systems of Yb 3+  plus Er 3+  - doped zirconia  [182, 183]  and Er 3+  - doped zir-
conia nanoparticles  [184 – 187] . All of these were prepared via solution - based 
approaches and consequently required calcination at 1000    ° C to achieve 
crystallinity. 

 An important prerequisite for the use of doped zirconia nanomaterials in biola-
beling is their successful stabilization against agglomeration. In general, very few 
strategies are recognized for the stabilization of zirconia nanoparticles, with most 
studies presented to date being aimed at the optimum stabilization of zirconia in 
organic systems. Previously, fatty acids were used successfully to individually sta-
bilize ZrO 2  nanoparticles, both in hydrophobic solvents and acrylate - based poly-
mers  [12] . For the incorporation of zirconia nanocrystals into acrylate polymer 
matrices, vinyl group - containing ligands are highly suitable and promise a cova-
lent linkage of the fi ller particles to the matrix  [188, 189] . However, much less is 
known about the stabilization of zirconia nanostructures in aqueous media, which 
would be a prerequisite for their use as biolabeling agents in biological media, or 
even  in vivo . Schmidt  et al.  prepared transparent aqueous dispersions of zirconia 
nanoparticles during a two - step synthesis following the addition of a methacrylsi-
lane ligand, although at this stage the nanoparticles were still amorphous  [81] . 
Elsewhere,  TODA   [(2 - (2 - (2 - methoxy)ethoxy)ethoxy)acetic acid ] was used as a dis-
persant for zirconia nanoparticles in mixtures of water and 1,2 - propanediol, in 
which colloidal probe investigations of the surface forces acting on the nanoparti-
cles were performed. Unfortunately, however, the agent did not suffi ce to achieve 
stable aqueous dispersions in higher solid contents at neutral pH  [190] . Subse-
quently, L ü   et al.  showed that the stabilization of zirconia nanoparticles could be 
achieved by providing a silica shell around the nanoparticles with  TEOS  ( tetraethyl 
orthosilicate ), thereby also enhancing the optical properties. The silica shell is then 
modifi ed with an aminosilane stabilizer [ 3 - aminopropyltriethoxysilane  ( APTES ); 
see Figure  8.19 a] to render amine surface groups as hydrophilic surface functions 
and result in an effi cient stabilization of the nanoparticles in aqueous systems. 
This situation can be seen in the TEM images of Figure  8.19 b and c, which show 
multicore - shell spherical particles of about 100   nm diameter. In addition, the 
surface functionalities can be altered to feature carboxylic acid functions by simple 
amide coupling reactions with  succinic acid  ( SA ) (Figure  8.19 a and c)  [191] .    

  8.3.5 
 Other Applications of Zirconia Nanomaterials in the Life Sciences 

 The immobilization of biomolecules on solid surfaces represents one of the most 
important problems in the fi eld of bioelectronics and biosensing, where attempts 
are made to utilize biomolecules as active components to assemble novel hybrid 
devices  [192] . In particular, the immobilization of enzymes and proteins 
under conditions that preserve their native structure has triggered considerable 
research efforts, with the layer - by - layer self - assembly method being one of the 
most promising techniques due to its simplicity, preciseness of layer thickness, 

 8.3 Biomedical Applications of Zirconia Nanomaterials  271



 272  8 Zirconia Nanomaterials: Synthesis and Biomedical Application

and broad choice of available materials  [193] . Recently, Hu and coworkers investi-
gated the use of zirconia multilayers and zirconia nanoparticles for protein immo-
bilization, using myoglobin as an electrochemically active protein  [194, 195] . 
The zirconia layers were synthesized by the vapor - surface sol – gel deposition 
method, where an alkoxide precursor is vaporized into thin water layers, where it 
reacts to form thin layers of zirconia. As a second system, alternating layers of  
poly(diallyldimethylammonium)  ( PDDA ) and zirconia nanoparticles were fabri-
cated. Following the incorporation of myoglobin into the layers, which was achieved 
by simple immersion in suitable solutions of the protein, the electrochemical and 
electrocatalytic properties of the composites were compared to evaluate not only 
the myoglobin uptake but also the permeability and porosity of the fi lms. It trans-
pired that the zirconia multilayers exhibited a higher electrochemical/electrocata-
lytic activity than the nanoparticle - containing multilayers, although the latter still 
showed a higher activity than the purely organic multilayers used as reference 
 [195] . 

  Biosensors  have also been fabricated and tested by the immobilization of pro-
teins on suitable electrode substrates coated with zirconia nanoparticles to provide 
an adhesion - promoting, bioinert layer that would still allow electron transfer. Ju 
 et al.  immobilized hemoglobin on a graphite electrode that had been modifi ed with 
ZrO 2  nanoparticles, and showed that the device could be used as sensor for hydro-

    Figure 8.19     (a) Stabilization of fl uorescent erbium - doped 
ZrO 2  nanoparticles via a versatile silica – aminosilane –
 carboxylic acid strategy; (b – d) TEM images of unstabilized 
(b) and stabilized (c,d) nanoparticles  [191] .  (Reproduced from 
Ref.  [191] , with kind permission of the American Chemical 
Society).   
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gen peroxide  [196] . Similar devices were also obtained by the immobilization of 
heme protein  [197]  and horseradish peroxidase  [198]  on zirconia - modifi ed carbon 
electrodes. Recently, Liang and Mu reported the details of a biosensor which pos-
sessed a gold – ZrO 2  – DNA - derivatized polyion complex composition  [199] . These 
devices were fabricated as illustrated in Figure  8.20 . First, the polished Au elec-
trodes were subjected to electrodeposition of zirconia nanoparticles from an 
aqueous solution of zirconium oxychloride, thereby creating a thin zirconia fi lm 
on the electrode surface. After drying, the coated electrode was simply incubated 
with an aqueous solution of DNA and hemoglobin to form the biosensor, which 
showed high sensitivity and good reproducibility towards H 2 O 2  detection  [199] .     

  8.4 
 Summary and Conclusions 

 Although zirconia was among the fi rst materials to be prepared deliberately and 
studied in their nanocrystalline form, its synthesis on the nanoscale in a controlled 
and precise manner has attracted broader attention only within the past two 
decades. Nowadays, the synthesis and investigation of zirconia nanomaterials is 
carried out by materials chemists, solid - state chemists, physicists and engineers, 
as well as by more application - oriented groups in the fi elds of catalysis and bio-
medicine. Research groups with such diverse backgrounds naturally also focus on 
diverse aspects, and the fact that the synthesis of these materials is performed with 
very diverse intentions    –    on the one hand, the development of novel ceramics with 
improved mechanical properties, and on the other hand the fabrication of devices 
potentially useful as biosensors, but in the most cases, the pure investigation of 
novel materials by itself    –    has led to the development of a very broad and diversifi ed 
research fi eld. In fact, due to its interdisciplinary character, this tendency is a 
general problem for nanotechnology, although it appears to be more pronounced 
for the synthesis and application of zirconia - based oxides than for other classes of 
materials, such as magnetic nanoparticles or semiconductor nanocrystals, where 
close interaction between experts in the areas of synthesis and the application has 
resulted in a more unifi ed research fi eld and has thus promoted a more rapid 

    Figure 8.20     Step - wise fabrication of a biosensor consisting of 
Au – ZrO 2  – DNA – hemoglobin structure.  (Reproduced from Ref. 
 [199] , with kind permission of Springer Science   +   Business 
Media).   
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development. This aim of this chapter was to provide a review for research teams 
working in the more basic fi elds of nanomaterials synthesis, as well as for more 
application - oriented teams. In this way, it is hoped that an increased interaction 
and exchange of knowledge between these two groups, and between the various 
disciplines, will result. 

 The fi rst sections of the chapter provided a review of current synthetic strategies 
for zirconia nanomaterials, detailing both solution phase and gas - phase tech-
niques, as well as comminution to nanoscale ZrO 2  powders. For biomedical appli-
cations, solution - based strategies appear especially suitable, providing homogeneity 
and control of particle size and facilitating stabilization against agglomeration and 
aggregation. Unfortunately, these methods require calcination to achieve crystal-
line materials, which often results in the decomposition of organic stabilizers, 
grain growth and phase transformation processes, all of which are accepted as 
being required to fabricate (bio)ceramics, but lead to a loss of control and stabiliza-
tion for most other applications. Recently, strategies have been developed to ensure 
control during high - temperature calcination, including the Pechini or combustion 
synthesis techniques, both of which allow the preparation of crystalline products 
at low temperature. To prepare highly defi ned nanostructured zirconia, however, 
crystallization in a liquid medium is preferred, with its optimum control and sta-
bilization. The liquid - phase synthesis of crystalline zirconia nanomaterials can be 
accomplished by novel methods, notably improved hydrothermal and solvother-
mal routes, as well as nonaqueous and nonhydrolytic sol – gel synthesis that allow 
the simple, low - temperature preparation of crystalline zirconia nanomaterials that 
can be isolated and manipulated as single nonagglomerated particles. 

 Gas - phase methods are widely used for the industrial production of the metal 
oxide nanopowders with diverse particle sizes that are often used as feedstocks in 
the preparation of ceramics. The stabilization of such powders has provend diffi -
cult task, however, and many of today ’ s  in vivo  applications of nanomaterials rely 
on solution - based methods, based on much better possibilities of functionalization 
and manipulation. Comminution has also begun to be accepted for the production 
of nanoscale powders, although its use for high - purity zirconia nanomaterials, as 
required for biomedical use, is severely hampered by the extreme hardness of 
ZrO 2 . 

 Unlike zirconia nanoparticle synthesis, the preparation of anisotropic zirconia 
nanomaterials has been rarely reported, with the preparation of nanoparticles with 
a rice -  or fi ber - like morphology having been achieved in solution - based processes, 
and the underlying mechanisms not yet understood. Template - based processes, 
both in solution and in gas phase, have however been successfully employed to 
prepare nanorods and nanotubes, using common polymer - based membranes and 
anodic alumina as templates. 

 With regards to the application of zirconia nanomaterials in the life sciences, 
ceramics based on transformation - toughened zirconia are today widely used in 
joint replacement surgery, due to their bioinertness and excellent mechanical 
properties, although the complex structural and mechanical properties of zirconia, 
and the long - term mechanical behavior of these ceramics  in vivo  are still not 



understood. A case in hand is the spectacular multiple failure of zirconia implants 
some years ago which, though rapidly identifi ed, triggered an intensive search for 
alternatives. In this respect, and due to their unrivaled toughness, zirconia - based 
bioceramics will undoubtedly be used widely in the future, although there is a 
strong trend towards  ‘ aging - free ’  materials created from composites, notably 
alumina – zirconia ceramics. Today, nanostructural control is exerted solely by the 
use of nanopowders as starting materials for these bioceramics, without precise 
control of particle or grain size and shape during the course of further processing. 
Efforts are currently being directed towards achieving control on a more elaborate 
level via novel processing methods such as  ‘ nanostructure processing ’ , as has 
recently been proposed. This integration of nanotechnology into ceramic process-
ing will go hand in hand with further optimizations of the composition, leading 
to a higher complexity and superior ceramic materials with enhanced stability and 
toughness. 

 A further trend in bioceramics is that bioactivity rather than bioinertness should 
serve as the concept for the optimal integration of implants in surrounding tissues. 
Today, extensive studies are conducted on the development of HA - based compos-
ites that combine biocompatibility with the mechanical stability   (notably tough-
ness) of metal oxides, with zirconia being a primary candidate for this role. It has 
already been proven, that the integration of zirconia nanoparticles into the HA 
matrix leads to composites with high mechanical strength and excellent biocom-
patibility, despite levels of control being low. Although such materials bring us 
closer to what may be referred to as  ‘ artifi cial bone ’ , there is still a long way to go 
to reach the  ‘ biomimetic dream ’  of a biologically controlled, laboratory - based bone 
fabrication. It can certainly be expected, however, that research into organic – inor-
ganic hybrid materials will intensify over the next few years, with the biologically 
controlled fabrication of metal oxide nanostructures gaining momentum. This will 
especially be the case for the synthesis of crystalline ceramics such as zirconia, 
long times being the domain of  solid - state chemists, operating well above 1000    ° C, 
which will become feasible in reaction systems quite closely related to biological 
conditions. In parallel with this development, bioceramics will become bioactive 
in the long term, with an elaborate strategy employing both chemical and biologi-
cal efforts to ensure the rapid integration of implants into the host tissues. 

 With regards to the biomedical applications of zirconia, aside from bioceramic 
implants research into the potential and limitations of nanoparticles, nanorods, 
nanowires and other nanostructures has just begun. In many areas, the biological 
inertness and chemical stability of zirconia make it an interesting and promising 
alternative to the more established materials, that may pose biological risks. Uses 
such as fl uorescent biolabels will become feasible when the stabilization and effi -
cient functionalization of zirconia nanostructures is achieved by scalable methods, 
yet the benefi ts    –    especially if up - conversion luminescent properties are taken into 
account    –    are already evident today. In nanobiotechnology in general, and nano-
electronics in particular, whilst nanostructured zirconia may not emerge as a key 
component, its advantageous properties will surely render it indispensable for 
many applications.  
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  9.1 
 Introduction 

 In today ’ s world, approximately 20% of the population has no access to safe water, 
40% suffers the consequences of unacceptable sanitary conditions, and millions 
of people die every year from diseases transmitted through unsafe water  [1] . More-
over, the situation will undoubtedly worsen, in both developing and developed 
countries, as materials ranging from heavy metals and distillates to microorgan-
isms continue to attack water supplies as contaminants, mainly as a result of 
human activities. Very recently, Shannon  et al.  claimed that during the coming 
decades, water scarcity and water stress may become watchwords that prompt 
action ranging from wholesale population migration to war, unless new, 
rapid, more effective, low - cost and robust procedures to supply clean water are 
identifi ed  [2] . 

 Fortunately, nanotechnology    –    with its emerging opportunities    –    can provide 
powerful solutions for some environmental problems. Due to their unique activity 
towards recalcitrant contaminants and the fl exibility of their applications, many 
nanomaterials are currently being examined for the treatment of ground water, 
surface water and drinking water contaminated by toxic metal ions, organic and 
inorganic solutes and microorganisms. In particular, metal oxide nanomaterials 
are undergoing development for environmental monitoring, remediation and pol-
lution prevention, in addition to the effective saving of resources. These properties 
are based on the rich valence states, vast surfaces and varying electronic structures 
of nanomaterials. Previously, Theron  et al.  prepared an excellent general review 
on nanotechnology and water treatment, which described a variety of nanomateri-
als and their applications for water treatment, purifi cation and disinfection  [3] . In 
this chapter, our intention is to highlight the details of current research investiga-
tions into typical metal oxide nanomaterials (TiO 2 , Fe 3 O 4 /Fe 2 O 3 , MnO 2 , CeO 2 , 
MgO and Al 2 O 3 ) and their applications in water treatment.  
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  9.2 
 Titanium Dioxide ( TiO 2  ) 

 Since the initial discovery of photocatalytic water splitting on  titanium dioxide  
( TiO 2  ) electrodes  [4] , much attention has been paid to applying TiO 2  as a high -
 quality photocatalyst for water treatment. This proposal is based not only on the 
potential of TiO 2  to degrade a wide range of organic and inorganic compounds, 
but also on its physical and chemical stability, lower cost and resistance to corro-
sion  [5] . The decrease of TiO 2  particle size into nanoscale will result in a measure 
of selectivity in the photoreactions and the presence of crystal defects, which in 
turn will allow the electron - hole separation yield to be maximized  [6 – 8] . During 
the past few years, many TiO 2  nanostructures    –    such as nanoparticles, nanotubes/
nanorods, nanofi lms and nanocomposites    –    have been synthesized in various ways 
and used widely in the treatment of water. 

  9.2.1 
  TiO 2   Nanoparticles 

  9.2.1.1   Degradation of Organic Pollutants 
 From laboratory to plant, the commercially available TiO 2  named Degussa P - 25 
(30   nm) has been widely used in the treatment of contaminated water, and has 
indeed become a research standard reference  [9, 10] . This two - phase composite 
(anatase and rutile) has been considered to have a synergy effect for photocatalytic 
reactions  [11] . 

 A smaller titanium dioxide was also used for the degradation of certain organic 
pollutants. For example, TiO 2  with diameters of 6 to 10   nm were prepared for the 
photocatalytic degradation of hexahydro - 1,3,5 - trinitro - 1,3,5 - triazine (RDX) waste-
water under simulated sunlight  [12] . The result showed that the RDX degradation 
percentage of the photocatalytic process was higher than that of Fenton oxidation 
before 80   min, equivalent after 80   min, and reached 95% or above after 120   min. 

 During recent years, the synthesis of doped TiO 2  nanoparticles has attracted 
increasing attention in organic wastewater treatment  [13 – 17] . For example, Liu 
 et al.  introduced a low - cost and high - effi ciency approach for preparing nitrogen -
 doped TiO 2  with a lower band - gap energy which can be responsive to visible light 
 [18] . The N - doped TiO 2  showed superior photocatalytic activities in both chemical 
compound degradation and bactericidal reactions over commercially available 
Degussa P25 power, under identical solar light exposure. 

 As well as nonmetal - doped TiO 2  nanoparticles, metal - doped TiO 2  nanoparticles 
have also been developed for the degradation of organic pollutants. As an example, 
Fe(III) - doped TiO 2  nanoparticles have been prepared to degrade phenol in water 
under solar light irradiation  [19] . Furthermore, Oh  et al.  studied the effect of addi-
tives (Si, Fe) on the photocatalytic activity of titanium dioxide powders prepared 
by thermal plasma  [20] . Similarly, the photocatalytic degradation of  2 - chlorophenol  
( 2 - CP ) in aqueous solution was evaluated using a Co - doped TiO 2  nanoparticulate 
catalyst  [21] . Specifi cally, rare earth metal Pr - doped TiO 2  showed a high activity for 



 9.2 Titanium Dioxide (TiO2)  289

the photocatalytic degradation of phenol  [22] , the degradation process having been 
optimized using 1   g   l  − 1  Pr - doped TiO 2  with a Pr(III) concentration of 0.072   mol% 
after 2   h irradiation. As a systemic study, Shah  et al.  reported that the  metallo -
 organic chemical vapor deposition  ( MOCVD ) method could be used successfully 
to synthesize pure TiO 2  and Nd 3+  - , Pd 2+  - , Pt 4+  -  and Fe 3+  - doped TiO 2  nanoparticles 
 [23] . When the effects of different types of dopant on the photocatalytic activity 
were investigated by the degradation of 2 - CPs in UV light, it was suggested that 
the negative and positive effects could be ascribed to the position of the dopants 
in the nanoparticles and the difference in their ionic radii with respect to that of 
Ti 4+ . There is no general way to guide and evaluate the TiO 2  - doped photocatalytic 
activity associated with the relationships of the category, quantity and position of 
dopant, since doping is referred to as a very complex processes.  

  9.2.1.2   Catalysis and Adsorption of Inorganic Anions 
 Arsenic has, for many centuries, been considered as one of the most toxic elemen-
tal contaminants. In the presence of sunlight and dissolved oxygen, Pena  et al.  
investigated the effectiveness of nanocrystalline TiO 2  in removing arsenate [As(V)], 
arsenite [As(III)] and the photocatalytic oxidation of As(III)  [24] . These studies 
revealed that the TiO 2  was effective for arsenic removal at pH 8, and had a 
maximum removal quantity for As(III) at pH approximately 7.5 in the challenging 
water. Moreover, the adsorption capacity of the TiO 2  for As(V) and As(III) was 
much higher than that of the commercial TiO 2  (Degussa P - 25) and granular ferric 
oxide. 

 Cr(VI) represents another typical (and also carcinogenic) pollutant that is found 
in the wastewater from industrial processes, such as mining, leather tanning and 
paint - making. In a typical treatment process, Cr(VI) can be reduced to less toxic 
Cr(III) by reducing agents, although this usually leads to a much larger dosage of 
the reducing agent than the stoichiometric amount. To overcome this drawback, 
photocatalytic reduction    –    as an environment - friendly treatment process    –    has been 
developed and proven effective in the reduction of Cr(VI) to Cr(III). For example, 
when TiO 2  and sulfated TiO 2    SO TiO4

2
2

−( ) catalysts with different textural proper-
ties were prepared for the photocatalytic reduction of Cr(VI) to Cr(III)  [25] , the 
calcination temperature was shown to be a key factor that affected the catalytic 
activities. Consequently, the research group involved suggested that   SO4

2− on the 
surface could provide an acid environment over the catalyst surface and in turn 
promote the photoreduction of Cr(VI).  

  9.2.1.3   Disinfection of Microorganisms 
 When titanium dioxide nanoparticles and nanocrystallines are irradiated with UV -
 visible light, this semiconductor can exhibit strong bactericidal activity. For 
instance, Chang  et al.  showed that the irradiation of suspensions of  Escherichia coli  
and TiO 2  (P - 25) with of wavelengths longer than 380   nm led to bactericidal action 
within minutes  [26] . Furthermore, the trends in these simulated laboratory experi-
ments were mimicked in outdoor tests conducted under the summer, noonday 
sun  [27] . Elsewhere, Maness  et al.  presented the fi rst evidence that lipid peroxida-
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tion reaction was the underlying mechanism of cell death of  E. coli  K - 12 irradiated 
in the presence of a TiO 2  photocatalyst  [28] . These authors claimed that the TiO 2  
photocatalysis initiated peroxidation of the unsaturated phospholipid component 
of the lipid membrane, thus inducing a major disorder in the  E. coli  cell membrane 
and killing the cells. 

 TiO 2  nanoparticles, as - doped, could also be used for the disinfection of waste-
water. For example, Yu  et al.  reported that sulfur - doped titanium dioxide exhibited 
a strong visible - light - induced antibacterial effect  [29] , while Egerton  et al.  found 
that the photoelectrocatalytic disinfection of  E. coli  by an iron - doped TiO 2  sol – gel 
electrode was more effi cient than disinfection by the corresponding electrode 
when undoped  [30] .   

  9.2.2 
  TiO 2   Nanotubes and Nanorods 

 The band - gap of aqueous colloids of titanate nanotubes at room temperature has 
been estimated at approximately 3.87   eV, which is close to the value of about 
3.84   eV in two - dimensional (2 - D) titanate nanosheets, but much higher than the 
value of about 3.2   eV in bulk TiO 2   [31, 32] . Three general approaches    –    namely 
alkaline hydrothermal  [33] , template - assisted  [34]  and anodic oxidation  [35]     –    for 
the preparation of nanostructured titanate and TiO 2  have been reviewed by Bavykin 
 [36] . TiO 2  nanotubes have potential applications in solar cells and hydrogen pro-
duction  [37 – 41] , although the details of TiO 2  nanotubes, which were developed 
directly for the photocatalytic removal of organic pollutants, have been rarely 
reported. 

 As a typical study, the synthesis of TiO 2  - based p - n junction nanotubes has been 
described  [42] . The outside of the tubes was comprised of TiO 2 , and the inside 
platinum. The nature of the p - n junction allowed the outside of the tube to act as 
an oxidizing surface, while the inside of the tube acted as a reductive surface. 
When exposed to UV light, these catalysts were able to degrade toluene, with 
experimental results showing that the photocatalytic destruction rates of these 
catalysts were higher than those of non - nanotube - structured material and nano-
tubes without a p - n junction. 

 Moreover, titanate nanotubes can adsorb functional cations from aqueous solu-
tion, which may in turn provide a strategy for the deposition of active catalysts on 
the surface of nanotubes  [43] . In addition, when nanoparticles and titanate nano-
tubes have good electrical contacts, it can provide an effi cient interfacial charge -
 transfer region, which makes this binary system also suitable for photocatalysis. 
In photocatalytic processes, the photosensibilizer could be either wide - bandgap 
titanate nanotubes  [44]  or narrow - bandgap semiconductor nanoparticles  [45, 46] . 
At present, these studies are still in the early stages of research, but will undoubt-
edly fi nd applications in nanofi ltration membranes for water treatment. 

 As in the case of TiO 2  nanotubes, TiO 2  nanorods    –    as another one - dimensional 
(1 - D) nanostructure    –    have also been developed for water purifi cation. By using a 
nonhydrolytic sol – gel reaction between titanium(IV) isopropoxide and oleic acid, 
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large - scale TiO 2  nanorods with a narrow distribution of diameters were prepared 
(see Figure  9.1 )  [47] . The anisotropic naked TiO 2  nanorods exhibited a higher 
photocatalytic activity than the P - 25 photocatalyst for the photocatalytic inactivation 
of  E. coli  (see Figure  9.1 c).    

  9.2.3 
  TiO 2   Nanofi lms 

 Yu  et al.  reported that transparent anatase  mesoporous TiO 2   ( MTiO 2  ) and TiO 2  
nanometer thin fi lms were prepared on soda - lime glass and fused quartz by the 
reverse - micelle and sol – gel methods, respectively  [48] . MTiO 2  thin fi lms showed 
a higher photocatalytic activity than that of the TiO 2  thin fi lms, because of their 
higher specifi c surface areas. Shieh and coworkers developed a new photocatalyst 
thin fi lm that has strong antibacterial action in visible light  [49] . In this study, the 
 radiofrequency  ( RF ) sputter technique was used to deposit a defective titanium 
dioxide (TiO  x  ,  x     <    2) photocatalyst thin fi lm on glass and steel substrates. Subse-
quently, it was demonstrated that the antibacterial performance rate against  E. coli  
could reach 99.99% in visible light. 

 Furthermore, in order to illustrate the mechanism for the photokilling of  E. coli  
cells on TiO 2  thin fi lm, the survival of intact cells and spheroplasts was investigated 
as a function of photoillumination time  [50] . Recently, on TiO 2  porous fi lms, 
 attenuated total refl ectance  ( ATR ) - FTIR spectroscopy was used to study the pho-
tocatalytic peroxidation of  E. coli  cells,  lipopolysaccharide  ( LPS ),  phosphatidyletha-
nolamine  ( PE ) and  peptidoglycan  ( PGN ) of the  E. coli  membrane wall  [51] .  

  9.2.4 
  TiO 2   Nanocomposites 

 Nanocomposites can combine many advantages from single components. In the 
case of water treatment, by using conventional grafting, precipitation or impregna-
tion, TiO 2  nanoparticles and nanocrystals can be deposited and incorporated to 
form suitable nanocomposites  [52 – 54] . For example, L ó pez - Munoz  et al.  reported 
the use of tubular arrays of mesoporous and microporous molecular sieves com-
posed of TiO 2  nanoparticles, supported by mesoporous silica, for the water reme-
diation of aromatic pollutants in the presence of UV light  [55] . In another report, 
a novel biocidal photocatalytic nanocomposite, composed of TiO 2  and  multi - walled 
carbon nanotube s ( MWNT s) showed a threefold higher photocatalytic specifi c 
surface area than commercial TiO 2  nanoparticles (P - 25) when dispersed in water. 
The irradiation of bacterial endospores ( Bacillus cereus ) with solar UV lamps in the 
presence of novel photocatalyst led to the successful inactivation of the spores, 
whereas solar UV lamps only or solar UV lamps with Degussa P - 25 showed no 
signifi cant inactivating behavior  [56] . Photocatalysts composed of nanostructured 
TiO 2  and Fe 2 O 3 , have also been prepared and used for removal of colored humic 
acids from wastewater in a UV bubble photocatalytic reactor  [57] . Here, Shephard 
 et al.  introduced an experimental laboratory - scale  ‘ falling fi lm ’  reactor which 
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    Figure 9.1     (a) Transmission electron microscopy (TEM) 
image of as - synthesized TiO 2  nanocrystals; (b) High -
 resolution (HR) TEM image of TiO 2  nanorods; (c) The 
photocatalytic inactivation of  E. coli  using naked TiO 2  
nanocrystals and Degussa P - 25 as photocatalysts.  Reproduced 
with kind permission from Ref.  [47] ;  ©  American Chemical 
Society.   



involved TiO 2  nanoparticles for studying the photocatalytic degradation of micro-
cystins in aqueous solution  [58] . 

 Several methods have been developed to lower the band - gap energy of TiO 2  
nanocomposites, examples being sensitizing by dyes or by having semiconductors 
with lower band - gaps  [59] . For instance, Bae  et al.  reported an example of a visible -
 light photocatalyst based on TiO 2  modifi ed by ruthenium - complex sensitizers and 
noble metal deposits such as Pt, Au, Ag and Pd  [60] . These authors discussed the 
effects of metal loading on the visible light activity, and its implications for the 
effi cient visible - light photocatalyst development. CdSe - modifi ed rutile TiO 2  nano-
crystals were synthesized by the hydrothermal method, while the photoactivities 
of the new photocatalyst under visible light illumination were demonstrated by 
the degradation of  methylene blue  ( MB )  [61] . As expected, after sensitization TiO 2  
was signifi cantly responsive to visible light illumination, which resulted in the 
visible light photoactivities increasing. Similarly, nanosized CdS - coupled TiO 2  
nanocrystals with an enhanced activity were prepared using a microemulsion -
 mediated solvothermal method  [62] . However, the toxicity and environmental 
impact was on major concern due to the heavy metal Cd(II) content of these two 
TiO 2  nanocomposites.   

  9.3 
 Iron Oxides 

 As a typical magnetic material, iron oxides are of major interest in a wide range 
of fi elds, including magnetic fl uids  [63] , catalysis  [64 – 66] ,  magnetic resonance 
imaging  ( MRI )  [67 – 69] , biological cell labeling and sorting  [70]  and high - density 
information storage  [71] . Whilst many suitable methods such as coprecipitation, 
thermal decomposition and/or reduction, micelle synthesis and hydrothermal 
synthesis have been developed for the synthesis of iron oxide nanoparticles, the 
successful application of such magnetic nanoparticles in these areas is heavily 
dependent on the stability of the particles under a range of different conditions. 
Most recently, Lu  et al.  have reviewed the synthesis, protection, functionalization 
and application of magnetic nanoparticles (including iron oxides), as well as the 
magnetic properties of nanostructured systems  [72] . However, as yet there are 
no details of iron oxides nanomaterials being used for applications in water 
treatment. 

 Many research groups have used iron oxide nanomaterials, including Fe 2 O 3  and 
Fe 3 O 4 , as cheap adsorbents to remove toxic ions and organic pollutants from water, 
and indeed these materials have demonstrated more effective removal capabilities 
than have bulk materials  [73 – 80] . Typically, Yavuz  et al.  reported that using the 
high specifi c surface area of Fe 3 O 4  NCs with a diameter of 12   nm, the mass of 
waste associated with arsenic was removed from water by orders of magnitude 
 [81] . These processes are often the most effective    –    or perhaps the only    –    possible 
approaches for building a good model quantitatively in water treatment  [82] . 
However, iron oxides were shown to act as low arsenic adsorption capacitor, slow 
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adsorption processes and with narrow optimum pH ranges  [83, 84] , all of which 
compromised their applicability. Thus, it is likely that certain protection strategies 
will be developed, including metal doping, surfactant/polymer coating, silica/
carbon coating and embedding them in a matrix/support  [85].  For instance, Zhang 
 et al.  reported that Fe oxide materials doped by the metals (Ce, La, Zr) were used 
for the removal of anions from groundwater  [86] . The maximum adsorption capac-
ity of the Fe − Ce materials for As (V) ions was signifi cantly higher that of the other 
adsorbents reported, and the preparation and adsorption properties of the Fe − Ce 
system have been investigated  [87, 88] . 

 Iron oxides nanoparticles with surfaces modifi ed by some photocatalysts, func-
tional polymers or special molecules, have also been used as various functional 
systems for targeted water treatment, including remediation and disinfection. Sun 
 et al.  reported a novel photocatalysts composed of nanostructured TiO 2  in the 
anatase phase, which was uniformly deposited onto porous Fe 2 O 3   [89] . The experi-
mental results showed the suspended TiO 2 /Fe 2 O 3  photocatalyst to be effective for 
the removal of total organic carbon at 61.58% and color 400  (i.e. absorbance at 
400   nm selected for quantitative analysis of color) at 93.25% at 180   min illumina-
tion time, under a 0.4   g   l  − 1  catalyst loading and at pH 7. 

 Poly (1 - vinylimidazole) (Im18) with a reactive silane terminal group was grafted 
directly onto nanosized magnetic particles (maghemite,   ç   - Fe 2 O 3 ) through siloxane 
bonds to produce polymer - grafted magnetic nanocomposite particles (Mag - Im18). 
The Mag - Im18 showed a selective binding of divalent heavy metal ions with a 
binding strength in the order of Cu 2+     >    Ni 2+     >    Co 2+ . Selective separation/recovery 
of Cu 2+  ions from a Cu 2+ /Co 2+  aqueous solution was demonstrated over a pH range 
of 3 to 7  [90] . 

 Interestingly, based on the high affi nity between the bisphosphonate and uranyl 
ions (due to a chelating effect), Xu group reported that bisphosphonate - modifi ed 
magnetite nanoparticles could be used to remove the radioactive metal toxins   UO2

2+ 
with high effi ciency from water  [91] . This simple procedure proved capable of 
removing 99% of   UO2

2+ from the sample. In addition, the principle demonstrated 
in these studies allowed the detection, recovery and decorporation of other heavy 
metal toxins from biological systems, either by choosing the ligands or utilizing 
other novel nanomaterials. 

 Today, there is a growing threat of water - borne infectious diseases in the devel-
oping and developed countries, with  E. coli  contaminations of food products and 
 Bacillus anthracis  attacks frequently reported in recent headline news bulletins. 
Hence, an urgent task would be to develop effective methods not only for microbial 
decontamination but also for their rapid detection, without involving time - 
consuming cell culture. A photokilling approach for pathogenic bacteria was dem-
onstrated using a new type of magnetic nanoprobe which comprised iron 
oxide/titania (Fe 3 O 4 @TiO 2 ) core/shell magnetic nanoparticles as the photokilling 
agent  [92] . This group demonstrated that the IgG − Fe 3 O 4 @TiO 2  magnetic nanopar-
ticles had the capacity to target several pathogenic bacteria, and could effectively 
inhibit the cell growth of bacteria targeted by the nanoparticles under irradiation 
of a low - power UV lamp within a short time period. In another disinfection study, 



bifunctional Fe 3 O 4 @Ag nanoparticles with both superparamagnetic and antibacte-
rial properties were prepared by reducing silver nitrate on the surface of Fe 3 O 4  
nanoparticles using a water - in - oil microemulsion method  [93] . The nanoparticles 
presented a good antibacterial performance against  E. coli  (Gram - negative bacte-
rium),  Staphylococcus epidermidis  (Gram - positive) and  Bacillus subtilis  (spores). 
Moreover, Fe 3 O 4 @Ag nanoparticles could easily be reclaimed from water by using 
a magnetic fi eld, thus avoiding any contamination of the surroundings. 

 Very recently, Huang group developed a  magnetic glyco - nanoparticle  ( MGNP ) -
 based system to rapidly detect  E. coli  in just 5   min by the unique combination of 
magnetic nanoparticles and diverse carbohydrate bioactivities  [94] . Capture effi -
ciencies achieved were up to 88%, and much higher than the 10 – 30% range typi-
cally observed with antibody -  or lectin - functionalized magnetic particles  [95, 96] . 
Moreover, the response patterns of the MGNPs were utilized to explain the patho-
gen identity for accurately differentiating between three  E. coli  strains. This was 
the fi rst time that MGNPs had been used to detect, quantify and differentiate  E. 
coli  cells. Decontamination and diagnostic applications can be further developed 
by this strategy. 

 Not only zero - dimensional iron oxides nanoparticles can be engineered for water 
treatment, but novel 3 - D or even more complex nanostructures of iron oxides also 
have excellent abilities to remove heavy metal ions and other pollutants from 
wastewater. Series of iron oxides with 3 - D fl owerlike nanostructures have been 
obtained by a simple calcinations procedure following an ethylene glycol - mediated 
self - assembly process (see Figure  9.2 )  [97] . The nanostructures as - prepared are 
used to adsorb the As(V), Cr(VI) and Orange II, respectively. The maximum capac-
ity of the  α  - Fe 2 O 3  sample was found to be 7.6   mg   g  − 1  for As(V), 5.4   mg   g  − 1  for Cr(VI) 
and 43.5   mg   g  − 1  for Orange II, which was higher than those of commercial TiO 2  
and Fe 2 O 3 . Moreover, the solid/liquid separation should be straightforward because 
the sizes of the iron oxide structures were several micrometers (see Table  9.1  and 
Figure  9.3 ).      

  9.4 
 Manganese Oxides 

 Manganese oxide species (including MnO, Mn 3 O 4 , Mn 2 O 3  and MnO 2 ) are of con-
siderable importance in technological applications, including molecular adsorp-
tion, catalysis and electrochemical supercapacitors, owing to their structural 
fl exibility combined with novel chemical and physical properties  [98 – 102] . In par-
ticular, the many polymorphic forms of manganese dioxide, such as  α ,  β ,  γ  and 
 δ  - types, have distinctive properties and now are widely used as ion - sieves and 
especially as electrode materials in Li/MnO 2  batteries  [103] . Bulk MnO 2  and its 
composites also could be used to remove Cd(II), copper(II), lead(II), uranium(VI), 
As(III), As(V), Se(IV) and organic waste from water by adsorption and subsequent 
catalytic combustion at relatively low temperature  [104 – 120] . During the past few 
years, various nanostructures of MnO 2 , including nanoparticles  [121] , nanorods/
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    Figure 9.2     (a) Scanning electron microscopy 
(SEM) and (b) TEM images of the as - obtained 
 α  - Fe 2 O 3 ; (c) High - magnifi cation TEM image 
of the petal of the fl ower - like structure of the 
as - obtained  α  - Fe 2 O 3 . Inset: High - resolution 
TEM (HRTEM) image taken from the 
as - obtained  α  - Fe 2 O 3  nanoparticle; 

(d) Selected - area electron diffraction (SAED) 
pattern of the as - obtained  α  - Fe 2 O 3 ; (e) SEM 
image of the as - obtained Fe 3 O 4 ; (f) SEM 
image of the as - obtained c - Fe 2 O 3 .  Reproduced 
with kind permission from Ref.  [97] ; 
 ©  John Wiley & Sons, Inc.   
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 - belts/ - wires/ - tubes/ - fi bers  [122 – 126] , nanosheets  [127] , mesoporous/molecular 
sieves and branched structures  [128 – 132] , urchins/orchids and other hierarchical 
structures  [133 – 136] , have been synthesized by different methods. However, to our 
knowledge, there are few reports in existence concerning the MnO 2  nanostruc-
tures used in water treatment. 

 Among the anisotropic nanostructures, 1 - D nanostructures appear as an excit-
ing research fi eld for the great potential of addressing space - confi ned transport 
phenomena, as well as applications  [137 – 139] .  β  - MnO 2  has been used as a catalyst 
for H 2 O 2  decomposition, which would assist when taking advantage of this process 



to accelerate the decoloration and mineralization of organic dyes  [140 – 142] . 
Recently, Zhang  et al.  reported that  β  - MnO 2  nanorods have been synthesized 
by the thermal decomposition of a template precursor of MnOOH, which was 
obtained by hydrothermal treatments of KMnO 4  in an aqueous ethanol solution 
(Figure  9.4 )  [143] . As shown in Figure  9.5 , the catalytic activity is much higher 
than that of commercial microsized MnO 2  powders, due to the larger surface area 
and more active surface sites of the  β  - MnO 2  nanorods.   

 More recently, our group has shown that MnO 2  with intricate and well - 
controlled 3 - D morphologies are synthesized by combining the Kirkendall effect 
with a sacrifi cial crystalline template  [144] . In detail, the hierarchical hollow man-
ganese dioxide can be successfully synthesized by shape - preserving KMnO 4  oxida-
tion of micrometer - scale manganese carbonate structures at room temperature, 
followed by the selective removal of MnCO 3  with HCl. This created a novel route 
to the synthesis of MnO 2  superstructures with unique morphologies and complex 

    Figure 9.3     (a) Adsorption rate of As(V) (solid line) and Cr(VI) 
(dashed line) on the as - prepared  α  - Fe 2 O 3 ; (b) Adsorption rate 
of the azo - dye Orange II on new as - prepared  α  - Fe 2 O 3  (solid 
line) and regenerated  α  - Fe 2 O 3  (dashed line).  Reproduced with 
kind permission from Ref.  [97] ;  ©  John Wiley & Sons, Inc.   
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 Table 9.1      BET  surface area and removal capacity of different 
types of adsorbent sample. The initial concentration of both 
 A  s ( V ) and  C  r ( VI ) was 10.63   mg   l  − 1 . 

  Absorbent sample    BET surface area 
(m 2    g  − 1 )  

  Removal capacity for 
As (mg   g  − 1 )  

  Removal capacity 
for Cr (mg   g  − 1 )  

   α  - Fe 2 O 3     40    5.31    4.47  
   γ  - Fe 2 O 3     56    4.75    3.86  
  Fe 3 O 4     34    4.65    4.38  
  Commercial  α  - Fe 2 O 3     2    0.46    0.68  
  Commercial TiO 2     45    4.11    2.42  

  Reproduced with kind permission from Ref.  [97] ;  ©  John Wiley & Sons, Inc. 
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    Figure 9.4     TEM/HRTEM images or SAED patterns. 
(a) MnOOH nanorods; (b) A single MnOOH nanorod (inset: 
SAED pattern); (c) MnOOH nanorod (HRTEM); (d)  β  - MnO 2  
nanorods; (E) A single  β  - MnO 2  nanorod (inset: SAED 
pattern); (f )  β  - MnO 2  nanorod (HRTEM).  Reproduced from 
Ref.  [143] ;  ©  Elsevier B.V.   
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hierarchies at the microscale and nanoscale. Based on the novel nanostructures, 
the as - prepared MnO 2  nanomaterials were used as an adsorbent for the removal 
of organic pollutant in waste water (see Figure  9.6 ). Based on the data shown in 
Figures  9.7  and  9.8 , the maximum adsorption capacitor of the nanostructures is 
about 60   mg   g  − 1  for Congo red, which is higher than those of commercial micro -
 sized MnO 2  and  γ  - Fe 2 O 3  with an average size of 20 – 30   nm. This might be ascribed 
to the special hierarchical hollow microstructure of as - obtained MnO 2 , which pro-
vided a new and more effi cient material for applications in organic wastewater 
treatment. After adsorption, the solid – liquid separation can be achieved very easily 
because of the relatively higher density, while the MnO 2  nanostructures in water 
treatment can be reused many times.    

    Figure 9.5     Time profi les of methylene blue (MB) degradation. 
(a) MB   +   H 2 O 2 ; (b) MB   +    β  - MnO 2  nanorods; 
(c) MB   +   H 2 O 2    +   commercial  β  - MnO 2  powder; 
(d) MB   +   H 2 O 2    +   MnO 2  nanorods; (e) MB   +   H 2 O 2    +    β  - MnO 2  
nanorods (dark).  Reproduced with kind permission from Ref. 
 [143] ;  ©  Elsevier B.V.   
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    Figure 9.6     The SEM images of (a) MnO 2  microspheres and 
(b) MnO 2  microcubes.  Reproduced with kind permission from 
Ref.  [144] ;  ©  John Wiley & Sons, Inc.   
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    Figure 9.7     (a) Absorption of Congo red with time by new 
MnO 2  microspherical hollow hierarchical nanostructures; 
(b) Absorption spectra of a solution of Congo red (100   mg   l  − 1 , 
20   ml) in the presence of MnO 2  hierarchical hollow 
microspheres (0.03   g) at different time intervals (min) of: 
(1) 0; (2) 5; (3) 10; (4) 20; and (5) 30.  Reproduced with kind 
permission from Ref.  [144] ;  ©  John Wiley & Sons, Inc.   
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    Figure 9.8     Adsorption rate of the azo - dye 
Congo red on (a) commercial MnO 2 ; 
(b) commercial  γ  - Fe 2 O 3 ; (c) new as - prepared 
MnO 2  hierarchical hollow microspheres; 
(d) secondary; (e) third; and (f ) fourth 
regenerated particles. C 0  (mg   l  − 1 ) is the initial 

concentration of the Congo red solution; C 
(mg   l  − 1 ) is the dye concentration at different 
intervals during the adsorption.  Reproduced 
with kind permission from Ref.  [144] ; 
 ©  John Wiley & Sons, Inc.   
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  9.5 
 Cerium Oxide ( CeO 2  ) 

 Hydrous rare earth oxides have been proposed as a new adsorbent for the removal 
of aqueous hazardous anions such as arsenate, fl uoride and phosphate, because 
of their relatively higher adsorption capacitors  [145, 146] . The relatively small ionic 
potential and strong basicity of rare earth ions bring a strong tendency to dissociate 
OH groups into hydroxyl ions  [147, 148] . 



 As a typical form of rare earth oxide, ceria has been given wide attention because 
of its unique physical and chemical properties, including oxygen ion conductivity 
and oxygen storage capacity  [149, 150] . Because of these characteristics, ceria has 
been widely used for fuel cell  [151 – 153] , sensor  [154]  and chemical – mechanical 
polishing for microelectronics  [155] , phosphor/luminescence  [156]  and catalysts 
 [157, 158] . Until now, the various nanostructures of ceria such as nanoparticles 
 [159] , nanorods/ nanowires/ nanotubes  [160 – 162]  and nanopolyhedrons  [163]  have 
been synthesized using different methods. However, the application of ceria nano-
structures for water treatment is rare, mainly because of the high costs involved 
when using rare earth compounds. Many research groups have attempted to 
develop new adsorbents with a high adsorption capacity and relatively low cost. 
For example,  cerium oxide nanoparticles supported on carbon nanotubes  ( CeO 2  -
 CNT ) or on aligned carbon nanotubes (CeO 2  - ACNTs) have been developed as 
effective adsorbents for As(V) (see Figure  9.9 )  [164] . Surprisingly, correct addition 
of the divalent cations Ca(II) and Mg(II) was found to increase the amount of 
adsorbed As(V), from 10 to 82   mg   g  − 1 . The largest Cr(VI) adsorption capacity was 
30.2   mg   g  − 1  at pH 7.0, which was twofold higher than those of activated carbon and 
Al 2 O 3  (see Figure  9.10 )  [165] .   

 Novel nanostructures can expand the advanced applications of nanomaterials. 
More recently, Wan and coworkers showed that the as - prepared ceria 3 - D nano-
material could be used as a good adsorbent for the removal of As(V) and Cr(VI) 
in wastewater treatment (Figure  9.11 )  [166] . The maximum adsorption capacity of 
the ceria as - prepared was found to be 14.4   mg   g  − 1  for As(V) and 5.9   mg   g  − 1  for 
Cr(VI), respectively. After adsorption, the solid/liquid separation in suspension 
was performed very easily by using centrifugation. Moreover, this new adsorbent 
could be recovered and reused, which proved to be very useful for real applications 
when cutting operational costs. The main advantages of the 3 - D nanostructure, 
which it was claimed made CeO 2  particularly attractive for environmental remedia-
tion and other applications, were that: (i) separation and recycle were easier com-
pared with common nanoparticles, as the total size of the structure was on the 
micrometer scale; (ii) the as - obtained CeO 2  retained a high specifi c surface area 
as the micropetal of the composite structure was composed of interconnected 
nanoparticles; and (iii) the fl owerlike structure could effectively prevent further 

    Figure 9.9     (a) SEM images of aligned carbon nanotubes 
(ACNTs); (b) TEM image of CeO 2 /ACNTs.  Reproduced with 
kind permission from Ref.  [164] ;  ©  Elsevier B.V.   
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    Figure 9.10     The effect of Ca 2+  and Mg 2+  on adsorption 
(C 0    =   20   mg   l  − 1 ; m   =   0.025   g; t   =   24   h).  Reproduced with kind 
permission from Ref.  [165] ;  ©  Elsevier B.V.   
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    Figure 9.11     (a) SEM image of the as - obtained ceria; 
(b) Adsorption rate of As(V) (black line, initial concentration 
of 12.9   mg   g  − 1 ) and Cr(VI) (red line, initial concentration of 
17.2   mg   g  − 1 ) on the as - prepared ceria.  Reproduced with kind 
permission from Ref.  [166] ;  ©  American Chemical Society.   
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aggregation, so that an unblocked mass transfer and high catalytic activity could 
be retained.    

  9.6 
 Magnesium Oxide ( MgO ) 

 As far as  magnesium oxide  ( MgO ) is concerned, very few reports have been made 
to date regarding the use of its nanostructures for water treatment. Stoimenov 
 et al.  reported that reactive magnesium oxide nanoparticles and halogen (Cl 2 , Br 2 ) 



adducts of the MgO particles were prepared to contact certain bacteria and spore 
cells  [167] . Bacteriological test data subsequently showed that these materials were 
very effective against Gram - positive  Staphylococcus aureus  and Gram - negative  E. 
coli, Klebsiella pneumoniae  and  Pseudomonas aeruginosa ) bacteria, as well as spores. 
It was suggested that the material ’ s abrasiveness, basic character, electrostatic 
attraction and oxidizing power (due to the presence of active halogen) combine to 
promote these biocidal properties. Subsequently, Koper and coworkers described 
the size effect of the antibacterial activities of MgO nanoparticles  [168] . More details 
indicated that smaller MgO nanoparticles with a diameter of 8   nm had the highest 
activity in killing  E. coli  and  S. aureus , while a gradual decrease in antibacterial 
activity was observed with increase in particle size (from 11 to 23   nm)  [169] .  

  9.7 
 Alumina ( Al 2 O 3  ) 

 Membrane processes are considered as important components of advanced water 
purifi cation and desalination technologies. Alumina (Al 2 O 3 ) nanoparticles, when 
used as robust ceramic membranes for supporting functional substances, are 
applied for water treatment. In recent years, several reactive and functionalized 
Al 2 O 3  membranes have been developed for use in water fi ltration processes. For 
example, when using alumina (A - alumoxane) nanoparticles, DeFriend  et al.  
reported the fabrication of alumina  ultrafi lter  ( UF ) membranes which showed 
selectivity toward three different synthetic dyes  [170] . By using a layer - by - layer 
technique, positive  poly(allylamine hydrochloride)  ( PAH ) and negative  poly(styrene 
sulfonate)  ( PSS ) were assembled onto porous alumina for the fabrication of novel 
 nanofi lter  ( NF ) membranes  [171] . These NF membranes exhibited a high water 
fl ux, a high retention of divalent cations (Ca 2+  and Mg 2+ ), and   Cl SO− −

4
2  selectivity 

ratios of up to 80. Moreover, based on the good catalysis of gold nanoparticles, 
through layer - by - layer adsorption of polyelectrolytes and citrate - stabilized gold 
nanoparticles, a composite membrane composed of alumina and polymers was 
prepared by Dotzauer  et al.   [172] . The result in this study showed that the mem-
branes could reduce more than 99% of 0.4% m M  4 - nitrophenol to 4 - aminophenol. 
Such studies have been extended through the use of ceramic membranes made 
from alumina (Al 2 O 3 ) impregnated with crosslinked, silylated dendritic or cyclo-
dextrin polymers  [173] . 

 Pd - Cu/ γ  - alumina, a bimetallic active catalyst, was prepared for the reduction of 
  NO3

−  [174] . It should be noted here that this design can be regarded as one of the 
futuristic remediation strategies for mineralizing the brine, because this nanocom-
posite can convert organic compounds into innocuous N 2  without any deleterious 
brine. 

 Conventional  activated alumina  ( AA ) has certain disadvantages, including ill -
 defi ned pore structures, low adsorption capacities and subsequently slow kinetics. 
In order to overcome these diffi culties, through a post - hydrolysis,  mesoporous 
alumina  ( MA ) with a large surface area and uniform pore size was prepared for 
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arsenic removal  [175] . The maximum As(V) uptake by MA was sevenfold higher 
(121   mg of As(V)   g  − 1  and 47   mg of As(III)   g  − 1 ) than that of conventional AA. Mean-
while, more than 85% of the adsorbed arsenic could be desorbed in less than 1   h 
using 0.05    M  NaOH. Thus, it was suggested that MA, as - prepared, could be easily 
reusable and reclaimable. 

 In addition, as a relatively mature technique, Al 2 O 3  nanomembranes can be 
obtained by electrochemical anodic oxidation, and their thicknesses, pore diame-
ters and densities adjusted by operational conditions such as electrolytes, voltages 
and temperatures. Under the assistance of porous aluminum, nanowires, nano-
tubes and more complex nanostructures can be prepared controllably  [176] , and 
this may open the door to the preparation of functional anisotropic NF membranes 
for high throughput in real applications.  

  9.8 
 Summary 

 Water has a major impact on every facet of human activity, including health, 
energy and food production, industrial output and the quality of the environment. 
In recent years, as a result of extended droughts, population growth, more strin-
gent health - based regulations and increasing demands from a variety of users, 
water is today becoming a competitive resource    –    indeed, in many parts of the 
world it is regarded as the  ‘ oil of the twenty - fi rst century ’ . Metal oxide nanomateri-
als have many important physico - chemical and biological properties that make 
them particularly attractive for water treatment. Due to their large surface areas 
and their size - , shape -  and dimension - dependent catalytic properties, considerable 
efforts have driven exploration into the uses of metal oxide nanomaterials for 
applications such as catalysis, adsorption and membrane separations. In addition, 
metal oxide nanomaterials can be functionalized with various chemical groups to 
increase their affi nity towards many interesting compounds. This may result in 
ligands that are not only recyclable but also have a high capacity and selectivity for 
toxic metal ions and inorganic anions, as well as for bacteria and viruses in 
aqueous solutions. Today, we envision metal oxide nanomaterials as being engi-
neered to remove current and emerging pathogens without any toxic byproducts, 
to realize targeted sensing and detection, transformation and the removal of low -
 concentration or trace contaminations in high backgrounds at lower cost, and to 
be reusable, reclaimable and recyclable  [177, 178] . 

 It is, therefore, very important that a systematic overview of water treatments 
be undertaken since, even when effi cient metal oxide nanomaterials have been 
prepared for the treatment of water it is also vital to consider the subject from an 
engineering aspect. Indeed, in some cases this may be more important than the 
unique nature of the materials themselves. Likewise, it should be noted    –    from a 
precautionary angle    –    that the very properties of these nanomaterials which render 
them attractive for water treatment might also cause them to become eco - toxic 
 [179 – 181] .  
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 In today ’ s world, nanotechnology is becoming increasingly popular for water treat-
ment. In this chapter, we will summarize recent advances in the development of 
typical metal oxide materials (TiO 2 , Fe 3 O 4 /Fe 2 O 3 , MnO 2 , CeO 2 , MgO and Al 2 O 3 ) 
and the related processes for the treatment of various water resources which have 
been contaminated by organic solutes, inorganic anions, radionuclides, bacteria 
and viruses. 
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  10.1 
 Introduction 

 In recent years, inorganic    –    and, to a lesser extent, polymeric    –    nanoparticles have 
become ubiquitous in advanced technologies, pharmaceuticals and medicine  [1 –
 27] . When used as additives in polymers, nanoparticles can improve various physi-
cal properties, including electrical conductivity, mechanical strength and the gas 
permeability of membranes  [1 – 3] . Even more promising is the potential use of 
nanoparticles in the health care industry  [4 – 10] . Because of their small size (some-
times  < 5   nm radius), nanoparticles might conceivably penetrate cell membranes, 
and consequently could be used for drug delivery or for intracellular imaging. 
Indeed, numerous clinical trials are ongoing in which nanoparticles are being 
tested for cancer treatment or to image various tumors. In contrast, the same 
ability of the nanoparticles to nonselectively breach the membranes has resulted 
in signifi cant concerns regarding the environmental  [11]  and health  [12 – 19]  effects 
of the new nanoparticle - containing products. 

 One of the crucial diffi culties in understanding the specifi cs of nanoparticle – cell 
interactions is our limited knowledge of the molecular or biochemical mecha-
nisms behind them. Let us consider a specifi c case of the interaction between a 
nanoparticle and a cell membrane. One would naturally expect that the chemical 
nature of the particle (whether gold, silver, silicon dioxide, etc.) is important for 
determining how the membrane would react to its proximity; this proximity could 
activate specifi c receptors and cause, for example, endocytosis of the particle. Yet, 
from experiments which have been conducted it is now known that the chemical 
nature of the particle is only one of many factors that infl uence its interaction with 
cell membranes. The other factors include particle size  [17, 20] , the chemical 
nature of the ligands grafted onto the particle surface  [17 – 19] , the effective charge 
of the particle surface  [17 – 19] , and perhaps the particle shape anisotropy. On the 
other hand, a typical cell membrane contains regions of different chemical and 
physical nature  [21 – 26] , and a nanoparticle could potentially  ‘ choose ’  to interact 
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with any of these. It is very diffi cult to probe such interactions experimentally 
because of the small scales and high speeds of the processes involved. 

 The importance of understanding of these processes at a fundamental level 
cannot be overestimated, however. As recent studies have shown, gold and silver 
nanoparticles can easily penetrate inside various human cells, including red blood 
cells  [13, 15, 20] . These studies have strongly elevated the question about the safety 
of nanoparticle - related products or processes (one of many reports describing 
these studies was entitled:  ‘ Nanoparticle interaction with biological membranes: 
does nanotechnology present a Janus face? ’   [19] ). Today, government agencies and 
chemical industry councils worldwide are rapidly developing new programs and 
protocols to address these issues and establish new safety rules and regulations 
for nanotechnology. Similarly, in nanomedicine, the use of nanoparticles for drug 
delivery or tumor imaging can only be fully successful when the selectivity of the 
interactions    –    that is, whether nanoparticles target diseased, but not healthy, 
cells    –    can be determined. 

 Based on the preliminary results from some of these studies, it might be sug-
gested that in many cases, the interaction between nanoparticles and cell mem-
branes is governed not only by biochemical (receptor – ligand interaction) but also 
by nonselective, biophysical factors. Following the studies of Banazsak Holl and 
coworkers  [17 – 19] , it is now known that functionalized, strongly charged nanopar-
ticles can produce nanosized holes in various phospholipid membranes, including 
model membranes that contain no receptors. If it is assumed that the interaction 
between nanoparticles and cell membranes can often be understood based on 
simple biophysical    –    or even simple physico - chemical    –    arguments, then it becomes 
possible to develop meaningful models to simulate and understand this interac-
tion in more detail. Then, both theory and modeling can be used to predict the 
probability of a nanoparticle penetrating through a membrane, as a function of 
the nanoparticle size, surface chemistry, surface charge density and shape anisot-
ropy. This information can then be utilized to help understand nanoparticle cyto-
toxicity and/or to design better agents for drug delivery. 

 The question is, therefore, what are the appropriate modeling methods to inves-
tigate nanoparticle – membrane interaction? As shown in Figure  10.1 , modeling 
methods in soft matter (including polymer science and biophysics) may be divided 
schematically into atomistic, mesoscale and continuum or large - scale  [27] . Atom-
istic methods [most often, atomistic  molecular dynamics  ( MD ) or  Monte Carlo  
( MC )] have been utilized in biological sciences quite often in recent years, espe-
cially as the speed and power of modern computers continues to increase. Thus, 
various research groups, including Klein and coworkers  [28 – 32] , Voth and cowork-
ers  [33 – 35] , Chang and Violi  [36]  and Tian  [37] , have successfully used atomistic 
MD to study the conformations, elastic properties and thermodynamics of biologi-
cal membranes. Most recently, Chang and Violi  [36]  demonstrated the use of 
atomistic MD in predicting the structure of a lipid bilayer in the presence of carbon 
nanoparticles (see Figure  10.2 ). Other successful applications of atomistic MD 
have included calculation of the structure of ion channels in membranes, the 
partitioning of anesthetics in membranes, and the interaction of membranes with 



inserted proteins. (A detailed overview of atomistic simulations of membranes and 
nanoparticles is beyond the scope of this chapter; hence, the reader is referred to 
the review by Saiz and Klein  [30]  for more details.) At the same time, even today, 
fully atomistic simulations are extremely time - consuming. Accordingly, one would 
often choose to employ mesoscale [or  coarse - grained  ( CG )] methods instead. In 
mesoscale models, although the level of detail is somewhat sacrifi ced the speed of 
the calculation is improved substantially compared to the full atomistic models. A 
large number of mesoscale modeling studies have been conducted of lipid bilayers, 
polymersomes and vesicles using coarse - grained MD  [38 – 45] ,  self - consistent 
mean - fi eld theory  ( SCMFT )  [46 – 49] ,  density functional theory  ( DFT )  [50, 51]  and 
 dissipative particle dynamics  ( DPD )  [52 – 65] . These studies addressed a variety of 
problems, from vesicle fusion to pore formation to intra - membrane phase separa-
tion and line tension. Because of these proven successes of mesoscale approaches, 
it is reasonable to employ similar methods for the description of nanoparticle –
 membrane interactions, and indeed, coarse - grained Monte Carlo  [66]  and Brown-
ian dynamics  [67]  had been used to study the adsorption of nanoparticles onto 
membranes. (It has also been noted that, in many cases, interactions between 
particles and membranes could be described by employing even further coarse -
 graining and analyzing elastic deformations of the membranes in the presence of 
the particle within the framework of Helfrich  [68]  elasticity theory; this approach 

    Figure 10.1     Schematic representation of length and time 
scales involved in various types of physical models of 
polymeric and biological systems. CFD   =   computational fl uid 
dynamics; CG - MD   =   coarse - grained molecular dynamics; 
DPD   =   dissipative particle dynamics; FEA   =   fi nite element 
analysis; SCMFT   =   self - consistent mean fi eld theory; 
DFT   =   density functional theory.  
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    Figure 10.2     Snapshots of confi gurations of round carbon 
nanoparticles in a DMPC bilayer membrane (from atomistic 
molecular dynamics simulations). The time elapsed between 
frames is 2   ns.  Reprinted from Ref.  [36] , with permission from 
the American Chemical Society.   

was successfully employed by Deserno and coworkers  [69 – 72]  and provided excel-
lent insights into thermodynamics of colloid adhesion onto membranes.)   

 In this chapter, we describe our recent mesoscale modeling studies of the inter-
actions between spherical nanoparticles and model cell membranes  [73 – 75] . 
Although these studies are not comprehensive, they demonstrate the techniques 
that could be used to further explore the mechanisms of nanoparticle – membrane 
interactions. Initially, we describe the use of hybrid self - consistent fi eld theory to 
study the phase behavior of small (radius  R p      <    10   nm) spherical nanoparticles near 
a lipid bilayer. Depending on the nanoparticle size and interaction parameters 
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between the nanoparticle and the hydrophilic head - group, various responses of 
the membrane are observed, ranging from endocytosis - like behavior (for 
hydrophobic particles) to membrane break - up and hole formation (for charged or 
hydrophilic particles). In the case of larger nanoparticles ( R p      >    10   nm), more 
coarse - grained DPD simulations were used to identify the various scenarios of 
endocytosis and/or membrane break - up and hole formation. Finally, the extension 
of modeling to more complex systems ( ‘ Janus ’  particles, anisotropic particles, etc.) 
is discussed.  

  10.2 
 Field - Theoretical Modeling of Nanoparticle    –    Membrane Interactions 

  10.2.1 
 Background and Theoretical Formalism 

 As mentioned above, many previous studies have been targeted at examining and 
understanding the interactions between nanoparticles and human cells  [1 – 20, 76] . 
In some cases, nanoparticles can result in cytotoxicity which may be either benefi -
cial (e.g. when nanoparticles are used for cancer therapy  [4 – 10] ) or harmful  [11 –
 20] . Interestingly, several studies have shown that the effect of nanoparticles on 
cells often differs from that of microparticles, even when chemical nature of the 
particulates is very similar  [15, 16] . It was further shown that nanoparticles can 
strongly interact with the cell membrane, either adsorbing onto it or compromis-
ing the membrane ’ s integrity to result in the formation of holes, with the resultant 
morphology depending on the nanoparticle size and surface charge  [17 – 19] . 

 In order to explain these observations on a qualitative basis, Ginzburg and 
Balijepalli  [73]  recently proposed that the changes in the membrane structure as 
a result of interaction with nanoparticles can be ascribed to changes in the ther-
modynamics of the nanoparticle/water/membrane system. It is notable that the 
nature of nanoparticle – polymer interactions has been at the forefront of extensive 
research within the polymer community in recent years  [1 – 3, 77 – 92] . Here, theo-
retical, computational and experimental studies have demonstrated conclusively 
that nanoparticles can infl uence the thermodynamics and phase behavior of mul-
ticomponent polymer melts or solutions. For example, when nanoparticles are 
incorporated into a block copolymer melt, new thermodynamically stable, equi-
librium microphase separated structures are formed  [83] . These phenomena typi-
cally occur when the nanoparticle size is on the order of the characteristic polymer 
length - scale (e.g. radius of gyration or characteristic lamellar thickness). In the 
case of nanoparticle – membrane interactions, it can be similarly hypothesized that 
the system can potentially lower its free energy by forming hybrid nanoparticle –
 lipid micellar structures. To describe these new structures theoretically, we use 
the  Thompson – Ginzburg – Matsen – Balazs  ( TGMB ) self - consistent fi eld/density 
functional theory of block copolymer/nanoparticle mixtures  [83, 84] , adapting it 
to describe lipid bilayers (simplifi ed representation of cell membranes) and 
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nanoparticles in solution. We then map the new hybrid structures as a function 
of nanoparticle radius and surface treatment, and qualitatively explain the 
observed trends. 

 First, we write down the free energy of a three - component mixture of water (W), 
diblock surfactant (D) and particle (P). Each diblock surfactant consists of a hydro-
philic (H) block and lipophilic (L) block. Following the TGMB mean - fi eld formal-
ism, we write:

   FN

k T V
f f f fD

B ρ0
1 2 3 4= + + +     (10.1)  

   
f

Q

V

Q

V
N

Q

V
P P

D
D

D W
W

1 = − ( ) − ( ) − ( )ϕ
α

ϕ ϕln ln ln
 

   

f
V

ND2
1

1= ( ) ( ) ( ) − ( ) − ( )⎛
⎝⎜

⎞
⎠⎟

⎡
⎣
⎢

⎤
⎦
⎥∑∑∫dr r r r rχ φ φ ξ φαβ α β α

αα β,  

   
f

V
w wP P

P

3
1= − ( ) ( ) − ( ) ( )⎡

⎣⎢
⎤
⎦⎥≠( )

∑∫dr r r r rα α
α

φ ρ
 

   f
V

CS P4
1= ( ) ( )( )⎡⎣ ⎤⎦∫dr r rPρ φΨ     (10.2)   

 Here, the fi rst term,  f 1  , describes the  ‘ ideal mean - fi eld ’  free energies of each 
component given external chemical potential fi elds  w . The overall volume fractions 
of the components,  ϕ   P  ,  ϕ   D   and  ϕ   W   add up to 1. The partition functions of individual 
components,  Q P , Q D  , and  Q W  , are given below. The second term,  f 2  , contains the 
(local) interactions among various species, described in a traditional Flory – Huggins 
 [93, 94]  fashion, as well as the incompressibility constraint. The third term,  f 3  , 
contains the terms with chemical potential fi elds  w ; it should be noted that, as in 
the original TGMB report, the chemical potential fi elds are conjugate to the local 
volume fractions,  φ   α  ( r ); the exception is the  ‘ particle ’  fi eld,  W P  , which is conjugate 
to the particle center density probability,  ρ   P  ( r ). Finally, the fourth term,  f 4  , contains 
the nonideal hard - sphere interactions, summed up via the  ‘ smoothed density 
approximation ’  of the hard sphere DFT due to Tarazona  [95] . In the Tarazona DFT, 
the nonideal free energy of the hard - sphere fl uid is given by the Carnahan – Starling 
 [96]  equation of state:

   ΨCS x
x x

x
( ) = −

−( )
4 3

1

2

2     (10.3)   

 The particles are, in a sense, described by three interrelated  ‘ densities ’ : 
center probability function,  ρ   P  ( r ); local volume fraction,  φ   P  ( r ); and the  ‘ smoothed 
density ’  function,   φP r( ). The relationship between these three functions is as 
follows:
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 Note that the spatial integration is in dimensionless coordinates scaled by the 
diblock radius of gyration,  R gD    =   a ( N D / 6) 1/2 . In introducing this scaling, we follow 
the formalism of Drolet and Fredrickson  [97] , whose real - space method of free 
energy minimization is adopted both in the TGMB report and in this study. The 
power exponent  d  in Equation  10.4b  is space dimensionality, and  Θ  is the Heavi-
side step function ( Θ ( x )   =   1 if  x     >    0 and 0 otherwise). 

 Partition functions of individual components are given by:

   Q wW W= − ( ){ }∫ exp r dr     (10.5)  

   Q wP P= − ( ){ }∫ exp r dr     (10.6)  

   Q qD = ( )∫ r dr, 1     (10.7)   

 Here, the propagator  q ( r , s) (where 0    <     s     <    1 is the index denoting the position 
along the diblock chain) and its counterpart  q  † ( r , s) are given by the modifi ed dif-
fusion equations:
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 Here,  t(s)   =   L  if  s    <    f , and  H  otherwise. Equations  10.8a  and  10.8b  must be solved 
subject to boundary conditions  q ( r , 0)   =    q  † ( r , 1)   =   1. 

 Equation  10.1  determines the overall free energy of the system as a function of 
the local densities [ φ   α  ( r ) for nonparticle species and  ρ   P  ( r ) for the particles], local 
chemical potentials  w   α  ( r ), and the incompressibility constraint fi eld  ξ ( r ). Mini-
mization of Equation  10.1  with respect to all of these functions results in a set 
of self - consistency equations; these equations are then solved on a lattice using 
an iterative procedure until the specifi ed convergence is achieved. The self - 
consistency equations are as follows:

   w N NH HL D L HP D Pr r r r( ) = ( ) + ( ) + ( )χ φ χ φ ξ     (10.9a)  

   w N NL HL D H WL D Wr r r r( ) = ( ) + ( ) + ( )χ φ χ φ ξ     (10.9b)  

   w N NW WL D L WP D Pr r r r( ) = ( ) + ( ) + ( )χ φ χ φ ξ     (10.9c)  
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 Equations  10.9a  –  10.9i , together with defi nitions of functions  φ   P  ( r ) and   φP r( ) 
(Equations  10.4a  and  10.4b ), constitute a full set of self - consistency equations that 
need to be solved iteratively. The solution algorithm   (as adapted from the approach 
of Drolet and Fredrickson  [97]  and the original TGMB report  [83] ) is as follows. 
First, the chemical potential and pressure fi elds are initialized. Next, using Equa-
tions  10.9e  –  10.9i , together with Equations  10.4a  and  10.4b , density fi elds for all 
species are calculated. Then, new chemical potential fi elds are generated using the 
Drolet – Fredrickson prescription,

   w wi
t

i i
t

i i
+ ( ) = −( ) ( ) + ( )1 1r r rλ λ μ     (10.10)  

where  t  is the iteration number ( ‘ effective time ’ ),  i   =   H, L, W  or  P,  λ   ι    is the 
 ‘ timestep ’  and  μ   i   are the  ‘ new chemical potentials ’  calculated using Equations 
 10.9a  –  10.9d . Finally, we update the pressure fi eld,  ξ , using the following 
formula:
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 Functions  H H  (  q  ),  H L  (  q  ),  H W  (  q  ), and  H P  (  q  ) are Fourier transforms of the right -
 hand sides of Equations  10.9a  –  10.9d , respectively, except for the terms containing 
 ξ  (see Rasmussen and Kalosakas  [98]  for the derivation of a similar formula in a 
particle - free case). Operators   ̂F and   ̂F−1 denote the standard (either two -  or three -
 dimensional) Fourier transforms. (Note that Equations  10.11a  and  10.11b  can be 
used only in conjunction with periodic boundary conditions.) 

 In the original TGMB reports, as well as in a recent study of hybrid nanoparticle/
block copolymer micelles by Zhang  et al.   [85] , simulations began with random 
initial conditions. Here, we start from the fi eld confi guration representing a bilayer 
and a nanoparticle touching it on one side. Also, in this study, we consider the 
case of a single  ‘ stationary ’  nanoparticle, whereas the other reports dealt with an 
ensemble of nanoparticles. The particle is  ‘ created ’  by setting  w   P  ( r ) as a sharp 
Gaussian (almost a delta - function) with maximum at the particle center:

   w i j A B i I j JP , exp ,( ) = − − −( ) + −( ){ }⎢⎣ ⎥⎦
2 2     (10.12)  

where ( i, j  ) are local coordinates of a given point   r  , ( I,J ) are coordinates of the par-
ticle center, and  A  and  B  are large numbers so that Equation  10.12  effectively 
represents a delta - function (we used  A    =   10.0,  B    =   10.0). Because of Equation  10.4a  
and the incompressibility constraint,  φ   P  ( r )    ≈    1 within the  d  - dimensional sphere of 
radius  R P   ( d    =   2 or 3 is the space - dimensionality of the simulation box; in our 
system,  d    =   2). 

 Over the course of the simulation,  w   P  ( r ) is kept constant ( λ  p    =   0), while all other 
variables are driven towards the state corresponding to the local free energy 
minimum. In addition, Equation  10.11  is modifi ed as follows:

   ξ ε φ φ φ φr r r r r r( ) = ( ) + ( ) + ( ) + ( ) + ( ) −( )P P W H L 1     (10.13a)  
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where  H H  (  r  ),  H L  (  r  ) and  H W  (  r  ) are the right - hand sides of Equations  10.9a  –  10.9c , 
respectively, except for the terms containing  ξ . 

 We set  λ    =   0.025, and  ε    =   60. With these parameters, we obtained a reliable 
convergence for all particle radii in the range 4 a     <     R p      <    8 a ; the average deviation 
from the incompressibility, | Σ  φ     −    1|, was less than 10  − 3  in all cases.  

  10.2.2 
 Simulation Results: Small Nanoparticle Near a Lipid Bilayer 

 We begin by simulating a particle - free solution of phospholipids in water, starting 
from the uniform initial condition. Our goal is to obtain a phospholipid bilayer 
that would give a reasonable representation of a cell membrane (see Figure  10.3 a). 
A typical phospholipid surfactant has a hydrophilic head - group and one or two 
lipophilic tails; we model this as a simple diblock, with hydrophilic (H) and lipo-
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    Figure 10.3     Simplifi ed representation of a cell membrane. 
(a) Sketch of the membrane structure; (b) Simulated density 
profi les of various species as function of the distance from 
the center of the bilayer; (c) Simulated density map of the 
lipophilic part of the bilayer. The x - axis represents the normal 
to the membrane plane.  
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philic (L) blocks. The total degree of polymerization is denoted  N D  , and the fraction 
of lipophilic block is denoted  f . We assume that each segment has Kuhn length 
 a    =   0.4   nm, and volume ( ρ  0 )  − 1    =   0.064   nm  [3] . The volume fraction of the diblock is 
denoted  ϕ   D  , while the rest of the system is water (W). The morphology of the 
membrane is determined by  N D   and  ϕ   D  , as well as by the pairwise Flory – Huggins 
interaction parameters,  χ   HL  ,  χ   WL   and  χ   HL  . Here, we take  χ   HL     =    χ   WL     =   1.0,  χ   HL     =   0.0, 
 N D     =   50,  f    =   0.88 and  ϕ   D     =   0.05. Simulated density profi les (local volume fractions) 
of hydrophilic (H) and lipophilic (L) blocks, as well as water (W) are shown in 
Figure  10.3 b. It can be seen that our model successfully captures many features 
of a typical cell membrane; a slight drawback is that it somewhat overestimates 
the fraction of water inside the bilayer. The thickness of the membrane that  ‘ self -
 assembles ’  in this simulation is approximately 16 lattice cells   =   14.4 a     ∼    5.6   nm, 
which is consistent with the thickness of, for example a  dimyristoylphosphatidyl-
choline  ( DMPC ) membrane  [19] . In Figure  10.3 c, the density map of the lipophilic 
block is plotted; as the volume fraction of lipophiles in the membrane is almost 
90%, it is a good indication of the morphology of the whole membrane, and will 
form the basis of a comparison as the changes brought about by the particle are 
evaluated.   

 It is now possible to model the thermodynamics of the nanoparticle – membrane 
interaction. To do this, we save all fi elds from the fi nal confi guration representing 
the bilayer, and then add the new fi eld describing the particle. The particle fi eld 
is set up as a sharp Gaussian, with the maximum being exactly one particle radius 
away from the outer edge of the bilayer. We then use the new fi elds as the starting 
point for the simulations. To facilitate comparison with experimental studies (e.g. 
recent studies by Banaszak Holl, Orr  et al.   [17 – 19] ), we fi x the Flory – Huggins 
interaction parameters between the particle and water,  χ   PW     =   1.0, and particle and 
lipid,  χ   PL     =   0.0, while varying the interaction parameter between the particle 
and the head - group,  χ   PH  , from +1.0 (repulsive) to  − 3.0 (strongly attractive). This 
variation is expected to mimic the role of the nanoparticle surface charges. The 
uncharged particles ( χ   PH  , of +1.0) should show hydrophobic tendencies, while 
strongly charged particles ( χ   PH  , of  − 3.0) should have attractive interactions with 
the zwitterionic (dipolar) head - groups. 

 We fi rst consider uncharged ( ‘ hydrophobic ’ ) nanoparticles. In this case, the 
particle is likely to be absorbed into the membrane, swelling it and effectively 
 ‘ cleaving ’  its internal hydrophobic bilayer into two. This mechanism is somewhat 
similar to the selective swelling of block copolymer lamellar domains by nanopar-
ticles  [83 – 84, 88, 91, 92] . Because of the hydrophobic nature of the particle surface, 
the particle breaks up the bilayer to increase its contacts with the lipophilic sur-
factant tails, and thereby minimize its surface tension. Such behavior is consistent 
with the results of recent experiments conducted Banaszak Holl, Orr  et al.   [17 – 19] , 
which showed that charge - neutral PAMAM dendrimers G5 - Ac adsorb to the exist-
ing supported lipid bilayers    –    the layers thicken, but no new holes are formed. 

 The behavior of the membrane changes completely in the presence of strongly 
charged nanoparticles. Because of the strong attraction of the head - groups to the 
particle surface, the preferential phospholipid arrangement now would be to form 
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a bilayer around the particle. As a result of this, large numbers of phospholipid 
molecules are pulled away from the original membrane. The membrane, then, 
can thin or even rupture. This model is consistent with the hole formation observed 
by Banaszak Holl, Orr  et al.   [17 – 19]  in the systems where supported lipid bilayers 
were exposed to charged PAMAM dendrimers G7 - NH 2 . Indeed, Banaszak Holl 
and coworkers speculated that the hole formation in the bilayers was caused by a 
migration of phospholipids onto the dendrimer    –    or other charged nanoparticle    –
    surface and the formation of  ‘ dendrimer - fi lled vesicles ’   [17] . 

 From the above analysis, it follows that uncharged or hydrophobically modifi ed 
nanoparticles can incorporate into cell membranes, resulting in membrane swell-
ing. On the other hand, strongly charged or more hydrophilic nanoparticles can 
pull the phospholipids away from the membrane, forming a hybrid micelle (par-
ticle as core, phospholipid bilayer as shell). This process can lead to the rupture 
of the original membrane and formation of nanosized holes. 

 In order to qualitatively understand the dependence of the particle – membrane 
interaction on particle size and surface treatment type, several simulations were 
carried out with various particle radii ( R p     =   1.6, 2.0, 2.4, 2.8 and 3.2   nm) and parti-
cle – hydrophile interaction parameters ( χ   PH     =   1.0, 0.0,  − 1.0,  − 2.0,  − 3.0). The results 
of these simulations are summarized in the phase diagram shown in Figure  10.4 . 
It can be seen that, as the charge density of the particle surface is increased, the 
particle is attracting more and more phospholipid molecules away from the mem-
brane so that they could adsorb on the particle surface. In particular, while the 
neutral particles surround themselves with a monolayer of phospholipids, the 
strongly charged particles must surround themselves with a bilayer, thus taking 
away twice as much phospholipids as the neutral particles. This qualitative picture 
is also supported by the analysis of density profi les across the particle and the 

    Figure 10.4     Phase diagram illustrating the nature of 
membrane – nanoparticle interaction as a function of particle 
surface treatment and particle size.  

Hydrophilic Heads

Lipophilic Tails
Particle

Hydrophilic Heads

Lipophilic Tails
Particle

χPH

1.0

0.0

C
h

a
rg

e
 D

e
n

s
it

y

Single-layer Hybrid Micelles
(Embedded in Membrane)

Bilayer Hybrid Micelles

(Embedded in Membrane)

Holes

Hydrophilic Heads

Lipophilic Tails
Particle

Hydrophilic Heads

Lipophilic Tails
Particle

Hydrophilic Heads

Lipophilic TailsParticle

Hydrophilic Heads

Lipophilic TailsParticle

1.6 2 2.4 2.8 3.2

Rp (nm)

Hydrophilic Heads

Lipophilic Tails
Particle

Hydrophilic Heads

Lipophilic Tails
Particle

χPH

–1.0

–2.0

–3.0

C
h

a
rg

e
 D

e
n

s
it

y

Single-layer Hybrid Micelles
(Embedded in Membrane)

Bilayer Hybrid Micelles

(Embedded in Membrane)

Holes

Hydrophilic Heads

Lipophilic Tails
Particle

Hydrophilic Heads

Lipophilic Tails
Particle

Hydrophilic Heads

Lipophilic TailsParticle

Hydrophilic Heads

Lipophilic TailsParticle



 10.2 Field-Theoretical Modeling of Nanoparticle – Membrane Interactions  329

        Figure 10.5     Density profi les for hydrophilic (H) and lipophilic 
(L) blocks of the membrane surfactant, as well as particles, 
along the line normal to the original membrane surface and 
passing through the nanoparticle center. Cases considered: 
(a)  R P     =   1.6   nm,  χ   PH     =   1.0; (b)  R P     =   1.6   nm,  χ   PH     =    − 3.0; 
(c)  R P     =   2.4   nm,  χ   PH     =   1.0; (d)  R P     =   2.4   nm,  χ   PH     =    − 3.0; 
(e)  R P     =   3.2   nm,  χ   PH     =   1.0; (f)  R P     =   3.2   nm,  χ   PH     =    − 3.0.  
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membrane in the X - direction (perpendicular to the membrane surface), as plotted 
in Figure  10.5 . It can be seen that while for the  ‘ neutral ’  ( χ   PH     =   1.0) nanoparticles 
(Figure  10.5 a, c, e), there are only two maxima in the head - group (H) density 
profi le (pink curves), indicating that the particle goes inside the bilayer and swells 
it. On the other hand, for the  ‘ charged ’  ( χ   PH     =    – 3.0) particles (Figure  10.5 b, d, f ), 
there are four maxima for the head - group density profi le. This indicates that the 
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Figure 10.5 Continued

particles attract the head - groups and cause the phospholipids to attempt to create 
a curved bilayer around the particle. Ultimately, if the particles are suffi ciently 
large, they attract so much phospholipid that the membrane can no longer sustain 
its fl at morphology, and reduces its free energy by making a hole. Thus, one can 
observe the creation of holes in the case of strongly charged particles, the diameter 
of which is comparable or larger than the membrane thickness, as demonstrated 
by Banaszak Holl, Orr  et al.   [17 – 19] .   

 Until now, this analysis has focused on nanoparticles with  R p      ∼    1 – 4   nm. But 
what might be expected if the nanoparticle size were to be increased? We believe 
that the same trends would be observed for slightly larger sizes ( R p      ∼    5 – 10   nm), 
where particle size is still comparable to the membrane thickness. It could be 



 10.2 Field-Theoretical Modeling of Nanoparticle – Membrane Interactions  331

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100 120

X

V
o

lu
m

e
 F

ra
c
ti

o
n L-block

H-block
Particle

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100 120

X

V
o

lu
m

e
 F

ra
c
ti

o
n

L-block
H-block
Particle

(e)

(f)

Figure 10.5 Continued

imagined that, within this range, neutral nanoparticles would still be able to incor-
porate into the membrane, while charged ones would force hole formation. Then, 
as the particle size becomes larger, the activation barriers for these processes (due 
to the disruption of the bilayer) would be likely to increase substantially (in propor-
tion to the particle surface area). It is still possible that strongly charged particles 
could overcome those barriers and pull the phospholipids away from the mem-
brane, as discussed above. To better understand these events, however, we should 
consider the DPD model. In the following, we describe a recent DPD study  [74]  
in which the dynamics of phagocytosis (the envelopment of particles by mem-
branes) were addressed.   
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  10.3 
 Dissipative Particle Dynamic Simulations of Nanoparticle – Cell 
Membrane Interactions 

  10.3.1 
 Background and Theoretical Formalism 

 An intriguing challenge that is currently engaging the combined efforts of materi-
als scientists and biologists alike is to determine the extent to which artifi cial 
membranes and vesicles can be induced to perform  ‘ life - like ’  functions that 
resemble those performed by living cells. One of the functions critical to cell 
survival is the selective uptake of  ‘ targets ’  into the cell interior, via phagocytosis. 
Cells have evolved a variety of specialized mechanisms to accomplish this vital 
function. In particular, specialized receptor molecules in the membrane fi rst 
adhere to the target or particle, after which the membrane wraps completely 
around the particle. The membrane - coated particle, known as a  lysosome , then 
separates from the outer cell membrane and is free to interact with the internal 
components of the cell. While an understanding of the physical processes involved 
in phagocytosis is far from complete, recent models have provided signifi cant 
insight into the structural evolution of the cell as it engulfs the particles  [99, 100] . 
Such studies are also useful for suggesting design rules for creating synthetic 
vesicles that can perform a similar function    –    that is, the controlled intake of 
nanoscopic particles. 

 Here, we examine the interactions between solid nanoparticles and bilayer 
membranes, which are formed from short - chain amphiphiles. The goal is to iden-
tify the conditions where the particle is wrapped by, and subsequently becomes 
detached from, the membrane. In order to more closely mimic phagocytosis, and 
to design robust systems that could be used in various technological applications, 
attention is focused on determining conditions that permit the membrane to 
remain intact throughout most of the process. If the particle wrapping proceeds 
smoothly, then rupture of the membrane could potentially occur only at the fi nal 
pinch - off, and thus, the integrity of the membrane would not be signifi cantly dis-
rupted. A fi nal aspect of the mechanisms of interest is that the membrane should 
coat particles entering the vesicle; in this case, the interaction between the engulfed 
particle and the vesicle contents could potentially be inhibited or controlled. 

 Synthetic vesicles that exhibit such robust biomimetic behavior can ultimately 
be utilized in a variety of technological applications. For example, these vesicles 
could be useful in waste remediation, where they could selectively remove pollut-
ant particles. Both, vesicles  [101 – 104]  and microcapsules  [105, 106]  are increasingly 
being used in microfl uidic systems as microreactors, which provide a controlled 
environment for chemical reactions to occur. In this situation, the engulfi ng 
process could be harnessed to regulate the entry of specifi c chemical species into 
the vesicle. 

 In order to carry out this study, a DPD approach was used. As discussed above, 
DPD has been proved useful in studies of the thermodynamics and dynamics of 



lipid bilayers and many other systems. In the following, we fi rst describe this 
computational technique and then present results for a particle in contact with an 
adhesive, homogeneous membrane and for a particle in contact with an adhesive 
domain in a multicomponent membrane. Through studies involving the homo-
geneous membrane, we investigate how the strength of the particle – membrane 
adhesive interaction affects the ability of the membrane to envelop the particle. 
For this range of adhesive energies, we also examine whether a particle wrapped 
by this single - component bilayer can become detached from the membrane. 
Turning to membranes that contain a chemically distinct domain, which is phase -
 separated from the remainder of the bilayer, we examine the potential advantages 
offered by this multicomponent system. In the ensuing discussions, we attempt 
to relate the results of our simulations to the forces that control the curvature of 
membranes and the available theoretical calculations on analogous systems. We 
conclude by summarizing our results and discussing their relevance to vesicle 
design. 

 As the DPD method has been detailed extensively elsewhere  [55] , here we 
provide only a brief description of the technique. Similar to MD simulations, DPD 
captures the time evolution of a many - body system through the numerical integra-
tion of Newton ’ s equation of motion,  d  v   i  / dt    =    f   i  , where the mass  m  of a bead of 
any species is set to 1. (We use the term  ‘ bead ’  to refer to a single point particle 
in the numerical simulation, and the term  ‘ particle ’  to refer to a nanoparticle, the 
interaction of which with a membrane is studied here.) Unlike MD simulations, 
DPD involves the use of soft, repulsive interactions and a momentum - conserving 
thermostat. The force acting on a bead contains three parts, each of which is pair-
wise additive:   f F F Fi ij

C
ij
D

ij
Rt( ) = + +( )∑ , where the sum runs over all beads  j  within 

a certain cutoff radius  r   c  . The  conservative force  is a soft, repulsive force given by 
  F rij

C
ij ij ija r= −( )1 ˆ , where  α   ij   is the maximum repulsion between beads  i  and  j ,   

r r rij i j cr= − , and   ̂r r rij ij ij= . The  drag force  is   F r v rij
D

D ij ij ij ijr= − ( ) ⋅( )γω ˆ ˆ , where  γ  is 
a simulation parameter related to viscosity,  ω   D   is a weight function that goes to 
zero at  r   c  , and  v   ij     =    v   i      −     v   j  . The  random force  is   F rij

R
R ij ij ijr= ( )σω ξ ˆ , where  ξ   ij   is a zero -

 mean Gaussian random variable of unit variance and  σ  2    =   2 k B T  γ . Finally, we use   
ω ωD ij R ij ij ij cr r r r r( ) = ( ) = −( ) <2 21 for . The equations of motion are integrated in time 
with a modifi ed velocity - Verlet algorithm  [55] . (We use the nomenclature  σ  here 
for consistency with the literature on DPD. In the latter sections of this chapter, 
 σ  is used to refer to a line tension.) All simulations are performed using the 
LAMMPS package  [107] .  

  10.3.2 
 Simulation Details 

 The system contains amphiphilic  ‘ lipid ’  molecules, each of which consists of a 
head - group containing three linearly connected hydrophilic beads (H) and two 
tails, connected to adjacent head beads, of three hydrophobic beads (T). The lipids 
are immersed in solvent (S). The amphiphilic nature of the lipids derives from the 
repulsive interactions. For any two beads of the same type, we take the repulsion 
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parameter to be  a ij     =   25 and for the remaining interactions, we set  a HS     =   25, 
 a HT     =   100, and  a ST     =   100. At these values, we fi nd that lipids spontaneously self -
 assemble into bilayers, as has previously been observed for similar values  [108] . 
In certain cases, we examine the role of membrane rafts by introducing two dif-
ferent lipid species, the head and tail beads of which are labeled H 1 , T 1  and H 2 , 
T 2 , respectively. We set   a aH H T T1 2 1 2 25= > , which causes the lipids to phase separate 
within the membrane. All interactions between similar lipids, and between head 
and tail beads, are the same as described above. In general, for real lipid mem-
branes, at least three components (including cholesterol) must be present for 
phase separation to occur  [109] . However, in order to focus on mesoscale phenom-
ena, it is preferable to use this simpler two - component model. Here, we take  r c   as 
the characteristic length scale and  k B T  as the characteristic energy scale in the 
simulations. A characteristic time scale is then defi ned as   τ = mr k Tc B

2 . The 
remaining simulation parameters are  σ    =   3 and  Δ  t    =   0.02 τ , with a total bead 
number density of   ρ = 3 3rc . 

 Bonds are represented by the harmonic spring potential  E bond     =    K bond  (( r     −     b )/ r c  ) 2 , 
where  K bond   is the bond constant and  b  the equilibrium bond length; here, we use 
 K bond     =   64 and  b    =   0.5. We also insert a weaker bond   ′ =( )Kbond 10  between the fi rst 
beads on the two tails to keep the tails oriented in the same direction. Additionally, 
we include a three - body stiffness potential along the tails of the form  E angle     =   
 K angle  (1   +   cos    θ ), where  θ  is the angle formed by three adjacent beads, and set the 
coeffi cient to  K angle     =   10. This stiffness term increases the stability and bending 
rigidity of the bilayers. 

 We use the settings and procedures described above to  ‘ prepare ’  a lipid bilayer 
membrane in a solvent. The membrane has a near - zero interfacial tension, as will 
be discussed below. The membrane thickness  h  is defi ned as the distance between 
the two peaks in the lipid head density profi le; here,  h     ≈    4 r c  . 

 A solid, near - spherical nanoparticle is formed from particle beads (P) arranged 
on an FCC lattice with a number density of   ρ = 3 3rc . The beads comprising a 
single particle are constrained to move as a rigid body. It has been verifi ed that 
the solvent and lipid beads do not penetrate the interior of the particle under 
these conditions. The particle is chosen to have a hydrophilic surface, so the 
interaction between the beads composing the particle (P) and the lipid tail beads 
is taken to be  a PT     =   100. To induce an adhesive interaction between the particle 
and the membrane, we make the particle compatible with the lipid head beads 
by setting  a PH     =   25, and vary the particle – solvent interaction in the range 
25    ≤     a PS      ≤    60. 

 For situations in which a membrane undergoes only continuous transforma-
tions (i.e. excluding changes in topology, such as pore formation), the equilibrium 
conformation can be determined by minimizing the macroscopic free energy 
functional, under a given set of constraints. This approach was used by Deserno 
 et al.   [69 – 72]  to determine equilibrium conformations for a membrane in contact 
with a particle. The free energy of the membrane depends upon the mean and 
Gaussian curvatures (the Helfrich functional  [68] ), the membrane tension and the 
contact area with the particle. 



 Below, we describe both the free energy functional and how we extracted the 
relevant macroscopic parameters from our simulations. We then verify that our 
chosen simulation parameters represent physically realistic values and estimate 
the length and time scales that characterize our system. Finally, we compare our 
simulation results for the case involving the partial wrapping of the particle with 
the theoretical predictions made by Deserno  [70] . We stress that the macroscopic 
analytical approach determines only the lowest energy conformation. In general, 
changes between partially wrapped states can occur through continuous deforma-
tion of the membrane, so that the system can always reach an equilibrium partially 
wrapped conformation when the membrane is in contact with the particle. 
However, the transition from partial to complete wrapping is not a smooth, con-
tinuous process, but necessarily involves a change in the membrane topology. This 
will potentially require the surmounting of a free energy barrier that is not cap-
tured by the macroscopic analysis. Thus, the strength of the numerical simulation 
is that it allows us to explore both the partially and fully wrapped regimes. 

 The free energy of a membrane formed from self - assembled lipids includes 
contributions from a number of different factors. In general, the area per lipid  a l   
within the membrane is close to the equilibrium value  a   l ,0 . For small deviations 
of  a l  , the membrane is accurately modeled as a linear elastic material. Then, the 
elastic free energy term is:

   F f Aelastic elastic= ,     (10.14)  

where   f
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 is the energy per unit area,  K  is the elastic modulus 

and  A    =    Na l  /2 is the total membrane area. The membrane tension is defi ned as
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    (10.15)   

 If the membrane is not fl at, there is a bending free energy given by the Helfrich 
functional  [68] :

   F dA C C C Cbend G= +( ) +⎡
⎣⎢

⎤
⎦⎥∫

κ κ
2

1 2
2

1 2     (10.16)  

where  C  1  and  C  2  are the two principal curvatures,  κ  is the mean curvature bending 
modulus, and  κ   G   is the Gaussian curvature modulus. From the Gauss – Bonnet 
theorem  [110] , the integral of Gaussian curvature over a surface is constant under 
any deformation that does not change the surface topology or boundary. Thus, 
the second term in the integral does not contribute to a change in energy, prior 
to complete wrapping of the particle or some other topology change. A correct 
description of the transition to complete wrapping requires a more detailed exami-
nation of lipid rearrangements, which is discussed below. 
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 We assume that the total energy is decreased by an amount  e adh   per unit area of 
membrane adhered to an attractive surface, so that the free energy contribution 
associated with this binding is given by:

   F A eadh adh adh= −     (10.17)  

where  A adh   is the area of contact. The total free energy of a membrane is then

   F F F Felastic bend adh= + +     (10.18)   

 To compare theoretically predicted equilibrium shapes with the results of 
numerical simulations, it is necessary to determine the values of the macroscopic 
parameters  K ,  Σ ,  a   l ,0 ,  κ  and  e adh   that are implied by the simulations. To estimate  K  
and  κ , we must fi rst measure the membrane tension  Σ  for a fl at membrane span-
ning a periodic box. Following the procedure described by Goetz and Lipowsky 
 [111]  (which builds on the results of Schofi eld and Henderson  [112] ), we measure 
the stress tensor  Σ   α  β  , which is diagonal for a homogeneous membrane 

in a translationally invariant fl uid and has the form   Σ
Σ

Σ
Σ

αβ =
⎛

⎝
⎜
⎜

⎞

⎠
⎟
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T

T

N

0 0

0 0

0 0

. Here, 

 Σ   N   is the normal stress and  Σ   T   is the tangential stress.  Σ   N   and  Σ   T   are determined 
as a function of  z , the distance from the bilayer membrane plane. We then calcu-
late the interfacial tension as   Σ Σ Σ= ( ) − ( )( )

−∞

∞

∫ T Nz z dz. We measure  Σ  for several 
values of  a l  . We now describe the manner in which  a l   is varied. The system is 
periodic with dimensions  L   x  ,  L   y   and  L   z  . The membrane spans the system in the  x  
and  y  directions, for which the cross - sectional area of the system is  A   C     =    L x L y  . The 
area per lipid is defi ned as  a l     =   2 A C  / N , where  N  is the total number of lipids and 
the factor of 2 accounts for the two sides of the bilayer. It is important to note that, 
for small values of  A C  , the membrane buckles, and the true membrane surface 
area is greater than  A C  . However, we are mainly interested in situations in which 
the membrane is fl at, outside the vicinity of a particle or raft, so we use the defi ni-
tion of area per lipid based on  A C  . To vary  a l   for a given system, we increase or 
decrease  L x   and  L y  , while varying  L z   as necessary to maintain a constant system 
volume. 

 From our simulations, we fi nd that  Σ     ≈    0 at   a a rl l c= ≈, .0
21 28 . From a linear fi t 

of  Σ ( a l  ) at low membrane tension, we then evaluate   K k T rB c≈ 33 2 2. . An analysis of 
thin elastic fi lms  [18]  shows that  κ  can be estimated as  κ    =    Kh  2 /48, where  h  is the 
membrane thickness, in good agreement with direct numerical  [113]  and experi-
mental  [114]  measurements. Substituting in our value for  K , we obtain  κ    =   11 K B T  
for our system. 

 We next measure the energy change per unit area associated with a membrane 
binding to an attractive surface,  e adh  . The difference in energy exists because, 
microscopically, the repulsive force between a particle bead and a lipid head bead 
is weaker than the repulsive force between a particle bead and a solvent bead. To 



measure  e adh  , we prepare a system consisting of solvent bounded by two fl at solid 
walls in the  z  direction and periodic in the  x  and  y  directions. Each wall is com-
prised of three layers of beads arranged on an FCC lattice with a number density 
of   ρ = 3 3rc , similar to how the nanoparticle is constructed. To prevent the passage 
of fl uid particles through the wall, we impose an additional bounce - back boundary 
condition on the fl uid particles, as discussed by others  [115 – 117] . We fi rst measure 
the surface tension of the wall – solvent interface when the repulsion coeffi cient  α  
between wall and solvent beads is equal to the repulsion coeffi cient between par-
ticle beads and lipid head beads,  a    =    a  PH    =   25. This value of the surface tension is 
taken as a measure of the energy of interaction between the particle and the mem-
brane per unit area of contact,  e coated  . We then measure the surface tension of the 
wall – solvent interface when the repulsion coeffi cient  a  is equal to the repulsion 
coeffi cient between particle beads and solvent beads  a    =    a PS  . As described above, 
we consider the range 30    ≤     a  PS     ≤    60. This value is taken as a measure of the energy 
of interaction per unit area of particle surface that is not coated by the membrane, 
 e uncoated  . Then, the energy of adhesion is given by the energy difference between an 
uncoated and a coated surface:

   e e eadh uncoated coated= −     (10.19)   

 For the values of  a  PS  considered, we fi nd  e adh   to be on the order of   1 14 2− k T rB c . 
 The simulation results can be related to physical length and time scales by 

examining the properties of a tensionless membrane. Typical experimental mea-
surements of  dipalmitoylphosphatidylcholine  ( DPPC ) membranes  [108]  in a ten-
sionless state yield  a  l,0     ≈    0.6   nm 2 , from which we take the length scale in our 
simulations to be  r c     =   0.67   nm. We estimate the DPD time scale  τ  from the in - plane 
diffusion constant of lipids which, for a fl at DPPC membrane, has been measured 
 [108]  as  D    =   5    μ m 2    s  − 1 . Matching this to the diffusion constant in a simulation yields 
 τ    =   7.2   ns and, for a single timestep,  Δ  t    =   0.02 τ    =   0.14   ns.  

  10.3.3 
  DPD  Simulation Results: Engulfi ng Nanoparticles with Membranes 

  10.3.3.1   Engulfi ng a Small Particle with a Homogeneous Membrane 
 In the previous section, we defi ned the membrane free energy and extracted the 
relevant parameters from our numerical model. We will now use these results to 
make a comparison of our simulations for the partial wrapping of a particle with 
theoretical predictions. There are three relevant length scales for the interaction 
of a vesicle and a particle: the size of the particle; the size of the vesicle; and the 
thickness of the membrane,  h . When the radius of the vesicle is within an order 
of magnitude of  h , it is computationally feasible to represent the entire vesicle. For 
a much larger vesicle, it is reasonable to represent the portion of the vesicle that 
interacts with the particle by a fl at membrane patch. We consider the case of a 
large vesicle and take the particle size to be larger than, but within an order of 
magnitude of, the membrane thickness. 
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 When the particle is brought into contact with the membrane, the membrane 
will deform in order to increase the amount of its surface area that adheres to the 
particle. This is driven by the decrease in energy upon adhesion,  e adh  , and is 
opposed by the increase in bending energy, which depends upon  κ , and the 
increase in stretching energy, which depends upon the stretching modulus  K  and 
the membrane tension  Σ . 

 To understand particle wrapping behavior, we prepare a fl at membrane under 
a small positive tension, containing 12   390 lipids. We bring the membrane in 
contact with a particle of radius  R p     =   12 r c   and an adhesion energy in the range of 
  0 14 22 2k T r e k T rB c adh B c≤ ≤ .  and allow the system to equilibrate. The total number 
of beads in the system (including lipid, particle and solvent) is 1   022   208. Typical 
values of the box dimensions are  L x     =    L y     =   88 r c   and  L z     =   44 r c  , though we will vary 
box dimensions to change membrane tension. Holding the membrane lipid prop-
erties constant, there are two controlling parameters, the area per lipid  a l   (deter-
mined from the cross - sectional area  A C   as described above), and the adhesion 
energy  e adh  . Upon setting   a rl c= 1 25 2. , we allow the system to equilibrate and observe 
the shape of the membrane. We then reduce  A C   incrementally, without varying 
 e adh  , so that at each step there is more excess membrane area. We observe the 
extent to which the membrane wraps the particle at each stage. A series of images 
for equilibrium particle/membrane conformations is shown in Figure  10.6  for 
different adhesion strengths and different cross - sectional areas.   

 For coverage greater than one - half of the particle surface, there is a noticeable 
sharp kink in the membrane where it meets the particle surface. For adhesion 
energies of   e k T radh B c≤ 11 9 2. , there is a limit in the extent to which the membrane 
wraps the particle, and a further decrease of  a l   does not lead to increased adhesion 
beyond a certain point. For example, Figure  10.6 e shows the maximum wrapping 

    Figure 10.6     Cross - sectional images of equilibrium membrane 
wrapping around particle at various values of adhesion energy 
 e adh   and excess membrane area  A excess  . Images (a – c) represent 
 A excess     =   0.08; images (d – f) represent  A excess     =   0.87. The adhesion 
energy is  e adh     =   0 for images (a) and (d),  e adh      ≈    11.9 k B T / r c   for 
(b) and (e), and  e adh      ≈    14.2 k B T / r c   for (c) and (f).  



obtained for   e k T radh B c≈ 11 9 2. . The particle is almost completely covered and a 
small membrane neck exists near the unwrapped portion of the particle surface. 
A long simulation of this system was run and the neck was observed to be stable 
for 100   000 time steps. 

 At a higher adhesion energy,   e k T radh B c≈ 14 2 2. , it is possible for the membrane 
to completely wrap the particle. Initially, one might expect to observe a narrow 
neck, as in the   e k T radh B c≈ 11 9 2.  case, which could eventually undergo fi ssion, 
allowing the wrapped particle to detach from the fl at membrane. However, appar-
ently this does not occur; instead, the membrane forms a fi lm (or  ‘ eyelid ’ ), which 
spreads across the remaining surface of the particle, as shown in Figure  10.6 c. To 
the best of our knowledge, such a process has not yet been seen in the context of 
particle wrapping. When the particle is entirely coated, the membrane assumes a 
new topology, with a closed loop where the fl at membrane comes into contact with 
the bilayer that coats the particle. The membrane structure in a cross - section of 
this loop is shown in Figure  10.7 . The topology of the  ‘ eyelid ’  closely resembles 
that of the inverted hexagonal (H II ) phase of lipid assemblies. In particular, the 
junction where the outer membrane contacts the membrane that coats the particle 
(see Figure  10.7 d) bears a close resemblance to a  ‘  trilaterally symmetric void  ’  
( TSV ), which has been analyzed by Siegel  [118, 119]  and others  [120] . Siegel 
derived the following relation for  g TSV  , the free energy per unit length of TSV:  

   g RTSV mono mono= πκ 2     (10.20)  

where  κ   mono   is the mean curvature bending modulus and  R mono   is the radius of 
monolayer curvature (equivalent to the radius of the monolayer tubes in the H II  
phase). Taking  κ   mono     =    κ /2 and  R mono     =    R p  , we obtain  g TSY      ≈     k B T / r c  . As the  ‘ eyelid ’  
spreads across the particle, the length of the TSV is on the order of 10 r c   and thus, 

    Figure 10.7     Time sequence showing a cross - section of 
the membrane  ‘ eyelid ’  which wraps the particle for 
 e adh      ≈    14.2 k B T / r c  . Image (d) shows the fully wrapped particle 
that remains attached to the membrane.  
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the free energy cost of creating the TSV is commensurate with the free energy 
reduction due to increased particle wrapping. 

 The theoretical analysis of this system is typically made for the limit of a large 
membrane. In this case, the particle is in contact with an infi nite reservoir of 
membrane, so that any stretching of the membrane has an infi nitesimal effect on 
 Σ . In this limit, the behavior is independent of the elastic modulus,  K . For the 
fi nite size system in our simulation, it is necessary to include the change in  a l   in 
the analysis. If this change is not too large, then the linear relationship between 
 Σ  and  K  is preserved. 

 To compare our simulation results with the theoretical fi ndings, we take the 
following approach. All simulations are performed in an NVT (constant particle 
number N, constant volume V and constant temperature T) ensemble, where the 
box size and dimensions are fi xed. If the membrane is essentially fl at, under a 
positive tension, then in order to wrap the particle the total membrane area must 
increase (excluding situations where the membrane rips). In this case, wrapping 
is resisted by the increase in the membrane stretching energy. To simplify our 
analysis, we allow the system dimensions to vary so that the membrane always 
has a near - zero tension away from the particle. The remaining components of the 
free energy are then due to the adhesive interaction between the particle and the 
membrane and the bending rigidity of the membrane. 

 For a given set of interaction parameters, we allow the membrane and particle 
to reach an equilibrium conformation for given box dimensions. We repeat this 
process over a range of the cross - sectional area  A C  , keeping the system volume 
constant. We fi nd that in each case, the area per lipid  a l   far from the particle is 
very close to the zero membrane tension value. We thus take the case with the 
lowest system energy to be representative of the equilibrium state for a particle in 
contact with an infi nitely large membrane under zero tension. 

 When the adhesion energy is negligible, the free energy is dominated by mem-
brane bending and stretching. In this case, the minimum free energy is for a fl at 

membrane with the equilibrium area per lipid,   A
N

aC l=
2

0, . For larger adhesion 

energies, as  A C   is reduced, there is an  ‘ excess membrane area ’    
N

a Al C
2

0, − , which 

is available to wrap the particle, while the remaining free portion of the membrane 
is fl at and at zero tension. The total excess area needed to wrap the particle is 
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 A excess     =   0, the membrane cannot wrap the particle without increasing its tension. 
For  A excess     =   1, there is exactly enough excess membrane area to fully wrap the par-
ticle while minimizing the membrane stretching and bending energies. Finally, a 



negative value of  A excess   simply means that the fl at membrane is under positive 
tension ( a l      >     a   l ,0 ). 

 We evaluated the energy of the system as function of  A excess   for multiple values 
of  e adh  . This energy has a minimum at a certain value,   A excess* . As  A excess   is decreased 
below this value, the contact between the membrane is peeled away from the par-
ticle, such that more of the particle surface is exposed to solvent. As  A excess   is 
increased above this value, the membrane is unable to further wrap the particle. 
Instead, the free (unadhered) portion of the membrane takes on increased curva-
ture, in order to fi t into the box dimensions. The conformation at   A excess*  is taken 
as a representation of the equilibrium state for a particle in contact with a large, 
low - tension membrane. 

 Particle wrapping should occur when the free energy gain due to adhesion 
exceeds the cost of bending. Following Deserno  [70] , and using the energies 
defi ned in Equations  10.16  and  10.17 , the wrapping transition is predicted to occur 
at   e Radh p

2 2 1κ = , or   e k T radh B c= 0 2 2. . Deserno estimates a necessary binding energy 
for a viral capsid containing 80 adhesive spikes on its surface to be on the order 
of 6 k B T  per spike. This is in close agreement with our prediction, where the particle 
surface can be divided into 80 regions, each of area   22 6 2. rc  with a necessary binding 
energy of   0 2 22 6 4 52 2. . .k T r r k TB c c B× =  per region. 

 To determine whether the observed wrapping in our simulations matches these 
predictions, we calculated the system energy as a function of  A excess   for different 
values of  e adh   (see Ref.  [74]  for a more in - depth discussion). For low values of  e adh  , 
we expect no decrease in energy due to wrapping of the particle. In this case, the 
system energy appears to have a shallow minimum near  A excess     =   0 (i.e.  a l     =    a   l ,0 ). 
This is the expected behavior when the dominant contributions to the energy are 
the stretching and bending of the membrane. When  A excess      <    0 the membrane is 
stretched and the energy rises rapidly with decreasing  A excess  . For  A excess     =   0, the 
membrane is forced to wrap around the particle, due to the reduced cross - section. 
However, this does not lower the energy and the total energy instead increases 
with decreasing  A excess  , due to the increased bending of the membrane. At larger 
values of the adhesion energy, we fi nd that the system energy decreases monotoni-
cally with  A excess  , up to  A excess      ≈    1, since the energy gain of adhesion overcomes the 
cost of bending. As discussed above, this indicates the tendency of membrane 
to fully wrap the particle. From our results, it is diffi cult to measure the precise 
value of  e adh   at which the wrapping transition occurs, and the energy minimum at 
 A excess      ≈    0 disappears. However, we can estimate that it is in the range of   
0 9 3 62 2. .k T r e k T rB c adh B c≤ ≤ , which is somewhat larger than the value predicted by 
Deserno  [70] . 

 There are several factors that might help to explain the larger value. In the fi rst 
case, the simulation includes thermal effects. The particle surface has a discrete 
representation, consisting of a large number of beads interacting with the sur-
rounding solvent and membrane. While the value of  e adh   needed to overcome 
bending rigidity is quite small, it is likely that thermal fl uctuations at the boundary 
between the adhered and unadhered regions of the membrane would inhibit it 
from further wrapping the particle. It is also important to note that, in wrapping 
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the particle, the membrane forms a neck which is a region of high local Gaussian 
curvature. The Gauss – Bonet theorem, as mentioned above, states that the surface 
integral of Gaussian curvature is constant with respect to deformations of the 
membrane. However, it is conceivable that higher - order terms in Gaussian curva-
ture could be important in the free energy, in the region of the neck  [121] .  

  10.3.3.2   Engulfi ng a Small Particle with a Membrane Raft 
 We next consider the situation where the particle adheres only to a phase - separated 
membrane domain, or  ‘ raft ’ . This case has two important differences from the 
homogeneous adhesive membrane. First, the fi nite size of the raft implies that 
particle size plays an important role in determining the outcome. Second, line 
tension at the raft boundary, or the interface, can alter the dynamics that the 
membrane goes through as it reaches the point of complete wrapping of the 
particle. 

 When a raft is present in the membrane, we must also take into account the 
interfacial energy between the raft and the bulk of the membrane. Additionally, 
during fi ssion, a pore can appear in the membrane (as will be discussed in the 
following section), and there will be an energy per unit length of the pore edge. 
These two line energy terms can be written as:

   F dlint int int= ∫ σ     (10.21)  

   F dledge edge edge= ∫ σ     (10.22)  

where  σ  int  and  σ   adge   are the line tensions of a domain interface and a free edge, 
respectively. To determine the line tensions, we measure the stress tensor for a fl at 
membrane containing two domains separated by a linear interface (for  σ  int ), or, in 
the case of edge tension, a fl at homogeneous membrane that spans a periodic box 
in one direction and has free edges in another (for  σ   edge  ), at  Σ     ≈    0. Let  z  be the 
coordinate normal to the membrane,  y  the coordinate normal to the interface, or 
free edge, in the plane of the membrane, and  x  the remaining, invariant coordinate. 
The stress tensor is diagonal and has two components,  Σ   x   and  Σ   y   in the plane 
of the membrane. (For the above case of a homogeneous fl at membrane, 

these components are equivalent,  Σ   x     =    Σ   y     =    Σ   T  .) Then   Σ ΣX Y dy−( )
−∞

∞

∫  is the 

 ‘ surface tension ’  of a plane that is normal to the membrane and intersects it at 
the domain interface. This is converted to a line tension by integrating over  z , so 

that   σi X Y dydz= −( )
−∞

∞

−∞

∞

∫∫ Σ Σ , where  σ   i   has the correct dimensions of energy/

length. We measure  σ   edge   in much the same manner, where the line in this case 
is the free edge of the membrane. The line tension of a free edge was found to be 
 σ   edge      ≈    4.9 k B T / r c  . As both types of lipids have the same interaction with solvent,  σ   edge   
is the same for either type. 

 In this section, we will demonstrate the ability of a membrane raft to enhance 
particle encapsulation and fi ssion. This is largely due to the reduction in the 



interface energy  F int   that is obtained by allowing the raft to wrap the particle and 
then separate from the membrane. Fission requires the creation of a pore in the 
membrane, and so the edge energy  F edge   also plays a role. 

 It is well known that membrane rafts can be unstable, deforming into buds, in 
order to reduce their interfacial energy, potentially causing the bud to separate 
completely from the rest of the membrane  [53, 122, 123] . In order for particle 
adhesion to be feasible, it is necessary that the raft be stable in the absence of the 
particle. Before turning to the interaction of particle and raft, we study the behavior 
of the raft alone. We prepare a fl at membrane as described above, but label all 
lipids as type 2 within a circular region. After allowing the membrane to equili-
brate under high tension, we reduce the cross - sectional area of the box to deter-
mine whether the raft will form a bud. 

 To determine the stability of a raft, we initially allow the system to equilibrate 
while the membrane is held under a small positive tension. In this case, the 
membrane tension resists budding. We then decrease the cross - section area 
slightly, so that there is an excess of membrane in the system; this creates ripples 
across the membrane. Following Julicher and Lipowsky  [122] , we predict that the 
lowest energy state is one where the majority phase of the membrane is fl at and 
all excess area is contained in a partially budded raft. In this state, the raft forms 
a cup -  or bowl - like surface. However, the dynamics to reach this state can be quite 
slow, as fl uctuations inevitably cause ripples to develop in the raft and, in particu-
lar, near the raft interface. Thus, it can take some time for the raft to settle on one 
side of the membrane on which it might bud. To speed up this process, we apply 
a small upwards force on the raft, and an equivalent downwards force on the rest 
of the membrane. This causes the raft to bud above (rather than below) the mem-
brane in a reasonable time. Once the raft has selected a side, in the initial stages 
of budding, this force can be turned off. We then continue to reduce the cross -
 sectional area  A C   in small increments, observing the equilibrium state at each step. 
For values of interfacial tensions up to  σ  int     ≈    6.2 k B T / r c   we fi nd that the raft becomes 
partially budded when  A c   is reduced. However, it is unable to form a narrow neck 
(of the type shown in Figure  10.6 e) and the partially budded raft appears to be a 
stable conformation, remaining attached to the membrane for a run of 100   000 
time steps. 

 We now examine the interaction of a particle with a membrane raft. We prepare 
a fl at membrane under a small positive tension, as above, but containing a raft of 
radius  R r     =   28 r c   that has line tension of  σ  int     ≈    3.7 k B T / r c  . We place a particle of radius 
 R p     =   12 r c   at the center of the raft with an adhesion energy of   e k T radh B c≈ 11 9 2. . The 
raft ’ s radius is chosen such that its area is approximately that needed to exactly 
cover the particle. (Assuming the raft will deform into a spherical shape, still having 
a membrane thickness of  h , then we choose  R r   to satisfy   π πR R hr p

2 24 2= +( ) .) 
First, we allow the system to equilibrate so that the membrane partially wraps the 
particle. We then reduce  A c   such that  A excess     =   1. The raft wraps the particle in such 
a way that, when the particle is nearly completely covered, the raft interface lies 
very close to the membrane neck. What happens after this point is illustrated in 
Figure  10.8 . In this fi gure, the particle is represented by brown beads. A portion 
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of the raft, near the membrane neck, is shown with red head beads and dark blue 
tail beads. In order to illustrate the location of the raft interface, only the bulk phase 
lipids which lie in close proximity to the raft lipids (within a distance of 1.5 r c  ) are 
shown. These lipids have light blue head beads and black tail beads.   

 As the particle wrapping proceeds, a rip eventually appears at the raft interface 
(Figure  10.8 a). The rip eventually grows, which has the effect of both reducing the 
interfacial energy and allowing the raft to completely coat the particle (Figure 
 10.8 b – d). This fi nally leads to a complete detachment of the coated particle from 
the fl at membrane, or fi ssion. 

 We repeat this process for different values of  e adh   and  σ  int  in the range of   
3 6 11 92 2. .k T r e k T rB c adh B c≤ ≤  and 1.5 k B T / r c      ≤     σ  int     ≤    6.2 k B T / r c  , where the raft is stable 
in the absence of a particle. The results are summarized in Figure  10.9 . Here, 
circles represent cases in which the membrane remained open and did not fully 
wrap the particle. The  ‘ plusses ’  represent cases in which the particle becomes fully 
wrapped but does not detach from the particle. The diagonal crosses represent 
cases where the particle is wrapped by the raft, which then undergoes fi ssion, 
detaching from the membrane. The adhesion energy  e adh   and the interfacial line 
tension  σ  int  are varied. The raft radius is  R R     =   28 and the particle radius is  R p     =   12. 
For low adhesion energy   e k T radh B c≈( )3 6 2. , there is only a small area of contact 
between the particle and the membrane. The particle does not induce suffi cient 
curvature of the membrane to drive the raft to form a bud. As a result, the particle 
remains partially wrapped and the raft is unable to detach from the membrane. 
At larger adhesion energies   e k T radh B c≥( )8 5 2. , the reduction in energy due to 

    Figure 10.8     Time sequence of membrane neck structure 
during fi ssion (cross - sectional view). (a) Neck formation and 
the appearance of a rip; (b) The neck size decreases; (c) The 
rip spreads across the interface; (d) The raft fully coats the 
particle. See text for more details.  



particle – membrane contact is suffi cient to overcome the increase in membrane 
bending energy, as was true for the homogeneous membrane. The raft continues 
to cover the particle until the particle is fully wrapped. However, the fi nal state of 
the system depends upon  σ  int . When  σ  int  is low ( σ  int     ≈    1.5 k B T / r c  ), it is unable 
to drive fi ssion and the raft spreads across the particle following the same 
 ‘ eyelid ’  mechanism that was observed for the homogeneous membrane. In this 
case, the particle remains attached to the membrane. At larger line tensions 
( σ  int     ≥    3.7 k B T / r c  ), the fi ssion illustrated in Figure  10.8  occurs, allowing the wrapped 
particle to completely detach from the membrane.     

  10.3.4 
 Overall Trends Observed in  DPD  Simulations 

 In order to design synthetic vesicles that can uptake nanoscale particles (and 
thereby mimic the biological function of phagocytosis), we used DPD simulations 
to model the interactions between lipid membranes and solid spheres, of size 
greater than    –    but within an order of magnitude of    –    the membrane thickness. We 
considered both a uniformly adhesive, homogeneous membrane and a nonadhe-
sive membrane containing an adhesive raft. The raft in the latter system is com-
posed of a region of distinct amphiphiles, which have phase - separated from the 
bulk of the lipids making up the majority of the membrane. 

 For the homogeneous membrane, we fi nd that the particle always remains 
attached to the vesicle membrane. When the energy of adhesion is below a thresh-
old value, this behavior arises because the membrane remains stable to any rip or 
change in its topology. Even when the particle is almost fully wrapped, it remains 

    Figure 10.9     Phase diagram describing the equilibrium state of 
a membrane raft interacting with a particle (see text for 
details).  
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attached to the bulk membrane by a stable, long - lasting neck. When the energy of 
adhesion is above the threshold value, the membrane partially wraps the particle, 
and then grows an  ‘ eyelid ’  across the remaining particle surface. The result is a 
new membrane topology, for which the particle is completely wrapped but remains 
trapped at the membrane. 

 For the heterogeneous membrane, however, we fi nd that when a particle is in 
contact with an adhesive raft of comparable size, it is possible for the particle 
to pass across the membrane, thus entering the vesicle. In this situation, when 
the particle is almost fully wrapped, the raft ’ s interfacial energy drives a fi ssion 
process at the membrane neck, thus freeing the wrapped particle from the fl at 
membrane. 

 The studies on the heterogeneous membranes provide design rules for creating 
vesicles that can engulf and intake certain nanoscopic particles in their environ-
ment. Such  ‘ active ’  structures can fi nd applications in a number of technologies. 
For example, the vesicles can be used in waste remediation to selectively remove 
specifi c contaminants in a solution. Additionally, synthetic vesicles can be utilized 
as microscopic  ‘ reaction fl asks ’ ; the ability to controllably introduce nanoparticles 
into these containers could enhance the utility of the heterogeneous vesicles as 
effective  ‘ tools ’  for microscale analyses.   

  10.4 
 The Next Steps, and Future Opportunities 

 Until now, theoretical models of nanoparticle interactions with cell membranes 
have dealt primarily with the simplest cases of spherical nanoparticles with 
uniform surface chemistry. Within both fi eld - theory and particle - based approaches, 
one could naturally develop extensions to include more complex cases. For 
example, it is reasonably straightforward to generalize either model to consider 
anisotropic nanoparticles. In that case, the main challenge would be not simply 
to write equations of motion or self - consistency, but to effi ciently sample both 
translational and orientational degrees of freedom. Several research groups have 
already investigated the interaction of membranes with nanotubes  [45]  or carbon 
 ‘ nanofl akes ’   [36]  using atomistic molecular dynamics. Within the next few years, 
we can expect to see the development of new mesoscale models (both fi eld -  and 
particle - based), and this could be especially useful in analyzing the cytotoxicity of 
various nanofi bers and carbon nanotubes. 

 Another interesting challenge remains in the area of describing the interactions. 
In the above studies, all interactions between particles and lipids were para meterized 
via their short - range potential. Moreover, particle surface chemistry was assumed 
to be uniform. It is possible to envision a variety of more interesting possibilities. 
One such possibility would include  ‘ Janus ’  or  ‘ patchy ’  particles, where the surface 
chemistry is nonuniform (there is a lateral phase separation into more hydrophobic 
and more hydrophilic areas). Very recently, Alexeev, Uspal and Balazs  [75]  used 
DPD simulations to study this problem, and some representative results of their 



simulations are shown in Figure  10.10 . Here, the green beads mark the hydrophilic 
head groups in the lipid, while the gray particles indicate the hydrophobic tails. 
The blue beads mark the hydrophilic portion of the nanoparticles and the red beads 
indicate the hydrophobic portion. The solvent is not shown.   

 The results of the study showed that the presence of  ‘ Janus ’  particles can sub-
stantially impact the pore ( ‘ channel ’ ) opening or closing in the membrane. In the 
simulation of Alexeev, Uspal and Balazs, particles were initially attached to the 
membrane surface with their hydrophobic patches, leaving the hydrophilic por-
tions exposed to water. Subsequently, a membrane was stretched by some external 
means (mechanical or chemical) and a pore or channel was formed. Once the 
channel was formed, the particles quickly diffused towards it and ended up stabi-
lizing its walls. Even when the stress was released, the channel could not fully 
close. The next stretching - unloading cycles would then be fully reversible, in a 
sense that the membrane would always open and close the particle - decorated pore, 
instead of nucleating a new one. When the authors investigated the conditions 
(particle concentration and the fraction of hydrophobic moieties on the surface) 
that enabled such behavior, it was found, for example, that if the hydrophobic 

    Figure 10.10     Simulation of a lipid bilayer membrane in the 
presence of four nanoparticles with  α    =   60    ° . (a) The defi nition 
of  α  and the architecture of the particles and lipids used in 
the simulation; (b) Nanoparticles assembled in a cluster that 
perforates the stretched membrane (top view); (c) The same 
cluster, side view; (d) Pore with nanoparticles in the stretched 
membrane (top view).  
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fraction of the surface was too low, the particles do not prevent complete closing 
of the pores; rather, they are expelled to form a cluster attached to the membrane 
surface. On the other hand, when the hydrophobic portion was too high, the par-
ticles were unable to form stable clusters. According to the authors, the results of 
this study could help to  ‘  …  establish optimal conditions for harnessing the Janus 
nanoparticles to act as  “ artifi cial proteins ” , which would allow us to create gateways 
and regulate the traffi cking of molecules into and out of synthetic membranes and 
vesicles. ’  

 Another interesting possibility might include particles covered with  ‘ loosely 
bound ’  ligands that could move around the particle, depending on its surround-
ings. As shown by Kramer and coworkers  [124, 125] , such mobile ligands could 
be used to guide nanoparticles into various domains or towards the surfaces or 
interfaces. Even more intriguing and challenging scenarios could include the 
studies of drug delivery with nanoparticles as carriers (how a nanoparticle can 
move through a membrane intact but release its content upon entering a cell). All 
of these    –    and many other    –    phenomena could be studied within the framework of 
fi eld -  or particle - based mesoscale theories.  

  10.5 
 Summary and Outlook 

 In this chapter, we have reviewed recent developments in the area of theory and 
modeling of nanoparticle – cell membrane interaction. It has been shown that, 
depending on their size and surface chemistry, small spherical nanoparticles can 
either  ‘ lodge themselves ’  in the membrane or  ‘ pull ’  some of the phospholipids off 
the membrane, thus creating a nanosized hole. Larger particles could either  ‘ wrap 
themselves ’  in the membrane or  ‘ peel off  ’  a portion of the membrane, once again 
creating small holes. These effects take place even when the particle surface is 
homogeneous; particles with  ‘ Janus ’  - like or  ‘ patchy ’  surfaces could result in a 
variety of even more complex behaviors. These results are consistent with those 
of several recent studies, and illustrate at least some potential mechanisms of 
nanoparticle cytotoxicity. It is important to realize that the mechanisms described 
here are purely physical    –    not biochemical    –    as the particles penetrate into or 
through the membranes not because of ligand – receptor interactions but purely 
because of weaker screened electrostatic or hydrophobic or van der Waals interac-
tions. (It is important to realize, however, that particles have many sites of those 
interactions, acting in unison!) Thus, unlike simple molecules, nanoparticles can 
often penetrate through cell membranes nonselectively. 

 It is expected that, in the future, mesoscale simulations of nanoparticle – cell 
membrane interactions will become an important tool in the design of nanoparti-
cle - based tools in medicine, agriculture and other areas. As nanoparticle - based 
drug delivery, cancer treatment, or imaging methods are proposed, particular 
attention must be paid to ensure selectivity (i.e. that tumor cells are targeted, while 
all other cells are left alone). This, in turn, requires not only the correct addition 



of receptors or ligands to target the tumor cells, but also the design of nanoparti-
cles in such a way that their nonselective adsorption into other cells is prevented. 
Simulation techniques described in this review could, indeed, be used to help 
accomplish this second goal. 

 One could also expect that mesoscale simulations will become important tool 
in studies of nanoparticle cytotoxicity. Over the past decade, the number of prod-
ucts containing  ‘ nanoparticles ’  (i.e. dimensions  < 100   nm) has increased dramati-
cally. As these nanoparticles are introduced into various media (mainly polymer 
matrices), they are functionalized with different ligands and surfactants to achieve 
better dispersions. The simulation techniques discussed in this chapter may help 
to understand, from a qualitative aspect, how the interaction of nanoparticles with 
cell membranes will depend not only on the type of surface modifi cation but also 
on the particle size and shape. 

 One major challenge in applying mesoscale models to predict the behavior of 
real systems is the question of estimating various interaction parameters based on 
the chemistry of the particles and/or ligands. In particular, how can we estimate 
the interaction parameter between a particle and a phospholipid head - group, and 
how might this parameter depend on whether the particle is metallic (gold, silver, 
etc.), carbon or ceramic? What is the role of ligands? And how can one properly 
evaluate the charge density on the particle surface? These types of question cannot 
be fully answered without atomistic simulations which, as discussed above, are 
often computationally expensive and diffi cult. Nonetheless, it is still possible to 
make some educated guesses simply by examining the relative hydrophobicity or 
hydrophilicity of various materials, and using these data to  ‘ order ’  different parti-
cles on appropriate phase maps. Thus, for example, small carbon ( ‘ more hydro-
phobic ’ ) nanoparticles might lodge themselves in the membrane, whereas gold 
( ‘ more hydrophilic ’ ) nanoparticles of similar size would most likely create holes 
in a similar membrane. Yet, in most cases, the transition from one type of nanopar-
ticle to another requires simultaneous changes in a number of variables (e.g. size, 
surface charge, ligand chemistry); hence, direct comparisons will most likely not 
be straightforward. 

 Clearly, the theoretical modeling of nanoparticle – cell interactions is still in its 
infancy. Nonetheless, it is our hope and expectation that the next few years will 
see a rapid growth of interest in this topic, together with the development of new 
techniques and methods.  
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 In this chapter we review recent developments in the area of theory and modeling 
of nanoparticle – cell membrane interactions. Attention is focused mainly on hybrid 
self - consistent mean - fi eld theory (SCMFT) and dissipative - particle dynamic (DPD) 
studies of spherical nanoparticles near model lipid bilayers. The study results 
showed that spherical nanoparticles with characteristic size on the order of mem-
brane thickness ( R p      ∼    1 – 10   nm) can induce dramatic changes in the membrane. 
These changes may range from simple attachment to the membrane surface to 
incorporation into the membrane, and/or the creation or stabilization of pores or 
channels in the membrane. In all cases, the changes in membrane morphology 
in the presence of a particle are driven by the desire of the system to reduce its 
overall free energy and transition into the lowest - free - energy state. Thus, some 
particles can  ‘ peel off ’  enough lipids to create a hole in the membrane, while oth-
ers can simply attach to the membrane surface, depending on their radius and 
type of surface chemistry. The simulations suggest a qualitative understanding of 
these phenomena, thus providing important tools to understand the mechanisms 
of nanoparticle cytotoxicity and/or nanoparticle activity as tumor imaging or drug 
delivery vehicles. 

 nanoparticle ;  cell membrane ;  theory ;  simulation ;  dissipative particle dynamics ; 
 self - consistent mean - fi eld theory 
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  11.1 
 Introduction 

 The aim of the National Cancer Institute is to eliminate death and suffering from 
cancer by 2015, by harnessing the power of nanotechnology to provide new tools 
for diagnosing, imaging and treating cancer. Funded research projects include the 
design and fabrication of multifunctional nanodevices which promise to change 
the way we pinpoint cancer and deliver anticancer drugs. Major advances in our 
comprehension of how cancer develops come from the huge array of knowledge 
achieved by cancer genomics and proteomics. Unfortunately, to date only a very 
small fraction of the potential carried by these discoveries has been translated into 
clinical practice. Most of this gap can be accounted for by technological challenges 
inherent in designing systems able to function in the complex biological milieu 
 [1, 2] . The ability to translate extremely developed and established technologies, 
such as silicon technology, into the biosciences offers an enormous advantage due 
to immediate access to a wide array of sophisticated tools. 

 Silicon technology is already established in terms of production, characterization 
and translation into nanotechnologies. An expansive set of miniaturized sensor 
and actuators have been developed that, in the biological context, could be used 
as building blocks for complex interacting systems  [3 – 5] . Scalability, precision and 
reproducibility are characteristics of these processes that will be extremely valuable 
when translated into clinical applications. For these reasons, an enormous interest 
in the design and fabrication of silicon devices for biomedical application exists, 
and many research projects are now under way to characterize these systems 
within biological environments. 

 Since the 1980s, silicon - based sensors and   m icro e lectro m echanical device s   
( MEMS ) have been used  ex vivo  for tasks such as pressure sensing, blood chem-
istry analysis, fl ow cytometry and electrophoresis  [6] . The term  ‘ BioMEMS ’  was 
subsequently coined to describe the wide array of tools developed using silicon as 
a platform. Extremely sophisticated systems are now available, such as functional-
ized microcantilevers for molecule adsorption, recognition and quantifi cation, as 
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well as  ‘ Lab - on - a - Chip ’  devices which scale single or multiple laboratory processes 
into a compact chip - format  [6] . 

 Silicon - based implantable and transdermal devices have been proposed and 
realized. Arrays of implantable single - dose microreservoirs  [7] , or drug - releasing 
chips equipped with microneedles  [8] , have been prototyped and are currently 
undergoing animal testing, or are already in clinical trials. One of the major 
obstacles encountered in the successful implementation of implantable silicon 
devices has been their poor biocompatibility  [9]  and nonbiodegradability. 

 In 1995, the fi rst study hinting at the biocompatibility and bioactivity of silicon -
 based devices was presented  [10] . Scientists reported that silicon could be made 
biocompatible by making it porous, with the pore size directly affecting biodegrad-
ability.  Porous silicon  ( pSi ) and porous silica are obtained through sol – gel tech-
niques  [11]  or from bulk silicon by means of electrochemical etch  [12] . pSi was 
fi rst observed some 50 years ago by Ulhir and Turner  [13, 14]  while experimenting 
with different techniques to electropolish silicon surfaces. The anodic electro-
chemical etching of silicon in an aqueous or organic solution of  hydrofl uoric acid  
( HF ) creates pores the sizes of which vary depending on the experimental 
conditions. 

 In 1990, Canham discovered the photoluminescence properties of pSi, and 
shortly thereafter electroluminescence and chemoluminescence were observed 
 [15] , spurring an enormous interest in pSi as an optoelectronic material. However, 
almost 20 years of continual research in the fi eld, the optical effi ciency and long -
 term stability of pSi remain too low for any functional optoelectronic application 
 [15] . 

 In this chapter we present a complete overview of pSi bioapplications, from their 
discovery and synthesis to current biological testing and visionary ideas for bypass-
ing multiple biological barriers for the effective delivery of drugs and imaging 
agents to the tumor site. First, we focus on the production of pSi, and then defi ne 
the mechanisms used to characterize porosity. In the next section, we address 
biocompatibility and biodegradation, both of which are directly related to the 
degree of porosity. The loading and quantifi cation of drugs (therapeutics and 
imaging agents), together with a description of nanovector design for optimal 
delivery, are then presented. Finally, the effect of particle size, shape and surface 
modifi cation (including serum opsonization) on the phagocytosis of particles by 
cells is discussed, and an example of  in vivo  imaging with fused pSi and iron oxide 
nanoparticles is presented. 

 This chapter is unique in that it describes the fabrication, characterization and 
current biological applications of pSi, whereas previous reviews have focused 
either solely on the formation and modifi cation of pSi, or on pSi microparticles 
for the detection of chemical and biological compounds. In 1997, Canham pro-
duced a book entitled,  Properties of Porous Silicon , which contained a collection of 
the physical and chemical properties of pSi. In this chapter, we include details 
of tested and visionary ideas on nanosized and microsized delivery systems, both 
of which are today emerging as powerful tools for the systemic delivery of thera-
peutic molecules and imaging agents for different biomedical applications, from 



cancer  [16, 17]  to cardiovascular diseases  [18] . These delivery systems can be loaded 
with a multitude of drug molecules and contrast agents to provide simultaneous 
therapeutic and imaging capabilities.  

  11.2 
 Porous Silicon 

 Two top - down strategies have been developed for the production of pSi. The most 
widely used strategy is  electrochemical etch , while the other approach,  stain etch , 
is rarely used in practice due to its severe lack of fl exibility  [19] . The most widely 
employed top - down approach produces pSi through electrochemical etch of a bulk 
silicon wafer. The pSi can then be oxidized to take advantage of silane chemistry. 
Alternatively, its surface can be carbon - terminated to obtain a hydrophilic chemi-
cally stable interface  [20] . 

 Bottom - up strategies, which employ silicate precursors, such as  tetraethoxysi-
lane  ( TEOS ), produce porous silicon dioxide. Silicon dioxide is a much more 
chemically stable interface than silicon, and precludes some forms of surface 
functionalization, such as carbonization, which is used to tune particle properties. 
Additionally, bottom - up approaches are limited to the production of either spheri-
cal or ellipsoid particles, unless used in conjunction with top - down lithography. 
Shape has been shown fundamentally to determine several properties of the par-
ticle that are relevant for drug delivery, such as fl ow dynamics, margination, deg-
radation rate and cell uptake  [21, 22] . For these reasons, top - down approaches to 
the production of pSi for biomedical applications have been historically favored. 

 Porous silicon dioxide is formed by the anodic dissolution of single - crystal 
silicon in an HF solution. A bulk silicon wafer is placed in an aqueous or organic 
solution containing less than 50% volume of HF. The cathode is immersed in the 
solution while the silicon wafer itself constitutes the anode. The porosifi cation 
process is sustained as long as a current is applied. Figure  11.1  is a scanning 
electron microscopy (SEM) image of a cleaved pSi layer etched in a silicon wafer. 
The main characteristics of the porous layer    –    that is, porosity, pore size, length, 
orientation and morphology    –    are determined by the current intensity, the doping 
characteristics of the silicon wafer, the etch duration and the composition of the 
etchant solution. The most common solution used for the production of pSi is 
HF   :   H 2 O   :   ethanol. This solution is considered to be aqueous as ethanol does not 
take an active part in the porosifi cation reaction, but is employed merely as a sur-
factant  [12, 19] .   

 The underlying porosifi cation mechanism is still widely debated. All currently 
accepted theories require the presence of excess positive carriers (holes) at the 
silicon surface for etching to occur. In aqueous solution, two competing dissolu-
tion pathways are observed (Figure  11.2 ), both of which initially require the 
replacement of an H atom at the silicon surface with an F  −   ion from solution. This 
step constitutes the electrical part of the etch, as the hole necessary to neutralize 
the SiF bond must be supplied by the silicon wafer. In the second dissolution step 
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    Figure 11.1     A 45    °  cross - sectional scanning electron 
micrograph of a cleaved porous silicon layer etched in a highly 
doped p - type silicon wafer.  

    Figure 11.2     Competing silicon dissolution pathways during 
electrochemical etch leading to the formation of porous 
silicon. h +  indicates positive charge carriers (holes) from bulk 
silicon.  



of pathway I, the Si − SiF bond is broken by reacting with HF, which results in the 
removal of a silicon atom from the bulk. No carriers from the solid Si are required 
in this second step, which constitutes the chemical part of the etch process. In the 
competing pathway II, the backbone of Si − SiF is broken by reacting with H 2 O; 
this results in Si − O − Si bonds that are unstable in HF. Thus, pathway I leads to 
the direct dissolution of silicon, while pathway II results in an indirect dissolution. 
Pathway II leads to a passivated surface in which dissolution depends heavily on 
the HF concentration. It is proposed that the ratio of the two pathways infl uences 
the fi nal pore structure. Phenomenological analysis has shown that porosifi cation 
occurs almost exclusively at the bottom of the currently formed pore, while the 
formation of lateral pores or an enlargement of the existing pore is a minor effect 
 [12, 19] .   

 Currently proposed porosifi cation models disagree in delineating the factors that 
determine pore morphology, separation and orientation. Surface space charges, 
quantum confi nement, surface curvature, local surface crystalline anisotropies, 
combinations of the former and many other effects have been proposed as mecha-
nisms determining pore characteristics, but none is suffi ciently convincing so as 
to achieve a consensus  [12, 19] . 

 As a result of the lack of a valid porosifi cation model, general predictive guide-
lines to determine the fi nal porous structure for a given set of etch parameters do 
not exist. Thus, several phenomenological rules, approximate guidelines and trial 
and error are employed to obtain structures with predefi ned morphological char-
acteristics. Once defi ned, however, etching parameters used to obtain the desired 
confi guration and pore characteristics are highly reproducible. 

 The  silicon doping type and concentration  infl uences pore size, porosity and 
pore structure. For highly doped [dopant concentration  D  c     >    10 15 ] p - type wafers, 
an increase in doping increases the pore size from 10 to 100   nm. In lightly doped 
p - type silicon ( D  c     <    10 15 ), the pore size increases with decreasing doping from 1   nm 
to the micrometer scale  [19] . n - type wafers electrochemically etched in the dark 
instead tend to form larger pores. Heavily doped wafers ( D  c     >    10 19 ) produce pores 
in the 10 to 100   nm range, while lightly doped ones ( D  c     <    10 19 ) result in pore sizes 
ranging from 1 to 10  μ m. The illumination of n - type silicon affects pore formation, 
both in structure and size, due to the signifi cant increases in the amount of holes 
made available to the etch process. In general, n - type wafers tend to be less porous 
than p - type  [12, 19] . The pore size distribution breadth is observed to increase with 
increasing pore size, and is independent of the details of pore formation  [12] . 

 The  nature of the exposed surface  is an extremely important factor contributing 
to the fi nal pore structure. Pores tend to grow not only along the (100) crystalline 
direction but also towards the source of the holes, which is orthogonal to the 
surface. When the exposed surface is the (100) orientation there is no confl ict, and 
in general straight pores orthogonal to the interface are observed, possibly with 
90    °  branches depending on the wafer doping characteristics. However, if the 
interface is along another crystalline plane then, depending on the etch conditions, 
pores may orient either along the (100) direction, along the holes source, or some-
where in between, giving rise to a chaotic, branched porous structures  [12, 19] . 

 11.2 Porous Silicon  361



 362  11 Porous Silicon Particles for Imaging and Therapy of Cancer

 In the standard aqueous solution HF   :   H 2 O   :   ethanol, the HF concentration deter-
mines a sub - range of pore sizes and porosity within the range set by the wafer 
doping. As a general rule, more diluted solutions tend to form larger - diameter 
pores  [12, 19] . The etch current intensity also contributes to the pore size distribu-
tion; with all the other parameters kept equal, larger currents tend to form bigger 
pores. In order to obtain a porous layer with uniform pore size and porosity across 
the entire wafer, the current density must be kept constant across the surface. In 
contrast, it is possible to exploit anisotropic currents in order to form a continuous 
layer with a pore size gradient at the surface  [19, 20] . Modulation of the current 
during the etch process allows the formation of pores with variable diameter along 
their growth axis. For every set of parameters there exists a limiting current (  J  1 ), 
above which electrochemical etch does not occur. For currents larger than  J  1 , but 
smaller than the threshold current  J  2 , a transitional regime is observed, while for 
currents larger than  J  2 , electropolishing dominates and entire layers of silicon are 
removed instead of pores being formed (Figure  11.3 )  [12, 19] . This property is 
often exploited in order to release porous layers from the wafer by removing entire 
layers at the interface between the porous silicon and the wafer.   

 Great versatility is thus achieved through the electrochemical etch porosifi cation 
approach. Fine - tuning the porosifi cation parameters makes it possible to obtain 
pSi structures of extremely different characteristics, ranging from very low poros-
ity (15 – 20%) to very high porosity ( > 90%), with pore sizes ranging from a few 
nanometers to tens of microns, and completely different pore structures and 
morphologies. As these materials have signifi cantly different behaviors when 
employed as drug delivery systems, the remainder of this chapter will be devoted 
to microfabrication for clinical applications and biological validation. 

 The lack of reliable predictive rules for the effect of etch parameters on the fi nal 
result may be seen as a drawback of the technique. However, phenomenological 
guidelines are usually suffi cient to direct the exploration of the parameter space 
and signifi cantly limit the number of trials required to obtain the desired results 
in terms of fi lm porosity, pore size distribution and thickness.  

    Figure 11.3     Typical current – voltage ( I – V  ) curve for a 
moderately doped pSi diluted HF solution.  
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  11.3 
 Microfabrication 

 The production of pSi microparticles generally starts with the porosifi cation of a 
silicon wafer in an apposite etch tank (Figure  11.4 ). The tank is composed of HF -
 resistant materials such as polytetrafl uoroethylene or aluminum oxide. The wafer 
is placed in the tank with the frontside facing the etch solution and the rearmost 
side in contact with the anode of a power supply. If no backside illumination of 
the wafer is required, a metallic layer is deposited over the entire wafer backside 
to provide a better current uniformity; otherwise, an annular contact along the 
wafer edge is employed. As an alternative, a backside electrolytic solution can be 
used to obtain a better contact, but at the expense of fl exibility  [12, 19] .   

 The cathode is composed of an HF - resistant material (e.g. platinum) which is 
immersed in the etch solution. If a uniform current density is required, a mesh 
cathode with surface area larger than the silicon wafer must be used and placed 
in the solution parallel to the wafer, and at a suitable distance so that the current 
fl ow at the interface between the wafer and the solution is spatially uniform. 
Alternatively, when a pore size gradient is pursued, a rod - like Pt cathode is 
immersed at a specifi c position within the solution  [12, 19] . 

 The current fl ow through this system induces porosifi cation of the silicon wafer 
by the anodic electrochemical etch process previously described. Throughout the 
process, hydrogen is evolved at the anode while fl uoride ions are bonded to silicon 
while HF is consumed; this in time causes a change in the solution concentration 
at the wafer interface. In order to prevent this phenomenon from interfering with 
the etch process, a pumping system that continuously provides fresh solution is 
usually present  [19] . Once the porous layer has formed, a fi nal electropolishing 
step at high current is performed which causes the layer to detach from the silicon 
wafer  [12, 19] . The detached layer is then rinsed, transferred to a 2 - propanol solu-
tion, and sonicated until it is broken down into microparticles within the desired 

    Figure 11.4     Schematic representation of a single tank 
electrochemical etch chamber. The backplate is transparent in 
order to allow backside illumination of the wafer. Frontside 
illumination is provided by shining light through the platinum 
grid.  
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size range. The particles obtained when using this approach are characterized by 
their irregular shape and size polydispersion. Although a selection for size 
is usually obtained through fi ltering, selection for shape cannot be achieved 
 [19, 23] . 

 The size polydispersion, and the very small yield in the micron size range suit-
able for drug delivery applications, constitutes a signifi cant drawback of this 
technique. Size uniformity is important for shared biodegradation rates, which 
depend on both size and porosity. Another drawback of this technique is the 
 shape polydispersion , which affects both the cellular uptake of pSi particles and 
blood fl ow characteristics  [24] . Microparticle uptake by the  reticuloendothelial 
system  ( RES ), as well as margination and adhesion dynamics in the bloodstream, 
are strongly correlated to both the shape and size of the particles  [21, 25, 26] . 

 Ferrari  et al.  developed a porosifi cation process involving photolithography that 
allows extreme control over particle size and geometry  [16] . In this process, an 
initial  two - dimensional  ( 2 - D ) shape is transferred through photolithography of a 
silicon nitride - coated wafer.  Reactive ion etch  ( RIE ) is then employed to transfer 
the pattern through the silicon nitride layer and confer an initial  three - dimensional  
( 3 - D ) structure to the particle, etching a trench within the silicon. The exact 3 - D 
shape of the trench is determined by the 2 - D shape of the pattern and the RIE 
conditions (Figure  11.5 ).   

 The patterned wafer then undergoes selective electrochemical etch. Here, the 
silicon nitride acts as an etch stop layer, and the wafer is differentially porosifi ed 
only where the silicon is directly exposed to the etchant solution. A second etch 
step with current intensity in the transition region leads to the formation of a 
high - porosity layer at the interface between the porosifi ed particle and the silicon 
wafer. The Si 3 N 4  layer is removed by means of prolonged soaking in HF. Finally, 
the particles are detached from the silicon substrate by disrupting the high - poros-
ity layer through sonication in 2 - propanol. The fi nal particle shape is determined 

    Figure 11.5     Scanning electron microscopy (SEM) images of 
hemispherical mesoporous silicon microparticles containing 
either large pores (a) or small pores (b).  Reproduced from 
Ref.  [16] , courtesy of Nature Publishing Group.   
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by the initial trench shape and the effects of the electrochemical etch (Figure  11.5 ). 
The electrochemical etch profi le is determined by the local current intensity gra-
dients at the silicon interface. This technique is both extremely controllable and 
reproducible, and allows the manufacture of particles with characteristic sizes in 
the micron range and monodisperse in terms of both particle and pore size. The 
particle shapes attainable are limited by the 3 - D patterns achievable through 
the combination of photolithographic techniques and the characteristic profi le of 
the electrochemical etch.  

  11.4 
 Characterization 

 Once the porous silicon microparticles have been fabricated, they must be carefully 
characterized to insure that the desired particle specifi cations have been achieved 
and that there is minimal batch - to - batch variation.  Good Manufacturing Practice  
( GMP ) must be maintained to ensure replicability of microparticle fabrication 
between lots and to exclude particle structural variability as a source of experimen-
tal observation in biological experiments. Given the complexity and size scales 
involved with the internal structure of these microparticles, a battery of techniques 
must be employed to quantify the important metrics, such as porosity, pore size, 
density, interior volume, surface area, surface charge and surface modifi cation. 

  11.4.1 
 Gravimetry 

 One of the most straightforward and accurate ways to measure the porosity and 
density of pSi is through the gravimetric technique  [27] . First, the silicon substrate 
is weighed before any electrochemical etching is performed ( m  1 ). The silicon sub-
strate is then electrochemically etched and then re - weighed again ( m  2 ). Finally, the 
pSi layer is removed using an etch solution of NaOH and the silicon substrate 
weighed a third time ( m  3 ). The porosity of the pSi is then determined according 
to the following relationship:

   p
m m

m m
= −

−
1 2

1 3
    (11.1)   

 The thickness ( W ) of the pSi layer can also be determined from  m  1  and  m  3  
according to the following relationship:

   W
m m

A d
= −

⋅
1 3

o

    (11.2)  

where  A  is the area of the silicon substrate exposed to the HF solution and  d  o  is 
the density of silicon  [27] .  
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  11.4.2 
 Spectroscopic Ellipsometry 

 Although gravimetry is a straightforward and accurate technique  [28] , it is a destruc-
tive methodology for determining porosity. Spectroscopic ellipsometry is an optical 
technique (Figure  11.6 ), whereby the porosity of the pSi layer is determined by 
illumination of its surface with linearly polarized light, which then interacts with 
the porous material to emerge elliptically polarized upon refl ection  [29] .   

 The refl ected light is decomposed into its perpendicular (s - direction) and parallel 
(p - direction) components (with respect to the plane of incidence) and their ampli-
tudes and phase shift are measured, as determined by the following relationship 
 [29] :

   ρ ψ= = ( )⋅
R

R
ep

s

itan Δ     (11.3)  

where  R p   and  R s   are the complex refl ection coeffi cients, tan( ψ ) is the ratio of the 
refl ected amplitudes, and  Δ  is the phase shift  [29] . Once the change in polarization 
has been determined, a complex dielectric constant ( ε ) can be calculated  [30] :
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where  ε  1  and  ε  2  are the real and imaginary components of the complex dielectric 
constant and  ϕ  is the angle of incidence. Once the dielectric constant for the overall 

    Figure 11.6     A representation of the 
ellipsometric measurement. The blue arrow 
represents the incident light with a known 
linear polarization, while the red arrow 
represents the refl ected light with an unknown 
elliptical polarization to be measured.  ϕ  is the 
angle of incidence, which equals the angle of 

refl ectance,  p  represents the electric - fi eld 
components of the light waves oriented 
parallel to the plane of incidence, and  s  
represents the electric - fi eld components 
of the light waves oriented perpendicular 
to the plane of incidence.  Adapted from 
Ref.  [29] .   
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porous silicon layer is obtained, an analytical model is used to determine the con-
tribution of the dielectric constants of the crystalline silicon and the air - fi lled voids 
to the overall measured dielectric constant, which is dependent on the porosity of 
the fi lm. One heavily used model for this purpose is the  Effective - Medium Theory  
corrected for dipole – dipole interactions, which models the voids as ellipsoids 
inside the crystalline silicon matrix  [31] . From this theory the porosity can be cal-
culated as follows  [31] :

   
1

3

1

2
0C

C m

m

α ε ε
ε ε

+ −( ) −( )
+( )

=     (11.5)  

for a 3 - D system where  ε   m   is the dielectric constant of the surrounding crystalline 
silicon and  C  is the porosity.  α  can be calculated through the following equation 
 [31] :
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where the  L i   indicates the depolarization triplets governed by the ratio of the axes 
of the ellipsoid shaped voids and  ε   v   is their dielectric constant  [31] . Although this 
is a good approximation of the porosity, it is not perfect due to the fact that voids 
in the pSi layer cannot be completely approximated as ellipsoids leading to a dis-
crepancy between the modeled and actual porosities  [27] .  

  11.4.3 
  X  - Ray Diffraction 

 Another nondestructive technique for measuring the interaction of electromag-
netic radiation with the pSi layer to determine its important characteristics is  X - ray 
diffraction  ( XRD )  [32] . This technique relies on pSi retaining the single crystal 
nature of the original silicon wafer even though it contains voids. Measurements 
are performed using monochromatic X - rays with a wavelength of 1.54    Å  emitted 
from copper subjected to a high - energy electron beam. The X - rays are refl ected 
off the surface of the pSi layer at varying angles of incidence, and collected by a 
detector at an equal angle of refl ection  [33] . The diffraction pattern thus recon-
structed is related to the arrangements of interatomic planes in the crystal. The 
intensity peaks in the diffraction pattern are related to the wavelength of the X - rays 
( λ ), the spacing between atomic planes ( d ), and angle of incidence according to 
the Bragg equation:

   n dλ θ= 2 sin     (11.7)  

where  θ  is the Bragg angle and  n  is an integer multiple of the wavelength  [34] . A 
representative XRD measurement is shown in Figure  11.7  for pSi layers of three 
different porosities  [32] . The rocking curves shown in Figure  11.7  are collected, 
keeping the angle of incidence fi xed and scanning the angle of refl ection in a small 
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range around the equal angle of refl ectance. The S Bragg peak corresponds to the 
sharp peak produced by the highly ordered single crystal silicon substrate. The P 
peak, which is lower in intensity and broader, is produced by the pSi layer. The 
lattice mismatch parameter between the lattice constant of the silicon and that of 
the pSi layer can be calculated by evaluating the angular separation of the two 
peaks and used in conjunction with the dynamical theory of XRD  [35]  to determine 
the porosity  [32] . Furthermore, the pSi layer thickness can be ascertained from the 
frequency of the small intensity fringes at the edges of the rocking curves away 
from the main Bragg peaks S and P. X - ray diffraction, like spectroscopic ellipsom-
etry, can be used to determine porosity nondestructively, and in the case of XRD 
the thickness of the pSi layers is usually in good agreement with measurements 
made using the gravimetric method  [30, 32] .    

  11.4.4 
 Nitrogen Adsorption 

 Spectroscopic ellipsometry and XRD measurements require large areas of contin-
uous fi lms. In order to directly measure the properties of pSi particles, it is possible 
to exploit the principle of gas adsorption  [28] , with the most commonly employed 

    Figure 11.7     Experimental and simulated 
rocking curves, in the vicinity of the (004) 
refl ection, of various thin PS [(pSi)] samples 
of: (a) p+ type [substrate doping], 36% 
porosity, thickness of 500   nm; (b) p+ type 
[substrate doping], 60% porosity, thickness of 

500   nm; (c) p - type [substrate doping], 65% 
porosity, thickness of 500   nm. The values of 
each parameter used for the simulations are 
reported in Table I of Ref.  [6] .  Reproduced 
from Ref.  [32] , courtesy of American Institute 
of Physics.   
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gas for this analysis being nitrogen. This technique allows the total surface area 
of the porous material to be calculated, simply by knowing the adsorbate ’ s molar 
volume and adsorption cross - sectional area  [36] . Furthermore, by knowing the 
surface tension of the gas species when it is in liquid form, and how the surface 
curvature adjusts the condensing properties of the gas from a fl at surface, it is also 
possible to obtain a pore size distribution  [37] . 

 To perform these measurements, a known amount of gas is introduced into a 
chamber containing the porous sample. The system is then allowed to reach equi-
librium, after which the deviation of the equilibrium pressure from the ideal 
pressure that would result if no adsorption was taking place, is measured  [38, 39] . 
Under isothermal conditions, which can be achieved by immersing the sample in 
liquid nitrogen for example, the pressure difference can be related to a volume 
which, when divided by the mass of the sample, represents the specifi c volume of 
gas adsorbed (in cm 3    g  − 1 ). The results of these measurements are known as  iso-
therm curves  (see Figure  11.8 ). Depending on the experimental apparatus used, the 
pressure can either be adjusted incrementally or, in some of the latest adaptations, 
adjusted continuously at a rate that guarantees the attainment of quasi - equilib-
rium conditions  [40] . The pressure (as represented on the x - axis) is the relative 
pressure  p / p  0  where  p  is the supplied pressure and  p  0  is the saturation pressure 

    Figure 11.8     Isotherms generated for 
microparticle samples with two different 
mean pore sizes. The green and dark red 
curves are the adsorption and desorption 
isotherms, respectively, for microparticles 
with a diameter of 3.2    μ m and a mean pore 

size of 7.4   nm. The blue and orange curves 
are the adsorption and desorption isotherms, 
respectively, for microparticles with a 
diameter of 3.5    μ m and a mean pore size of 
24.2   nm.  
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of liquid nitrogen (the pressure at which liquid nitrogen boils at a given tempera-
ture). When the pressure in the chamber exceeds the saturation pressure, the gas 
condenses. The experiment is usually performed by sweeping the relative pressure 
in both directions to measure adsorption as well as desorption. As can be seen 
from Figure  11.8 , hysteresis is usually observed; this is due to the particular struc-
ture of the pores (e.g. pores resembling straight cylinders versus pores with 
constrictions anywhere along their length) and/or the interaction between the 
adsorbate and the sample surface  [40] . Although these interactions can be quite 
complex, the hysteresis for pSi tends to be quite consistent for samples fabricated 
under the same conditions, and so can serve as a qualitative check on the most 
likely pore confi guration for a given sample  [28] . A quick estimate of the total pore 
volume for pSi can be gleaned directly from the saturated area of the isotherm 
present at high values of relative pressure (this is not the case for all materials, as 
isotherms of different materials do not always saturate)  [28] . Given that a calcula-
tion of the total volume of the pSi material can be made, the porosity can quickly 
be calculated (porosity   =   pore volume/total volume) and is usually in good agree-
ment with data provided by the gravimetric method  [28] .   

 From the isotherms in Figure  11.8  a range of information can be obtained. The 
fi rst important piece of information is the total surface area of the porous material, 
which can be calculated using the  Brunauer – Emmett – Teller  ( BET ) method. This 
derives a relationship between the volume and relative pressure, based on how the 
molecular layers of adsorbate build up on the surface of the porous material  [36] . 
The BET equation is as follows:

   p

v p p v c

c

v c

p

po m m o−( )
= + −1 1     (11.8)  

where  p  is the measured pressure,  p  0  is the saturation pressure,  ν  is the adsorbed 
volume,  ν   m   is the adsorbed volume when the entire surface of the sample is 
covered with a unimolecular layer of adsorbate, and  c  is a parameter obtained from 
to the following relationship;

   c e
E E

RT
L
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    (11.9)  

where  E  1  is the heat of adsorption of the fi rst layer of adsorbate,  E L   is the heat of 
liquefaction used for all subsequent layers of adsorbate,  R  is the gas constant, and 
 T  is the temperature  [36] . In order to calculate the total surface area it is necessary 
to plot  p /( ν ( p  0     −     p )) versus  p / p  0 , using values of volume obtained from the isotherm 
over the range where the isotherm is approximately linear, which for silicon 
usually corresponds to values of  p / p  0  from 0.05 to 0.35 (this range is material -
 dependent)  [36] . Both  ν   m   and  c  can be calculated from the line where 1/ ν   m c  is the 
 y  - intercept and ( c     −    1)/ m  e  is the slope. When  ν   m   has been determined, by multiply-
ing the ratio of  ν   m   and the molar volume by Avogadro ’ s number and the adsorbate 
cross - sectional area, it is possible to determine the total surface area of the sample 
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 [36] . Outside the range of relative pressures listed above, either the entire surface 
area is not covered with adsorbate, leading to sublinear behavior, or condensation 
has begun inside the pores due to their extreme curvature at a pressure level lower 
than the onset of condensation on a fl at surface, leading to super - linear behavior 
 [37] . These two effects therefore exclude those regions of the isotherm from being 
used to determine total surface area through the BET model. 

 The super - linear region of the isotherm at higher values of relative pressure is 
used to determine the pore size distribution. As the super - linear behavior is due 
to the early onset of condensation in the pores, a mathematical relationship was 
developed by  Barrett, Joyner and Helena  ( BJH ) which equated the change in 
desorbed volume from one measurement point to the next to a release of conden-
sate from pores of a particular radius, plus the thinning of the adsorbed layer in 
pores which were already empty  [37] . The pore volume is then calculated according 
to the following equation  [37] :

   V R V t c Apn n n n j pj
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    (11.10)  

where  V pn   is the average volume of the pores which are currently releasing their 
condensate (the range of pore sizes which must be averaged depends on the reso-
lution of the measurement apparatus as it is related to the minimum relative 
pressure step),  Δ  V n   is the measured decremental desorbed volume change,  Δ  t n   is 
the decremental adsorbate layer thickness change,  R n   is the radial adjustment to 
convert the capillary volume (the volume of the actual pore minus the volume of 
the adsorbed sheath) to the actual pore volume,  A pj   is the actual area of each of 
the pores already emptied, and  c j   is the radial adjustment to convert the actual pore 
area to the capillary area.  R n    =   r pn   2 /( r k     +    Δ  t n  ) 2 , and takes into account not only the 
capillary volume, with radius  r k  , but also the decremental change in the adsorbate 
volume, with thickness  Δ  t n  . Finally,  A pj     =   2 V pj  / r pj  , and is calculated for each pore 
which has already been emptied, multiplied by  c j     =   ( r pj     –    t n  )/ r pj  , where  t n   is the total 
adsorbed layer thickness for the current relative pressure, and then summed 
together for all previous emptied pores  [37] . This term constitutes the adsorbate 
volume released from all of the previously emptied pores, and must be removed 
from the measured decremental volume in order to accurately calculate  V pn  . The 
value of the capillary radius,  r k  , relates to the relative pressure by way of the Kelvin 
equation  [41] :

   r
V

RT p p
k

m= −
( )

2

0

γ
ln

    (11.11)  

where  V m   and  γ  are the molar mass and surface tension of the adsorbate,  R  is the 
gas constant, and  T  is the temperature in Kelvin. The relationship between the 
total sheath thickness  t  to the relative pressure    –     ‘ the  t  - curve ’     –    has been determined 
previously through a variety of techniques. One way is to determine the  t  - curve 
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experimentally by measuring an isotherm for an unporosifi ed sample of the same 
material, and dividing the isotherm by the BET - calculated unimolecular volume 
 V m   to extract the number of molecular layers present for a given relative pressure, 
and then multiply by the radius of molecular nitrogen  [42, 43] . This can then be 
directly ported to the porous sample. If no exact reference material exists (i.e. the 
material does not exist in bulk form), then a similar material can be used. This 
reference substitute is selected based on its possessing a comparable  c  - value, as 
calculated by the BET model  [43] . The other commonly used methodology for cal-
culating the  t  - curve is to use a semi - empirical version of the Frenkel – Hill – Halsey 
equation:

   t
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where  s  and  α  are constants,  α  being the Hamaker constant of the system (which 
is a measure of the van der Waals interactions between the adsorbate and the 
sample)  [41, 44, 45] . In the literature, values of  s    =   2 and  s    =   3 have been used to 
generate  t  - curves, but for the case of porous silicon  s    =   3 has been shown to 
produce quite consistent results  [29] . The various radii and thicknesses used in 
the model and listed above are depicted in Figure  11.9 . When all of these com-
ponents have been taken into account and the pore volume has been computed 

    Figure 11.9     A schematic representation of the 
desorption mechanism described in the BJH 
pore size distribution model, indicating the 
origin of the physical parameters of the 
cylindrically modeled pores.  r kn , r pn   and  r kn    − 1 , 
 r pn    − 1  are the radii of the capillaries and pores 
which have released their condensate in the 

current relative pressure step  n  and the 
previous relative pressure ( n     –    1) step.  t  is the 
current thickness of the adsorbate, with  Δ  t  n  
and  Δ  t  n − 1  representing the current and 
previous change in adsorbate thickness. 
 Adapted from Ref.  [37] .   
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    Figure 11.10     The pore size distributions, calculated using 
the adsorption isotherms from Figure  11.8 , for pSi 
microparticles with mean pore sizes of (a) 24.2   nm and 
(b) 7.4   nm.  Reprinted from Ref.  [16] , courtesy of Nature 
Publishing Group.   
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for all pores with radii  r p  , the values of  V p   are divided by  Δ  r p   (the change in the 
computed pore radius from one point to the adjacent point) to determine the 
differential volume for each pore size, given in units of cm 3    g  − 1     Å   − 1   [37] . The plot 
of the differential pore volume versus  r p   yields the pore size distribution repre-
senting the total area of the surface that each size of pore occupies. As an internal 
check for consistency, the summation of the surface area over all the radii from 
the pore size distribution should be within a few percent of the total surface area 
calculated from the BET model  [37] . Figure  11.10  shows calculated pore size 
distributions for hemispherical microparticles similar to the microparticles 
depicted in Figure  11.5 , but fabricated under two different electrochemical etch 
conditions  [16] . One distribution constitutes microparticles with a diameter of 
3.5    μ m and a mean pore size of 24.2   nm, while the other is comprised of mic-
roparticles with a diameter of 3.2    μ m and a mean pore size of 7.4   nm. These two 
distributions were calculated from the isotherms in Figure  11.8 , and seem to 
agree quite well with the visual inspection of the microparticles as viewed using 
scanning electron microscopy.    

  11.4.5 
 Sample Preparation for Electron Microscopy: Sectioning 

 Although the above - described techniques are quite effective for large areas and/or 
large ensembles of pSi microparticles, they require large sample sizes to be gener-
ated from either entire wafer surfaces or microparticles to be gathered from 
multiple wafers. It is therefore necessary to check a sampling of microparticles 
produced from each wafer by using electron microscopy in the form of  scanning 
electron microscopy  ( SEM ),  transmission electron microscopy  ( TEM ) and  scan-
ning transmission electron microscopy  ( STEM )  [16, 46 – 48] . 

 SEM requires almost no sample preparation beyond fabrication of the micropar-
ticles because pSi is a semiconductor formed in solutions of HF and therefore 
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lacks any appreciable surface oxide layer that may prevent effective imaging. If an 
insulating oxide layer were to be formed on the surface, the SEM image would 
become distorted due to charging of the surface dielectric causing an electrostatic 
interaction with the incident electron beam  [49] . Storing the particles in 2 - propanol 
maintains this surface state, with at worst the formation of a thin native oxide layer 
which has a minimal effect on imaging. SEM is thus a quick but accurate tech-
nique to observe the overall microparticle shape and structural integrity, as well 
as allowing for the inspection of surface pore sizes, for a representative sampling 
from a single wafer. It is also possible to observe cross - sections of the microparti-
cles using the SEM (Figure  11.5 ) by cleaving the wafers upon which the particles 
are fabricated before they are released  [16] . 

 Given the resolution achievable by SEM, several reasons lead to the use of  high -
 resolution TEM  ( HRTEM ) or STEM. One reason is to investigate the crystalline 
structure of the pSi layer  [47] , and indeed HRTEM achieves sub - Angstrom resolu-
tion by exploiting the change in phase that the electrons experience as they pass 
through and interact with the sample, essentially measuring the beam ’ s interfer-
ence with itself  [50] . STEM achieves the same result measuring electrons which 
are scattered from the sample at high angles, away from the optical axis of the 
beam  [51] . 

 A second reason to investigate pSi layers with high - resolution imaging is to 
assess the loading effi ciency of primary - stage pharmaceuticals  [52] , secondary -
 stage delivery agents (such as liposomes  [53] ), or imaging agents such as iron oxide 
 [54, 55] . In addition to HRTEM and STEM being able to observe loaded material 
at a higher resolution than SEM, STEM    –    by using high - angle scattering to create 
the image and employing a rastering beam with a 2    Å  or less spot size containing 
electrons the kinetic energy of which is closely matched    –    can use electrons that 
are transmitted through the sample close to the optical axis for  electron energy 
loss spectroscopy  ( EELS )  [56] . EELS measures the change in the energy of trans-
mitted electrons as they are inelastically scattered by the sample. Such scattering 
can arise from a number of sources, including phonon and plasmon excitations, 
but they can also occur through interband transitions in atoms which produce 
characteristic spectrographic signatures in the transmitted electron energies  [57, 
58] . These characteristic spectra can be used to identify and determine the relative 
abundances of different elements in the sample  [57] . The effect range of EELS is 
capable of observing the interband transitions of lighter elements such as carbon 
 [57] , while the analysis of heavier atoms requires the use of  electron dispersive X -
 ray  spectroscopy ( EDX )  [59] . EDX relies on the radioactive emission from atoms 
excited from their ground state by the interaction with an electron from the STEM 
beam. When another electron from a higher energy level falls into the lower energy 
level that was just vacated, an X - ray is released  [59] . The emission energies are 
characteristic of the specifi c energetic levels involved, and as they differ for differ-
ent elements, they allow an estimation to be made of the chemical composition 
of the sample  [59] . This technique has been employed to probe metal deposition 
on pSi  [60] . Although SEM also has EDX capability, the penetration depth of the 
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SEM beam is in the low micron range  [61] , and so does not allow for suffi cient z -
 resolution to differentiate thin samples from their substrates, thus precluding an 
accurate analysis of the sample composition. Therefore, the use of TEM and 
STEM, where the electron beam travels solely across the specimen, provides a 
more accurate characterization of the chemical composition of the sample. The 
2    Å  spot size rastering beam of STEM also allows for minimum background noise 
and high - resolution x,y mapping of the sample surface. 

  11.4.5.1   Sample Preparation 
 Sample preparation for both HRTEM and STEM is signifi cantly more complex 
than for SEM. The TEM sample must allow a certain degree of electron transmis-
sion in order for the electrons to be collected at the detector and form an image 
 [62] . Conventional TEM sample preparation for hard materials such as semicon-
ductors requires a combination of mechanical grinding, mechanical, ionic or 
focused ion - beam milling, or dry or wet etching  [62, 63] . For pSi, the energy 
involved in these processes is known to lead to structural damage of the sample. 
However, by borrowing from a biological methodology for sample preparation, 
the authors ’  group has developed an ultramicrotomy protocol to prepare samples 
for imaging  [64, 65] . In the basic protocol, the sample    –    after being rendered into 
the desired state    –    is embedded in an epoxy resin which is cured and then shaved 
into nanometer - thick slices using a diamond - blade microtome  [66] . In the initial 
protocol a formulation of Spurr resin was used  [66] ; this is a mixture of  vinylcy-
clohexane dioxide  ( VCD ), a fl exibilizer made from the diglycidyl ether of polypro-
pyleneglycol (DER 786), a hardener consisting of  nonenyl succinic anhydride  
( NSA ), and an accelerator of  dimethylaminoethanol  ( DMAE )  [66] . The uncured 
resin is characterized by a very low viscosity that allows it to effi ciently penetrate 
the nanosized features of the sample. The main drawback is the hydrophobic 
nature of the resin, which prevents the embedding of hydrated samples  [66] , and 
it is therefore necessary to dehydrate the sample fi rst by using ethanol and then 
acetone. Although this method is effective for pristine porosifi ed silicon, problems 
can occur when the microparticle has been loaded, as the acetone may dissolve 
out any loaded material that is not fi rmly bound in the sample. One means of 
alleviating this problem is to use a water - soluble embedding material such as 
agarose  [67] . Agarose contains a crosslinkable polysaccharide that can be used in 
aqueous solution, but unfortunately it is quite soft, which makes it a poor choice 
for sectioning relatively hard silicon microparticles. It can, however, maintain the 
relative positions of the components within the aqueous media once it has been 
polymerized. The agarose can then be crushed and embedded in a fi rmer epoxy, 
such as Spurr. 

 When the sample has been embedded it is necessary to shape the block face 
down to a small area ( < 0.7   mm on each side). The sample is then sectioned using 
an  ultramicrotome  (e.g. the Leica - UCT)  [64, 65] . The ultramicrotome uses a 
mechanical or thermal advance to move the epoxy block towards a stationary 
glass or diamond knife (in this case, a diamond knife with a 35    °  blade) while 
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simultaneously sweeping the sample vertically (perpendicular to the blade edge) 
 [64 – 66] . A glass knife is used initially to smooth the block face and to supply 
thick sections for imaging by optical microscopy (this indicates the best location 
from where to take the ultrathin sections with the diamond knife)  [66] . As the 
sample approaches the blade edge, the sweep rate of the arm slows dramatically 
so that a thin slice is removed. Due to the porous nature of the silicon micropar-
ticles, the block can be sectioned without damaging the blade (this would not be 
possible with bulk silicon). The tool is capable of stepping the arm anywhere, 
from many microns down to 20 – 30   nm  [66] . The diamond blade is mounted in 
a chassis which can accommodate a liquid reservoir directly behind the blade 
 [64] . When the block face has been sliced, the hydrophobic sections fl oat on top 
of the reservoir in a ribbon, and may be collected by pressing a copper grid, 
treated by immersion in hydrochloric acid, onto the liquid ’ s meniscus where the 
sections are located  [66] . The grids can then be loaded into the TEM for observa-
tion. The process of embedding and microtoming provides an effective means 
of preparing porous silicon TEM samples and, in a more general sense, of creat-
ing thin cross - sections of microparticles in order to examine their structure and/
or the effectiveness of loading protocols. SEM can also be used to examine sec-
tions to check for loading effi ciency; whether the material being loaded is suffi -
ciently large and has good contrast, such as gold nanoparticles. Images of 
sectioned microparticles taken using SEM, TEM, STEM and HRTEM are shown 
in Figure  11.11 . The loading of quantum dots in porous silica beads using fl uo-
rescent images has also been demonstrated  [69] .   

 As mentioned above, the hydrophobic nature of the epoxy and the embedding 
procedure may cause any loaded material to dissolve out of the pSi during the 
process. As an alternative to using a water - soluble embedding material, it is pos-
sible to use fl ash - freezing, cryosectioning and cryo - TEM to prepare and subse-
quently image the material  [70] . If an aqueous solution can be frozen quickly 
enough, the water surrounding it can be vitrifi ed, as opposed to frozen into a 
crystalline form that causes sample damage  [70] . The usual protocol consists of 
plunging a small droplet of the sample containing an aqueous solution into a 
liquid, such as ethane, at liquid nitrogen temperature  [70] . Immersion directly into 
liquid nitrogen is ineffective due to the  Leidenfrost effect , whereby a liquid in 
contact with another material at a temperature much higher than its boiling point 
will be insulated for a certain period of time by a thin vapor fi lm that is present 
due to the fl ash boiling of the cooler liquid at the interface  [71] . This vapor fi lm 
will insulate the bulk of the liquid, thus slowing down the transfer of heat along 
the temperature gradient  [71] . The water in the aqueous solution containing the 
sample then has suffi cient time to crystallize and damage the sample  [70] . When 
the sample has been frozen, both ultramicrotoming and TEM can be performed 
under cryostatic conditions  [70] . In this way, a  ‘ snapshot ’  of the material interac-
tion between the silicon microparticle and the material to be loaded can be 
achieved. This is an especially useful technique for visualizing the loading of soft 
material, such as liposomes, as the more standard embedding techniques are too 
destructive for these organic structures  [72] . 



 Having described some of the standard techniques used to characterize mic-
roparticles from a materials standpoint, it is also important to understand their 
behavior from a biological standpoint. This requires another set of tools and tech-
niques, some of will now be discussed in the context of using pSi particles as 
vectors for the targeted delivery of drug molecules and contrast agents.    

  11.5 
 Nanovectors for the Delivery of Therapeutics 

  11.5.1 
 Biocompatibility and Biodegradation 

 Silicon is the most abundant element on Earth after oxygen  [73] . When in solution, 
silicon is not ionized but rather is present as orthosilicic acid, Si(OH) 4 , the dissolu-
tion product of silica in water. Silicon is used for skeletal strengthening by sea 
sponges, and by organisms for bone development  [74] . Experimentally, silicon 
implanted into humans has been shown to contribute to bone growth by stimulat-
ing the formation of hydroxyapatite  [74] . In addition to bone, silicon is required 
for cartilage and connective tissue formation  [75, 76] . 

    Figure 11.11     (a) SEM; (b) TEM; (c) STEM; and (d) HRTEM 
images of sectioned pSi microparticles. In (d) the crystal 
lattice of the pSi can be observed.  
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 Crystallized silicon is very nonreactive and requires extremely high tempera-
tures to become reactive. It is also known to be a nonbiocompatible material with 
very poor hemocompatibility  [9] . However, in 1995, Canham  [10]  demonstrated 
the bioactivity of pSi layers in  simulated body fl uid s ( SBF s). Here, the term  ‘ bioac-
tive ’  refers to silicon as a biomaterial, which is defi ned as a nonviable material 
intended to interact with biological systems when used in a medical device. As 
noted by Canham, the transition of silicon to a bioactive state via the introduction 
of pores is consistent with the fact that all other natural biological materials are 
porous  [77] . In Canham ’ s study, 1    μ m - thick pSi layers were incubated in various 
SBFs for periods ranging from 6   h to 6 weeks. While the highly porous Si (porosity 
 > 70%) dissolved in all SBFs tested, the silicon with medium porosity ( < 70%) was 
slowly biodegradable. Similar to solid silicon, very low - porosity silicon was shown 
to be bioinert. Thus, porosity is directly related to bioactivity. 

 Other studies have also analyzed the degradation of pSi layers in SBFs  [68, 78] . 
Both,  inductively coupled plasma  ( ICP ) and  mass spectroscopy  ( MS ) measure-
ments of solutions containing porosifi ed wafers were used to determine the 
amount of dissolved pSi from 64%, 83% and 88% porosity layers over 24   h at dif-
ferent pH levels. Triplicate experiments were performed on fi ve different buffered 
solutions with pH values of 2, 4, 6, 7 and 8, after which ICP - MS was used to 
determine the amount of silicon in solution at different time points  [68] . At pH 7, 
medium - porosity (62%) pSi showed almost no dissolution at 6   h, and very little at 
24   h. Both, high (83%) and very high (88%)  - porosity fi lms showed an exponential 
increase in silicon dissolution over time, with a maximum of 61.3    ±    7.6% for high -
 porosity fi lms and 45.5    ±    3.3% for very high - porosity fi lms  [68]  (Figure  11.12 ). 
Dissolution at 6 and 24   h under different pH conditions showed a positive correla-

    Figure 11.12     Effect of porosity and pH on 
dissolution kinetics of pSi. (a) Medium -
 porosity (62%) fi lm (white); high - porosity 
(83%) fi lm (gray); and very high - porosity 
(88%) fi lm (hatched); (b) Bulk (nonporous) 
fi lms: dark blue line is 6   h (square points), 
superimposed horizontal line is 24   h 

(triangular points); medium - porosity fi lms 
(62%): red line is 6   h (circles), light blue line 
is 24   h (diamonds); high - porosity fi lms (83%): 
green line is 6   h (triangles), purple line is 24   h 
(crosses).  Reprinted from Ref.  [68]  courtesy of 
Wiley - VCH.   
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tion between dissolution and increasing pH (Figure  11.12 ). The low -  and high -
 porosity layers dissolved completely at pH 8 at 24   h, whereas at pH  ≤ 4, little or no 
dissolution was observed  [68] .   

 Ferrari ’ s research team has confi rmed the impact of pore size on degradation 
kinetics  [79] .  3 - Aminopropyltriethoxysilane  ( APTES )  - modifi ed silicon microparti-
cles, which are hemispherical in shape and have a diameter of 3.0 – 3.2    μ m, con-
tained either small (5 – 10   nm) or large (30 – 50   nm) pores. The microparticles were 
incubated in  phosphate - buffered saline  ( PBS ) with shaking at 37    ° C. Degradation 
was measured by  inductively coupled plasma atomic emission spectrometry  ( ICP -
 AES ) analysis of the released silicon. While small pores particles remained intact 
at 4 and 6   h, large - pore particles released 15% and 35% of their silicon content, 
respectively. After 32   h, small - pore particles were 25% degraded, and large - pore 
particles 85% degraded. In agreement with previous reports, the degradation 
kinetics was heavily dependent on the pore size, with small - pore particles degrad-
ing much more slowly than their large - pore counterparts. 

 The hydrosilylation of pSi layers with 1 - dodecyne yields a dodecenyl - terminated 
surface which is completely stable for weeks in both simulated blood plasma and 
alkaline solutions  [78] . Another surface modifi cation which has been shown to 
slow degradation is to coat the pSi with a hydrophilic  ‘ stealth ’  polymer, such as 
 poly(ethylene glycol)  ( PEG ). In a study conducted by Godin  et al.   [79] , the pSi was 
surface modifi ed with one of seven PEGs of which the  molecular weight  ( MW ) 
ranged from 245 to 5000, in either PBS or 100% serum at 37    ° C with constant 
shaking. The pSi was seen to degrade faster in serum than in PBS, while the MW 
of the PEG correlated negatively with the degradation rate. Conjugation of the 
shortest PEG (PEG - 245) to the particle surface did not affect the degradation kinet-
ics in serum compared to the parent APTES pSi, but did delay pSi degradation in 
PBS. pSi particles with longer PEG chains degraded within 18 – 24   h in serum, and 
within 48   h in PBS. The most dramatic effect on degradation rate was observed 
for particles coated with PEG - 3400 or PEG - 5000, both of which extended the life 
of the particles to more than three days under these harsh conditions. 

 The  ‘ stealthing ’  of delivery vehicles with PEG is also used to prolong the blood 
circulation time by reducing the surface charge and creating steric hindrance, 
both of which interfere with the binding and uptake of particles by cells of the 
mononuclear phagocyte system, such as macrophages. One mechanism by which 
PEG reduces the uptake of pSi by phagocytic cells is through reduced serum 
opsonization, which mediates recognition by phagocytic cells. The main draw-
backs of this approach include a reduced ability to attach targeting ligands to the 
particle surface, the involvement of distally located ligands which may accelerate 
removal, and the possible elicitation of an immune response  [80] . Additional 
drawbacks of using PEG to limit phagocytosis include the shielding of pores 
during the loading process and hindered drug release  in vivo  at the pathological 
site. In order to enhance the therapeutic effi cacy of  ‘ stealthed ’  particles, tech-
niques aimed at causing the polymer coat to be  ‘ shed ’  at the lesion site are being 
developed  [81] . 
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 For the extracellular release of drugs, a delayed degradation of the silicon par-
ticle with polymers, followed by shedding after arrival at the target site, would 
lead to a directed drug release  [81] . The extracellular shedding of the polymer 
coat at the pathological site also restores interactions with target cell membranes 
and facilitates uptake if desired. Shedding approaches include using linkers with 
predetermined cleavage points between the polymer chain and anchoring moi-
eties. Stimuli eliciting such release include proteases, pH changes and reducing 
agents. For example, the extracellular pH of solid tumors is signifi cantly more 
acidic than that of normal tissues, leading to a selective release at the tumor site 
 [82] . Alternatively, internalized particles encounter consecutive drops in pH as 
they transition from early to late endosomes, and then to lysosomes. Intracellular 
delivery could also benefi t from linkers sensitive to protonation for the release 
of therapeutics. One example of a linker which is sensitive to hydrolysis of the 
linker bond is diorthoester  [83] ; at low pH, this bond forms a stable dialkoxy 
carbonium intermediate and leads to dissociation of the polymer. Other acid - labile 
linkers include vinyl ether, hydrazone, beta - thiopropionate and phosphoramidate 
 [81] . With regards to reducing agents, a switch from an oxidizing to a reducing 
environment occurs as particles transition from the extracellular to the cytosolic 
environment. The reduction of disulfi de bonds, such as a dithio - 3 - hexanol linker, 
for example, could release polymers, carrier caps or covalently attached drug 
molecules. The third cleavage approach    –    proteolysis - induced shedding    –    relies on 
enzymes present at high concentrations at the pathological site. For example, 
lysozymes and cathepsins are present at infl ammatory sites, including cancer 
lesions  [81] . 

 One important issue concerning biocompatibility is the toxicity of the dissolved 
silicon. Fortunately, pSi degrades predominantly into monomeric silicic acid 
(Si(OH) 4 ) which, as stated previously, is the natural form of silicon in water. The 
average daily dietary intake of silicon, an essential nutrient, in the Western world 
is approximately 20 – 50   mg per day  [84] . The mean daily silicon intake in men is 
30 – 33   mg, signifi cantly higher than for women (24 – 25   mg); for both men and 
women, the mean daily intake is decreased with age. As an example of dietary 
silicon content, an average beer contains 19.2   mg   l  − 1  silicon  [85] ; due to a 55% 
absorption rate, serum and urinary silicon levels are considerably increased fol-
lowing the consumption of 600   ml of beer. Fortunately, the dietary intake of silicic 
acid was balanced by its urinary excretion, which is highly effi cient. The dietary 
importance of silicon was demonstrated defi nitively by excluding silicon from the 
diet of rats; this led to a growth reduction of 30 – 35% and to the development of 
bone deformations  [86] . 

 Consistent with variations in dietary silicon intake, serum silicon levels in 
adults vary with both gender and age. In a study of 1325 healthy volunteers  [87] , 
median serum concentrations were higher in women aged 30 – 44 years 
(11.1    μ mol   l  − 1 ), as compared to women aged less than 30 years, and decreased in 
both men and women with increasing age (7.7 and 8.0    μ mol   l  − 1 , respectively). The 
decease in silicon levels in relation to age was faster in women. For men, steady -
 state silicon levels (9.5    μ mol   l  − 1 ) were maintained between 18 and 59 years. 



 Sapelkin  et al.   [88]  cultured rat hippocampal neurons (B50 cell line) with stain -
 etched pSi and showed that cells were capable of adhering to the silicon surface. 
Portions of the crystalline silicon surface were treated, creating either square 
regions with pore sizes varying from 50 – 100   nm, or 30    μ m -  and 100    μ m - wide 
stripes, separated by untreated surfaces. The cells showed a clear preference for 
adherence to porous regions, with growth ending abruptly at boundaries between 
the crystalline and porous regions. In the case of porous lines etched onto the 
silicon, the cells aligned along the channels. Thus, the surface topology clearly 
infl uenced cell proliferation. Khung  et al.   [89]  further showed that SK - N - SH neu-
roblastoma density and morphology were dramatically infl uenced by pSi surface 
topography. The cells were sensitive to nanoscale surface topography, responding 
to features of less than 20   nm. Neuroblastoma cells were grown on pSi gradients, 
with pore sizes ranging from 5 to 3000   nm. Unlike B50 cells, the SK - N - SH cells 
appeared healthy and had well - spread processes when grown on either unetched 
fl at silicon or pSi with 5 to 20   nm pore sizes. For large pore sizes, the cell morphol-
ogy mirrored the structure of the pores, but for pore sizes  < 1000   nm (but  > 20   nm) 
the increased cell clustering and shortening of neuritic processes continued with 
decreasing pore size. In addition to increased clustering, the cell density was 
decreased with decreasing pore size (from 1000 to 20   nm), but increased on pore 
sizes below 20   nm; this suggested that the nanoscale surface topography had been 
 ‘ sensed ’  by the growing cells. 

 Bayliss cultured  Chinese hamster ovary  ( CHO ) cells and rat hippocampal 
neurons (B50) on pSi layers in tissue culture media for four days  [90] . The cell 
viability in terms of respiration and membrane integrity was measured using 
 MTT  [ 3 - (4,5 - dimethylthiazolyl - 2) - 2,5 - diphenyltetrazolium bromide ] and  neutral 
red  ( NR ) assays. Cell viability was signifi cantly higher for B50 neurons cultured 
on pSi than on poly - silicon or bulk silicon, as well as control glass coverslips, 
supporting the nontoxicity of pSi under these conditions  [90] . However, CHO 
cells were less viable on pSi than on crystalline silicon and glass, which suggested 
that coating with matrix proteins such as collagen might be important for specifi c 
populations. 

 In another study, primary mammalian hepatocytes isolated from a three - month -
 old female Lewis rat were cultured on either untreated pSi, fetal bovine serum -
 treated pSi or collagen - coated pSi  [91] . After a 24   h incubation period, measurements 
of cell adhesion showed the collagen - coated pSi to be by far the optimal substrate, 
but after fi ve days the cell viability in the presence of pSi was similar to that in the 
presence of polystyrene. The production of albumin and urea, which were respec-
tively considered as markers of hepatocyte synthetic function and of intact nitrogen 
metabolic pathways, was monitored in the cell culture for 14 days and shown to 
be comparable to values observed in the presence of polystyrene. Taken together, 
these data suggest that pSi does not exhibit any signifi cant cytotoxic effects towards 
primary mammalian cell lines. 

 Although studies to determine  in - vivo  biocompatibility, biodegradation and bio-
distribution studies are currently under way, no results have yet been presented. 
As mentioned above,  in vitro  dissolution studies have shown that silicic acid 
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concentrations can be controlled by adjusting the porosity of pSi  [92] . The major 
obstacle to successful  in - vivo  studies is the dietary dose of silicon in animals. 
Therapeutic doses of drug - carrying pSi are two to three orders of magnitude lower 
than the dietary intake, and therefore administered silicon is diffi cult to detect 
accurately in biodistribution assays. Whilst radioactive silicon may help to over-
come this detection issue, the half - life of  31 Si (the only isotope that can be obtained 
through the irradiation of Si) is 157.3   min, and clearly inadequate for long - term 
studies. The production of single - crystal silicon wafers enriched with more stable 
Si radioactive isotopes is, as yet, unheard of. Studies of the biodistribution path of 
other elements (i.e. fl uorescent molecules), either loaded into or covalently attached 
to the pSi particle, represent an indirect alternative that is currently being used to 
measure the biodistribution of silicon. 

 Reports on the use of  32 P - doped pSi (Brachysil ® ) for brachytherapy in nonre-
sectable hepatocellular carcinoma have so far accounted for the fi rst    –    and only    –    
published study of an in - human use of pSi particles  [93] . A collection of 
phosphate - doped 20    μ m pSi particles were neutron - irradiated to obtain a signifi -
cant increase in the level of radioactive  32 P. Previous animal model studies have 
established that nonirradiated particles were biologically inert; irradiated  32 P pSi 
implantation into pig livers also failed to show any systemic toxicity, with minimal 
leakage. For human studies, all eight subjects considered for a clinical trial were 
characterized by the Eastern Cooperative Oncology Group performance status 0 – 2, 
Okuda Stage I and II, life expectancy greater than 12 weeks, as well as adequate 
hematologic, renal and hepatic functions. Any patients with encephalopathy, prior 
radiotherapy, signifi cant history of cardiac disease or a serious, active infection 
were excluded. A maximum of three tumors per patient was identifi ed and moni-
tored, after which patients were scheduled to receive intratumoral implantation of 
Brachysil under radiologic imaging guidance and local anesthesia. None of the 
patients had any detectable radioactivity levels in their blood immediately after 
implantation, which showed that the device had remained  in situ , without systemic 
dissemination. The 24 - week follow - up showed no adverse events related to the 
therapeutic formulation, and the authors concluded that,  ‘ The lack of any serious 
adverse events, and the absence of systemic leakage, indicate that this device is 
relatively safe for use in clinical settings ’ . All target tumors showed a size reduction 
at 12 weeks after implantation, with 100% regression in two patients. Further 
tumor size reductions were observed in four patients at 24 weeks. The fi nal assess-
ment, at 24 weeks, showed two complete responses, two partial responses, three 
stable diseases, and one progressive disease. 

 As with all therapeutic applications, aseptic techniques are necessary for produc-
tion. It has been shown, using  in vitro  cell cultures, that both bacteria and fungi 
will readily colonize pSi, thus establishing a need for sterilization prior to their 
use in clinical applications  [77] . Although some preliminary studies on pSi steril-
ization, including autoclaving, have been presented, few reported data are avail-
able. Current clinical applications, which are limited to BioSilicon carriers, use 
irradiated products and a sterile formulant  [93] .  



  11.5.2 
 Drug Loading and Quantifi cation of Drug Load 

 A variety of techniques have been used to load drugs into pSi mesopores, including 
the immersion of particles into a loading solution containing an appropriate 
solvent for the target drug  [94 – 96] . Another method is to load dry pSi particles or 
chips with a drug solution by capillary action; this is also known as the  incipient 
wetness method   [97 – 99] . Drying pSi particles has been achieved by freeze or 
vacuum drying  [96, 100]  as well as thermal drying  [52] . While these loading tech-
niques may appear simple, factors such as pH dependency, time and temperature, 
as well as interactions between the drug and the particles, the drug and the solvent, 
and the solvent and the particles, must all be taken into account. Retention of the 
drug occurs by a nontrivial combination of electrostatic attraction, van der Waals 
forces, H - bonding and hydrophobic interactions, depending on the pSi surface 
chemistry and the drug choice. pSi can be made hydrophobic for the loading of 
hydrophobic drugs, such as dexamethasone; conversely, the loading of hydrophilic 
drugs may be aided by an appropriate surfactant  [99] . Once loaded, a balance 
between suffi cient washing and drug retention must be achieved whilst at the 
same time releasing the surface fraction. 

 A more irreversible loading technique involves entrapment by volume expan-
sion  [55] . For example, an iron oxide nanoparticle payload was loaded into pSi 
and then locked into place by oxidation of the pSi. When silicon is oxidized to 
SiO 2 , a volume expansion occurs which shrinks the pores and traps the payload. 
This procedure involves loading nanoparticles immeresed in a basic aqueous 
solution and then drying the sample in an oven (both of these steps may con-
tribute to oxidation). Another loading technique is covalent attachment of the 
payload, in which the hydrosilylation layer on oxidized silicon provides a means 
for using bioconjugation chemistry. As an example, in order to attach a payload 
to pSi, it might be possible to react the oxidized pSi with a carboxyalkene to 
create functional carboxyl units on the pSi surface. The fi nal result of loading is 
pSi particles containing a payload, the release of which is dependent upon deg-
radation of the matrix. An advantage of the more stable loading techniques is 
that the loaded pSi can be more vigorously washed, thus facilitating release of 
the surface fraction. 

 A unique attribute of pSi is the ability to optically report on the loading of a 
molecule within the porous nanostructure. The optical interference spectrum 
from multilayers has been used in sensor applications, where changes in the 
optical refl ectivity spectrum indicate the capture of a chemical or biological species 
 [101 – 106] . However, these properties can also be used to monitor the release of a 
drug loaded into pSi. The Fourier transform of the optical refl ectivity spectrum 
provides a simple means of monitoring the drug loading and release  [107]  since, 
when the loading has been completed, both the quantity and chemical purity of 
the drug can be determined using  high - performance liquid chromatography  
( HPLC ) analysis. For this, two different methods can be used. In the fi rst method, 
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any depletion in the drug concentration of the loading solution can be determined 
during the loading procedure. In the second method, the drug concentration is 
determined after complete extraction of the drug residing in the PSi particles  [97] . 
In addition, as noted in Section  11.4.3 , high - resolution imaging (e.g. STEM and 
EELS) can be used to visualize and quantitate the sample loading. 

 In a detailed  in vitro  study, Salonen and coworkers studied the loading of fi ve 
model drugs into pSi particles, and their subsequent release  [52] . Here, antipyrine, 
ibuprofen, griseofulvin, ranitidine and furosemide were chosen to represent a 
wide range of solubilities, as well as different acid – base characteristics and lipo-
philicity. The pSi surface was treated with a two - step thermal carbonization process 
in order to obtain a chemically stable hydrophilic Si − C interface. The drugs were 
then loaded in different solutions and conditions due to their different solubility 
characteristics. The loaded particles were fi ltered and dried at high temperature 
(65 – 105    ° C) for 1   h. The characterization of the drug loading was performed using 
techniques which included thermogravimetry, differential scanning calorimetry, 
helium pycnometry, N 2  desorption, X - ray diffraction and HPLC. Such use of mul-
tiple techniques allowed the investigators not only to obtain more reliable results 
but also to localize the drug in the pores, or on the surface of the microparticle. 
Drug release was studied at different pH values (5.5, 6.8, 7.4) and quantifi ed 
through HPLC. The fi ve drugs each showed different loading capabilities and 
release profi les: 

   •      Antipyrine:   The average load of antipyrine, a highly soluble drug, was 53.4% 
(w/w) after 1.5   h in aqueous solution, but 14.5% of the loaded drug was in 
crystalline form on the surface. A rapid early release, which slowed after 5   min, 
was due to the dissociation of surface antipyrine. A pH - independent dissolution 
of 80% of the loaded drug occurred at 75   min, while unloaded drug required 
45   min for 80% dissolution.  

   •      Ibuprofen:   The average ibuprofen load, in ethanol after 1   h, was 30.4%, with a 
minimal amount of crystallized drug on the surface. The lower loading effi ciency 
and negligible presence on the surface were expected due to the lower solubility 
of ibuprofen. Although ibuprofen solubility is pH - dependent, dissolution of the 
loaded drug was less pH - dependent than unloaded ibuprofen, and the release 
profi le of loaded ibuprofen was similar to that of loaded antipyrine.  

   •      Griseofulvin:   The griseofulvin loading effi ciency was 12.4 – 16.5%, with minimal 
traces on the surface; this was an extremely good result considering the poor 
solubility of the molecule. Griseofulvin solubility is not pH - dependent while 
loaded, however, griseofulvin release was pH - dependent, which suggested that 
the enhanced release at high pH might be due to effects of the pH on surface 
interaction between the pSi and the drug, or to an enlargement of the pores at 
high pH due to surface degradation.  

   •      Furosemide:   Furosemide, which also is poorly soluble in aqueous media, had an 
average load of 41.3%, with no drug crystallized on the surface. Its release at pH 
5.5 was signifi cantly improved by loading into porous silicon. At pH 6.8 and 7.4, 



furosemide release was still slightly increased by loading, as was the case for the 
other poorly soluble molecules.  

   •      Ranitidine:   Surprisingly, despite the high aqueous solubility of ranitidine, the 
average load was only 13.2%, with no drug crystallized on the surface. As in 
the case of antipyrine, loading of the drug into porous silicon particle slowed the 
release rate of this highly soluble molecule.    

 The results of this study indicated that the chemical nature of the drug and 
the loading solution were critical for effi cient loading. Clearly, the surface proper-
ties constitute an essential aspect in the design of porous silicon particles for 
drug delivery, and there is great potential for tailoring the surface properties of 
silicon to suit the compound being loaded. The release rate of the pSi - loaded 
drug was dependent on the solubility of the drug molecule. For highly soluble 
molecules, the pSi loading caused a slightly delayed release with respect to the 
unloaded drugs, whereas for poorly soluble drugs their dissolution was signifi -
cantly improved by loading. In addition, loading in general reduced any pH -
 dependence of dissolution. Another important result of this study was the direct 
observation and quantifi cation of actual loading of the drug inside the silicon 
matrix pores. The advantages of having the drug on the surface of the silicon 
particle are extremely limited, both in terms of sustained release enhancement 
and of protection from physiological biobarriers. It is necessary, therefore, to 
achieve a signifi cant pore loading in order to fully exploit any advantages of pSi 
as a drug carrier. 

 PSi loading and release of a model protein have also been studied  [108] . Here, 
aqueous solutions containing papain at different concentrations (1 – 10%, w/w) 
were incubated with pSi particles that had been presoaked in methanol to enhance 
loading. The particles were then washed, and a portion of the loaded particles 
examined using  Fourier transform infrared  ( FTIR ) analysis to assess the loading 
level. The FTIR analysis was used to characterize the chemical state of the pSi 
loaded with papain by monitoring any absorbance that was correlated to specifi c 
functional groups. The remaining particles were transferred to PBS, at 37    ° C, and 
at multiple time points the PBS was collected for the quantitation of released 
papain. FTIR analysis showed a decrease in the Si − H  x   signal which indicated a 
strong physical binding or chemisorption between the Si − H groups and specifi c 
functional groups in the papain. Asdorbance at 2100   cm  − 1  due to Si − H  x   stretching 
decreased with increasing papain solution concentration, which suggested an 
increased loading level. A signifi cant initial burst release was observed that indi-
cated the presence of surface - bound papain. Increasing the loading level of papain 
decreased the initial release percentage, suggesting that with increasing protein 
concentration a greater proportion of papain was being loaded into the pores. 
After the initial burst, a linear relationship between papain release and time was 
observed, suggesting a zero - order release. The results of this study support pore 
internalization of the protein through FTIR analysis, as well as the presence of a 
possible loading interaction mechanism and how this refl ects on the release 
profi le. Also, the selected surface termination of the silicon, and its interaction 
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with the loaded moiety, was also indicated as an extremely important factor 
affecting loading. 

 In the future, additional knowledge regarding the loading process itself will 
undoubtedly be needed. Typically, some drugs seem to be easily loaded into pSi, 
while the loading of other drugs is quite complicated, especially when the behavior 
is not dictated solely by the surface chemistry of the pore walls. In summary, the 
use of alternative solvents, an optimized pH value and an appropriate temperature 
may enhance loading effi ciency, especially when considering hydrophobic drugs 
and the loading of nanoparticles such as liposomes.  

  11.5.3 
 Nanovectors for the Delivery of Therapeutics 

  Nanovectors  are drug delivery vehicles engineered with details and features in the 
nanosize range. These nanovectors are designed to optimize delivery to pathologi-
cal sites and to provide a sustained, controlled release of drug therapies. Alterna-
tively (or simultaneously), nanovectors can deliver concentrated payloads of 
contrast agents that can be used to image the pathological site and/or monitor 
drug delivery  [109] . The localization, controlled release and monitoring of drug 
delivery within the body represent key challenges in the design of effective, tar-
geted drug therapies  [110 – 116] . 

 In its simplest embodiment, a nanovector comprises the particle and the biologi-
cally active principle it carries (Figure  11.13 a). Experience with particulates, such 
as liposomes, has shown that nanovectors of dimensions between 10 and 1000   nm 
are cleared very rapidly from the bloodstream by means of uptake by phagocytic 
cells of the RES  [117] . In order to decrease the clearance time, and thereby allow 

    Figure 11.13     (a) First - generation nanovectors 
are characterized by the vector itself (e.g. 
liposome) and the drug payload; (b) Second -
 generation nanovectors have a more complex 
modifi cation of their surface. The addition of 
targeting molecules (e.g. antibodies) and 
shielding molecules (e.g. PEG) convey new 
functions to the vector; (c) Third - generation 

nanovectors consist of multiple components 
optimized to fulfi ll all the tasks required by a 
drug delivery vector. These tasks include 
bypassing sequential biological barriers, 
protecting the drug payload, and releasing the 
drug payload at the pathological site in a 
time - dependent manner.  



longer circulation time and improve localization at the desired target location, 
vectors can be surface - decorated with PEG or other shielding moieties, as described 
previously  [118] . A nanoparticle comprising a drug and a stealthing layer is defi ned 
as a  second - generation nanovector  (Figure  11.13 b). The liposomal drug formula-
tions that are currently available in the clinic belong to this class of nanovectors. 
First -  and second - generation nanovectors accumulate at the tumor site by escaping 
the vascular compartment through fenestrations ’  these are openings that charac-
terize the tumor - associated, neovascular endothelium and render the blood vessels 
hyperpermeable compared to the normal vasculature. This passive localization 
mechanism is known as  enhanced permeation and retention  ( EPR ).   

 During the past two decades, several different strategies have been proposed to 
add biological targeting capabilities to nanovectors  [119] . The dominant strategy 
involves the conjugation of targeting moieties to the surface of the nanovector, 
including antibodies  [120] , ligands  [121] , aptamers  [122]  and small peptides  [123] . 
Targeting has been directed towards cancer cell - surface markers and to molecules 
expressed in the tumor microenvironment, most notably on the tumor - associated 
vascular endothelium. 

 After loading with drugs, the pores in the nanoparticles can be closed by con-
structing appropriate cap structures (Figure  11.14 ). The ability to control the 
release of anticancer drugs provides mesoporous silicon nanoparticles with advan-
tages over other drug delivery systems, such as liposomal particles or albumin -
 based nanoparticles  [124] . For example, environmentally responsive nanovectors 
are designed to release their therapeutic payload upon encountering external con-
ditions that are associated with cancers. For instance, pH - sensitive polymers exist 
that become destabilized in the acidic environments of tumor lesions  [125, 126] , 
leading to a localized release of the drug cargo (Figure  11.15 a). Tumor - associated 
enzymes, such as matrix metalloproteinases, may also be employed for preferen-
tial release at lesions that present a markedly invasive phenotype  [128]  (Figure 
 11.15 b).    

  11.5.4 
 Towards a Multi - Stage Drug Delivery System 

 In order to develop the optimal drug delivery system it is important to consider 
the localization and negotiation of biological barriers. Following injection, thera-
peutic agents encounter a multiplicity of biological barriers that adversely impact 
their ability to reach the intended target at the desired concentrations  [129] . Barri-
ers of epithelial and endothelial nature, such as blood vessel walls and the blood –
 brain barrier, are among the most common examples of biobarriers to therapeutic 
action (Figure  11.16 ). These barriers are based on tight - junctions, which either 
prevent or limit the paracellular transport of agents. Endothelial/epithelial barriers 
are themselves multiplex and sequential in nature.   

 An entirely different biobarrier against the penetration of therapeutic agents, 
especially if they are formulated as large particulates, is the increased, adverse 
osmotic oncotic pressure developed by cancer lesions during their growth (Figure 
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 11.16 ). Recent studies have shown that the hemodynamics within cancer lesions 
constitutes another type of barrier to particle localization  [21] . Delivery vehicles of 
different shapes and sizes can offer a dramatic increase in therapeutic index, by 
optimizing their properties of margination, extravasation, fi rm adhesion to the 
vascular endothelium and control of phagocytic uptake. 

 In response to the need to bypass multiple biological barriers, third - generation 
nanovectors are being introduced which perform multiple functions in a sequen-
tial fashion. These nanovectors contain all the characteristics of the previous two 
generations    –    that is, they contain a therapeutic payload and have targeting and 
shielding moieties on their surfaces    –    but they are also able to perform a time 
sequence of functions which involves multiparticle coordination (see Figure 
 11.13 c). An example of a third - generation nanovector is the  ‘ nanoshuttle ’ , 
which is a cluster of bacteriophage - entrapped metal nanoparticles  [123] . The mul-
tistage systems which recently were demonstrated represent another example of 

    Figure 11.14     (a) With time, the payload naturally diffuses 
out of the pores into the surrounding solvent; (b) Several 
techniques exist to temporarily seal the pores. For example, 
pH - sensitive polymers can be used to cap the openings of the 
pores, creating a directly selective release at the tumor site.  

(a)

(b)

Pores

Bioresponsive polymers
Bulk silicon Capping



    Figure 11.15     (a) pH - responsive particles 
(blue) retain their payload while in the normal 
circulation. At the site of the tumor lesion, the 
characteristic enlarged fenestrations (leaky 
vessels) favor extravasation of the particles 
into the tumor tissues. After diffusion and 
penetration into the tumor mass, the 

conditions of the tumor microenvironment 
(acidic pH) trigger the release of the 
therapeutic payload; (b) Another release 
mechanism is enzymatic cleavage or 
dissociation of the particle, for example, via 
overexpression of matrix metalloproteinases 
in highly invasive tumors.  

    Figure 11.16     Major obstacles exist that 
prevent the majority of the injected drug from 
reaching the intended target. An effi cient drug 
delivery system must be able to negotiate 
each of these obstacles in order to localize 
the therapeutic action at the target site. 
The nature of these biological barriers is 
sequential, and a delivery vector requires 

multiple layers of function in order to 
overcome each of these barriers. Examples of 
biological barriers are: reticuloendothelial 
system (RES) uptake, enzymatic degradation, 
hemorheology, endothelial barriers and the 
tumor - associated osmotic and interstitial 
pressures.  Adapted from Ref.  [154] .   
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    Figure 11.17     An example of a third - generation 
nanovector: the multistage delivery system. 
(a) The system is composed of a fi rst - stage 
component which can be loaded with multiple 
second - stage nanoparticles; (b) After 
intravenous injection, the particles travel 
through the bloodstream and, based on their 
rational design and unique size, shape and 
chemical modifi cations, avoid RES uptake, 
and fi nally migrate to the vessel wall where 
they dock to the target endothelium; (c) The 

fi rst - stage carrier releases the nanoparticle 
payload, which extravasates through the 
fenestrations of target vasculature and 
eventually penetrates into the cancer tissue 
surrounding the vessel; (d) Finally, the 
nanoparticles are taken up by the cells where 
they accomplish their fi nal tasks (cell killing), 
while the fi rst - stage carriers degrade into 
nontoxic, benign materials.  Adapted from 
Ref.  [16] .   

(b)
(a)

(c)

(d)

third - generation nanovectors  [16] . As illustrated in Figure  11.17 , these comprise a 
fi rst - stage module that houses groups of different nanoparticles (Figure  11.17 a); 
the particles then dock on the target vessel walls (Figure  11.17 b) where they release 
the second - stage nanoparticles (Figure  11.17 c). The second - stage nanoparticles 
can be released with different kinetics and rates in accordance with their structure, 
size, shape and chemical composition  [16] . Complete drug release is accomplished 



by the degradation of fi rst - stage particles into biologically benign components 
(Figure  11.17 d). The multistage strategy, summarized in Figure  11.17  combines 
the ability to perform sequential functions, offers opportunities to negotiate mul-
tiple, serially presented biological barriers, and therefore opens new frontiers in 
drug delivery  [16] .     

  11.6 
 Cellular Uptake of  p  S  i  Particles 

 As stated previously, pSi particles are targets for internalization by cells of the 
mononuclear phagocyte system, and  ‘ stealthing ’  with PEG delays their uptake. For 
third - generation delivery systems, the fi rst level of targeting for intravascularly 
administered particulates is the vascular endothelium.  In vitro , vascular endothe-
lial cells are able to internalize micron - sized pSi particles by  phagocytosis  and 
 macropinocytosis  (R.E. Serda  et al. , unpublished results). This is more complicated 
 in vivo , where serum opsonization coats the microparticles and alters their ability 
to adhere to the vascular wall. In this section we describe cellular uptake of pSi 
nanoparticles and microparticles, and examine the characteristics of pSi micropar-
ticles which alter this phenomenon. 

  11.6.1 
 Tumor Microenvironment 

 In order to target cancer lesions, an understanding of the microenvironment is 
essential for the design of the delivery vector. For instance, a clear association 
exists between chronic infl ammation and malignant transformation. As an 
example, infl ammatory bowel disease and  Helicobacter pylori  are associated with 
high rates of colon and gastric cancer, respectively  [130] . Also, the relative risk of 
prostate cancer is increased in men with a history of sexually transmitted disease 
and prostatitis  [131] . In fact, 15% of all cancers are associated with microbially 
induced infl ammation  [132] . In breast carcinogenesis, affi nity mature B cells are 
found in tumor - associated stroma and secondary lymphoid tissues, and they are 
enriched in sentinel lymph nodes  [133] . The proportions of B cells in sentinel and 
axillary lymph nodes of breast cancer patients correlate with increases in disease 
stage and total tumor burden  [134, 135] . The high incidence of chronic infl amma-
tion in cancer explains why the long - term use of non - steroidal anti - infl ammatory 
drugs is correlated with a decreased risk of various types of cancer, including 
colorectal and esophageal adenocarcinoma  [136, 137] . 

 Infl ammatory mediators released by resident neutrophils and mast cells in solid 
tumors attract migrating monocytes, which differentiate into macrophages. Local 
chemokines and cytokines activate macrophages, which become phagocytic and 
release additional infl ammatory mediators. When mice defi cient in macrophages 
were crossed with mice predisposed to mammary cancer, the rate of tumor pro-
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gression decreased and metastasis was inhibited  [138] . This was most likely due 
to the positive role of tumor associated macrophages in stimulation of tumor 
growth and progression  [139] . An example of infl ammatory cytokine secretion by 
macrophages is the release of  tumor necrosis factor -  α   ( TNF -  α  ), which increases 
the surface expression of adhesion molecules on endothelial cells, including  inter-
cellular adhesion molecule - 1  ( ICAM - 1 ),  vascular cell adhesion molecule - 1  ( VCAM -
 1 ) and  endothelium leukocyte adhesion molecule - 1  ( ELAM - 1 )  [140] . Enhanced 
numbers of adhesion molecules enhance the capture of leukocytes  [141, 142] , and 
may also increase the adhesion and capture of pSi particles (i.e. drug delivery 
vehicles). 

 The luminal surfaces of blood vessels contain a monolayer of endothelial cells 
that govern vascular tone and create a blood – tissue interface/barrier. As most 
drugs lack an affi nity for endothelial cells, the endothelium is an important thera-
peutic target for delivery vectors. Endothelial cells are diverse in nature, and an 
understanding of their surface determinants guides the selection of targeting 
ligands that decorate the nanovector. The optimized treatment for cardiovascular 
and cancer pathologies benefi ts from a knowledge of endothelial receptor expres-
sion induced under infl ammatory conditions. As stated previously, targeting 
ligands include antibodies, peptides and thioaptamers; these ligands target recep-
tors for growth factors, cell adhesion molecules and transport proteins. Currently, 
 ‘ Zip codes ’  are being identifi ed which describe the molecular topography of surface 
determinants for defi ned vascular areas  [143] . That is, addresses are being defi ned 
based on endothelial surface determinants expressed at pathological lesion sites. 
Ligands which recognize these addresses bind to the respective surface receptors, 
and can either internalize adherent delivery vehicles into cells through endocytic 
pathways, or provide prolonged residence on the surface, allowing time - dependent 
drug release.  

  11.6.2 
 Effect of Microparticle Shape on Margination 

 Theoretical models  [21, 25] , recently corroborated by experimental results  [26] , 
have shown that nonspherical objects have superior margination and endothelial 
adhesion properties compared to spherical objects of the same characteristic size. 
These fi ndings give nonspherical particles signifi cant advantages over their spher-
ical counterparts. Hemispherical pSi particles have been fabricated as drug deliv-
ery vehicles (Figure  11.18 )  [16] . Enhanced margination improves the ability of 
particles to sense the endothelium and detect biological and biophysical aberra-
tions, such as the overexpression of specifi c antigens or the presence of openings 
and fenestrations in the endothelium. Better margination abilities also enhance 
the particle ’ s ability to leave the larger for the smaller vessels at branching points, 
resulting in a more complete exploration of the vascular system. As stated above, 
an enhanced adhesion of microparticles to the endothelium at the pathological 
site either permits the extracellular release of a payload or facilitates cellular 
uptake.    



  11.6.3 
 Effect of Microparticle Size on Cellular Uptake 

 As demonstrated by Chung  et al.   [144] , human mesenchymal stem cell internaliza-
tion of pSi nanoparticles (108 – 115   nm) can be regulated by altering the degree of 
positive surface charge on the nanoparticles. For example, increasing the positive 
charge on pSi nanoparticles, from a zeta potential of 15.6 to 19.5, caused a signifi -
cant increase in nanoparticle uptake in serum - free conditions. However, a change 
in zeta potential from  − 4.90 to 15.6 did not signifi cantly alter the number of 
nanoparticles internalized. 

 When using  human umbilical endothelial cell s ( HUVEC s) as a model of the 
vascular endothelium, hemispherical pSi microparticles were shown to be inter-

    Figure 11.18     (a, b) Scanning electron micrographs showing 
phagocytosis of pSi hemispherical microparticles by 
endothelial cells (HUVECs). HUVECs were incubated with pSi 
microparticles for either 15   min (a) or 60   min (b) at 37    ° C in 
serum - free media; (c) Confocal micrographs showing 
HUVECs with internalized pSi microparticles (green) after 
incubation for 60   min at 37    ° C.  

(a) (b)

(c)
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nalized in a process characterized by the formation of pseudopodia    –    that is, the 
extension of rope - like protrusions from the cell surface (Figure  11.18 a). Within 
1   h, the HUVECs had completely internalized multiple pSi particles (Figure  11.18  
b and c). Two sizes of microparticles, with diameters of 1.6 and 3.2    μ m, were both 
shown to be internalized via an actin - dependent process. While the uptake of 
larger particles was consistent with classical phagocytosis, with the hallmark image 
of an actin cup holding a microparticle, the smaller particles were internalized by 
both phagocytosis and macropinocytosis. Macropinocytosis, similar to phagocyto-
sis, is actin - dependent, but results in the bulk uptake of both fl uid and solid cargo 
 [145] . Support for macropinocytosis as a mechanism utilized by endothelial cells 
is derived from a study conducted by Hartig  et al.   [146] , in which nonspecifi cally 
bound nanoparticulate complexes were taken up by microvascular endothelial cells 
via macropinocytosis. The role of macropinocytosis in pSi microparticle uptake of 
1.6    μ m particles is supported by an enhanced uptake of  fl uorescein isothiocyanate  
( FITC ) - dextran from the cell media (Figure  11.19 ).   

 Based on TEM analysis, HUVECs incubated with 1.6    μ m oxidized pSi micropar-
ticles for 2   h at 37    ° C show microparticles located in the perinuclear region of the 
cell (Figure  11.20 a) indicative of microtubule - based transport  [147] . A clear mem-
brane can be seen surrounding an internalized 1.6    μ m pSi particle. The larger 
3.2    μ m pSi particles, on the other hand, are more disperse and the majority of the 
microparticles show no evidence of membrane enclosure (Figure  11.20 b). When 
pSi microparticles were labeled with DyLight 488 NHS ester (Pierce) to give them 
green fl uorescent properties, a large number of the 1.6    μ m particles colocalized 
with acidic vesicles (labeled with Lysotracker Red; Invitrogen) at 2   h. However, only 
a few of the 3.2    μ m particles colocalized with acidic vesicles, supporting a cytoplas-
mic localization for the majority of the larger particles (R.E. Serda  et al.  unpub-
lished results).   

    Figure 11.19     Macropinocytosis of pSi 
microparticles by HUVECs. HUVECs were 
incubated with either 1.6    μ m (red) or 3.2    μ m 
(purple) pSi hemispherical microparticles for 
1   h at 37    ° C in media containing FITC - dextran. 
Also included are cells cultured without 

particles in the presence (green) and absence 
(blue) of FITC - dextran. Uptake of FITC - dextran 
is indicative of fl uid uptake, and is therefore a 
metric for macropinocytosis.  
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 Slowing  et al.   [148]  reported that mesoporous silica nanoparticles are internal-
ized by human cervical cancer cells (HeLa) within 1   h in D - 10 growth media. For 
pSi particles ranging from 150 to 300   nm, smaller particles were taken up more 
effi ciently. To examine the endosomal escape of pSi nanoparticles, cells were 
stained with a red fl uorescent endosomal marker (FM 4 - 64). The more negatively 
charged silica nanoparticles were able to escape from endosomes within 6   h, while 
the more positively charged particles remained trapped within endosomes. This 
effect was attributed to the  ‘  proton sponge effect  ’ , in which the negative charge 
on the particles could buffer the acidic environment and disrupt endosomal 
function. 

 A comparison of cellular uptake of mesoporous silica nanoparticles and mic-
roparticles was performed using dendritic cells  [149] . Two sizes of particles, namely 
270   nm (AMS - 6) and 2.5    μ m (AMS - 8), were incubated with dendritic cells in 

    Figure 11.20     Location of internalized pSi microparticles in 
endothelial cells (HUVECs). HUVECs were incubated with 
either 1.6    μ m (a) or 3.2    μ m (b) pSi hemispherical 
microparticles for 2   h at 37    ° C in serum - free media. The TEM 
images were taken by Kenneth Dunner, Jr., provided courtesy 
of the authors.  

(a)

(b)
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culture medium for 24 – 48   h. For both sizes, the majority of cells had internalized 
the particles within 60   min. Based on TEM analysis, AMS - 6 nanoparticles were 
encapsulated into vesicular compartments, while the larger microparticles appeared 
to lack membrane enclosure. Clearly, for drug therapy the intracellular release of 
delivery vehicles and their therapeutic payload is highly desirable; hence, a more 
detailed study relating particle size, charge and temporal endosomal release of 
particles is required. 

 The degree of apoptosis and necrosis in dendritic cells with internalized pSi 
particles was measured using the Annexin V - fl uorescein and inclusion/exclusion 
of propidium iodide. Only at the highest concentration (50    μ g   ml  − 1 ) was any 
decrease in cell viability seen at 24   h (viabilities: control 89%, AMS - 6 81%, AMS - 8 
69%). However, the larger AMS - 8 particles induced the expression of activation 
(costimulatory) markers at 24   h, suggesting that pSi microparticles might induce 
specifi c immune regulatory signals in dendritic cells. The nature of the immune 
signals is currently unknown, and whether they elicit proinfl ammatory or anti -
 infl ammatory responses is yet to be determined.  

  11.6.4 
 Effect of Surface Modifi cation on  p  S  i  Particle Uptake 

 Since attractive and resistive forces govern the binding and uptake of microparti-
cles, the effect of surface chemistry on the uptake of pSi microparticles by HUVECs 
was investigated. Three classes of microparticle were examined: (i) negatively 
charged oxidized microparticles; (ii) positively charged APTES - modifi ed micropar-
ticles; and (iii) methoxy poly(ethylene glycol) (mPEG) - 5000 - modifi ed microparti-
cles. Both, oxidized and APTES - modifi ed pSi microparticles, were internalized 
under serum - free conditions by actin - dependent phagocytosis/macropinocytosis. 
Therefore, the binding of pSi microparticles to the cell membrane is not mediated 
solely by electrostatic interactions. As seen by others, PEGylated pSi microparticles 
are less able to be internalized. 

 In a separate study, the effect of surface charge, as well as labeling pSi nanopar-
ticles with a cancer - specifi c targeting ligand, was examined by attaching various 
functional groups to the surface of pSi nanoparticles  [23] . Nonfunctionalized, 
negatively charged silica nanoparticles were taken up by HeLa cells via nonspecifi c 
adsorptive endocytosis in serum - free media. On the other hand, the uptake of  N  -
 folate - 3 - aminopropyl pSi particles was sensitive to the addition of folic acid to the 
culture media, thus supporting a role for folic acid receptor - mediated endocytosis. 
Similar to studies with HUVECs in serum - free media, all particles were internal-
ized, although the mechanism varied. Fluorescein ( − 34   mV) and folate (+13   mV) 
grafted particles were internalized by a clathrin - dependent mechanism, 3 - 
aminopropyl ( − 5   mV) and guanidinopropyl ( − 3   mV) particle uptake was caveolae -
 dependent, and 3 - [ N  - (2 - guanidinoethyl)guanidine]propyl (+0.5   mV) uptake was via 
an unidentifi ed mechanism. 

 With regards to other types of nanoparticles, a recent  in vivo  study showed that 
cationic liposomes have a propensity for localizing in tumor vessels  [150] . Increas-



ing the cationic charge on PEGylated liposomes lowered uptake by the spleen and 
increased uptake by the liver. While the overall localization of liposomes in tumor 
cells in a  severe combined immunodefi ciency  ( SCID ) mouse model did not 
increase, there was an increase in the accumulation of liposomes in tumor - 
associated blood vessels. Using a dorsal window chamber to view tumors, lipo-
somes containing 10 and 50 mol% of cationic lipids were associated with 14 and 
27% of the vascular area, respectively. These fi ndings suggest that the physico -
 chemical properties of drug carriers (e.g. liposomes and pSi particles) should be 
optimized to exploit the physiological features of the tumor and thereby enhance 
vascular targeting.  

  11.6.5 
 Serum Opsonization Inhibits Uptake of Oxidized  p  S  i  Microparticles 

 The results of several  in vivo  studies have suggested that the pattern of opsonins 
adsorbed to the surface of particulates determines the population of phagocytic 
cells responsible for their clearance  [151] . For example, plasma protein adsorption 
by poly( D , L  - lactic acid) nanoparticles enhances uptake by monocytes, while decreas-
ing binding to lymphocytes  [152] . In a recent study, regardless of the initial surface 
functionalization (oxidized, APTES or mPEG), all serum - opsonized pSi micro-
particles had a negative surface charge based on zeta potential measurements. The 
internalization of opsonized oxidized microparticles by HUVECs was inhibited 
(ca. 70%) compared to uptake under serum - free conditions. However, serum 
opsonization failed to have any impact on the internalization of APTES - modifi ed 
microparticles. Serum opsonization also inhibited the uptake of negatively charged 
1    μ m polystyrene microparticles by HUVECs. Similar to the  in vivo  data described 
above, these data also support preferred vascular uptake of cationic particles in the 
presence of serum.   

  11.7 
 Cancer Imaging 

 Si - han Wu (2008)  [153]  demonstrated imaging capabilities for mesoporous silicon 
particles by fusing FITC - conjugated mesoporous silicon nanoparticles with 
Fe 3 O 4  · SiO 2  nanoparticles (1 MSN   :   1 Fe 3 O 4  · SiO 2 ). Their product, known as  ‘ Mag -
 Dye · MSNs ’ , possessed  magnetic resonance imaging  ( MRI ) - enhancing, lumines-
cent and porous properties. The iron content of the Mag - Dye · MSNs was 1   wt%, 
with a T 2  relaxivity (r 2 ) of 153   m M   − 1    s  − 1 . Within 1   h of incubation with 40    μ g   ml  − 1  
Mag - Dye · MSNs in serum - free media, more than 90% of NIH 3T3 fi broblasts and 
rat bone marrow stromal cells were labeled. Confocal images showed that the 
fused nanoparticles were internalized and localized around the nucleus. 

 In the same study, Wu  et al.   [153]  showed contrast agent in the liver of mice 
by MRI as soon as 5   min after the administration of Mag - Dye · MSNs. Immuno-
chemical staining and Perl ’ s Prussian blue staining of liver sections demonstrated 
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a limited uptake by macrophages. In addition, the perfusion of mice at 30   min 
after injection of Mag - Dye · MSNs showed reduced fl uorescent foci, indicating 
that the Mag - Dye · MSNs may still be located in the blood vessels at this early 
time point. One unsettling fi nding was that MR contrast in the liver lasted for 
up to 90 days, although whether the Mag - Dye · MSNs were still intact or only the 
contrast agent remained was not addressed. This study emphasizes the need for 
further  in vivo  studies of biocompatibility and biodegradation, which are currently 
under way.  

  11.8 
 Conclusions 

 A thorough knowledge of silicon ’ s fundamental physico - chemical properties, its 
relative ease of production, limited costs, high scalability and solid    –    as well as 
extensively developed    –    manufacturing technology, makes pSi drug delivery vehi-
cles good candidates for the mass production required for clinically available 
applications. The high fl exibility in system design can accommodate a multitude 
of delivery mechanisms and payloads, which represents a signifi cant advantage 
compared to many currently explored alternatives. 

 Ferrari ’ s vision of multistage carriers, where each stage performs part of the 
journey from the site of administration to the cancer cell, negotiating one or more 
biological barriers, and adding a degree of targeting selectivity in each step, is a 
promising approach. The biological selectivity comprising cell target recognition 
by surface molecules, as well as mathematics - based rational design of the size, 
shape and physical properties of the vector particles, enhance the probability of 
recognition of the target cell    –    a synergy between molecular biology, physics, engi-
neering and mathematics.  
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   12.1 
 Introduction 

 Musculoskeletal disorders and bone defi ciencies have been established as 
among the most important human health conditions that exist today, costing more 
than  $ 16 billion for biomedical implants in 2006 in the US, and affl icting one 
out of seven Americans. According to US Census Bureau projections, the propor-
tion of people aged over 55 years will rise by more than 37% during the next 
10 years. Hence, as musculoskeletal disorders are prevalent in the older popula-
tion, it is expected that the number of individuals with a bone defi ciency will 
increase even more over the coming years, as the average age of the population 
continues to rise. Yet, in spite of the enormous magnitude of this problem, 
there remains a need for materials that can be implanted into individuals to restore 
their lost structure and function. The human skeletal system not only supports 
and protects the body but also provides sites for muscle attachments and the 
production of blood cells. On average, the skeleton of an adult human is composed 
of an average of 206 bones, although this number decreases with age as 
some bones become fused together. Unlike adults, the skeleton of an embryo 
comprises about 350 completely cartilaginous bones    –    over 140 more than an adult. 
As children grow, many of the bones fuse together during the development of the 
circulatory and nervous systems, and reach full maturity at the age of about 25 
years. 

  12.1.1 
 Bone Structure 

 Bone has a complex hierarchical structure, which is still not very well understood. 
The basic building blocks are the extremely small plate - shaped crystals of carbon-
ate  apatite , just tens of nanometers in length and width, with some being only 2 –
 3   nm thick. The crystals are arranged in parallel layers within the collagenous 
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framework. At the next hierarchical level, these mineral - fi lled collagen fi brils are 
ordered into arrays in which the fi bril axes and crystal layers are all organized into 
a three - dimensional (3 - D) structure that makes up a single layer or lamella of bone, 
which is a few microns thick  [1] . The organic matter in bone is  collagen , which is 
bonded to form linear chains that are arranged in fi bers giving rise to various 
macroscopic structures. In between the collagen molecules there are small inter-
stitial empty compartments, regularly spaced, where the apatite nanocrystals are 
deposited. The  biomineralization  process involves more than 200 different acid 
proteins, which act as inhibitors, nucleators or templates for the epitaxial growth 
of nanocrystals, anchored to the collagen  [2] . 

 The inorganic phase,  hydroxyapatite  ( HA ), which accounts for 69% of the 
weight of the bone, is comprised primarily of very small mineralites. The size 
and shape of these mineralites play fundamental roles in maintaining ionic 
homeostasis and in the biomechanical function of bone. The results of previous 
studies have shown that mature bovine cortical bone mineralites are predomi-
nantly plate - like in shape, having a high length - to - thickness ratio  [3, 4] . The 
reported sizes of bone crystals vary, with values ranging from lengths of 30 to 
50   nm, widths of 15 to 30   nm, and thicknesses of 2 to 10   nm. Recent  atomic force 
microscopy  ( AFM ) studies have shown that bone crystals are longer than those 
observed by  transmission electron microscopy  ( TEM ), with a mean length - to - 
thickness ratio of 20   :   3  [5] . These mineralites appear to be one unit cell thick, to 
grow preferentially along one axis, and have mean dimensions of 12    ×    10    ×    
0.61   nm. Approximately 2% of the mineralites have orders of magnitude larger 
thickness values and the thick plates have a mean length - to - thickness ratio around 
2.7   :   1. 

 Not only are bone crystallites extremely small, they are often described as poorly 
crystalline because of the broad  X - ray diffraction  ( XRD ) peaks (relative to synthetic 
HA). Bone mineral is a calcium - defi cient apatite, with a Ca   :   P ratio less than 1.67, 
which is the theoretical value for pure HA, Ca 10 (PO 4 ) 6 (OH) 2   [6, 7] . Bone mineral 
is also incorporated with some impurities, such as carbonate, sodium and mag-
nesium ions (4 – 6% carbonate; 0.9% Na; 0.5% Mg)  [7, 8] . The carbonated form of 
apatite has the mineral name of  Dahllite , which is sometimes used in the bone 
literature  [9] , although more commonly biological apatite is referred to as HA. A 
schematic cross - section of bone is shown in Figure  12.1 .   

 Because bone is a living tissue that is continuously undergoing remodeling and 
repair, the small size, low crystallinity and nonstoichiometry of the crystals pre-
sumably bestows the mineral phase with the solubility needed for resorption by 
 osteoclasts , that is, the bone - resorbing cells  [10] . For example, bone substitutes 
made of synthetic HA, although bioactive (stimulatory for bone formation), are 
rather slow to resorb due to the low solubility of HA under physiological conditions 
 [11] . The teeth exhibit similar characteristics to the bones, except for their external 
surface coating, the  enamel . Dental enamel has a much larger inorganic content 
than the bone (up to 90%), and is formed by prismatic crystals of larger dimen-
sions that are strongly oriented. CaP crystals in enamel exhibit a higher crystallin-



ity and have a higher carbonate content compared to bone. Enamel is considered 
as the toughest material in the biological world  [2] .  

  12.1.2 
 Hydroxyapatite and its Crystal Structure 

 Calcium phosphates have been investigated and used in clinical applications 
to repair and reconstruct bone defects for over four decades. The most common 
form of calcium phosphate in biomedical application is HA [Ca 10 (PO 4 ) 6 (OH) 2 ], as 
it has a similar composition to the mineral component of bone. The crystal struc-
ture of HA is hexagonal, and is part of the P63/m space group, characterized by 
a sixfold c - axis perpendicular to three equivalent a - axes at 120    °  angles to each 
other. Calcium cations (Ca 2+ ) and phosphate anions  PO4

3−( )   are arranged around 
columns of monovalent hydroxyl anions (OH  −  )  [12, 13] . It is this network of phos-
phate groups that provides the skeletal framework and gives the HA structure its 
stability. Considering the HA lattice parameters (a ∼ 0:95   nm and c ∼ 0:68   nm), and 
its symmetry (hexagonal, S.G. P63/m), it is most likely that unit cells of HA will 
be arranged along the c - axis  [2] . Such an arrangement causes a preferred orienta-
tion along the c - axis during the growth of HA crystals with a needle - like 
morphology.  

    Figure 12.1     Schematic representation of human bone, in cross - section.  
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  12.1.3 
 Synthetic  HA  Nanocrystals: Application to Bone Replacement and 
Drug/Protein Delivery 

 Due to increases in the average life span and consequent increases in numbers of 
the aging population, the market for orthopedic implants is growing at a rapid 
rate. Each year, in the USA, more than 600   000 joint replacements are performed, 
while the estimated worldwide costs are in excess of US $  3 billion. One of the key 
factors towards the design of orthopedic implants relates to tissue regeneration 
around the biomaterial immediately after implantation. It is known that the 
implantation of biomaterials into a living organism causes specifi c reactions 
in the biological environment. The biomolecules and cells, together with the 
intrinsic as well as surface properties of the biomaterials, determine the biocom-
patibility and longevity of the implants. As the biomolecule or cell – material inter-
action at the surface of the biomaterial is an important phenomenon in the 
evaluation of the biomaterial, biomaterial scientists continue to investigate the 
pertinent host – cell interactions in order to design materials that facilitate favorable 
interactions and enhance tissue regeneration. To date, research results have 
indicated that all living systems are governed by their molecular behavior at the 
nanometer scale. The properties of proteins, nucleic acids, lipids and carbohy-
drates    –    the molecular building blocks of life    –    are determined by their size, folding 
and patterns at the nanoscale. Specifi cally, cellular organization and correspond-
ing tissue properties are found to depend heavily on the structure of the  extracel-
lular matrix  ( ECM ). The ECM is characterized by a complex hierarchical structure 
with a spatial organization that spans several orders of magnitude, from the nano-
meter to the centimeter scale. It is for this reason that the cells in our body are 
predisposed to interact with nanostructured surfaces    –    and also the reason that 
structural components with nanoscale features are being considered as promising 
biomaterials. 

 Favorable responses in terms of cell adhesion and cell proliferation of 
different types of cell to HA have been widely reported. It seems that cells cannot 
distinguish between the bone surface and HA, which indicates the similarity 
in their surface chemistries. HA is neither osteogenic nor osteoinductive. In 
the case of  osteoinduction , the conversion of soft tissue cells to osseous tissue -
 formers by an appropriate stimulus (e.g. demineralized bone matrix or bone 
morphogenic proteins) takes place.  Osteogenesis  is the formation of mineralized 
tissue by osteoblasts. Autogenous bone grafting is osteogenetic, but HA is 
osteoconductive. In the case of living bone replacement, the process is very slow, 
as the dead bone is fi rst resorbed by osteoclastic activity and then replaced by 
creeping substitution. However, HA is not resorbed and acts as an osteoconductive 
agent that is integrated with new osseous tissue. Although it is not yet commer-
cially available as a competitive material with respect to other forms of HA, nano-
sized HA is currently being considered for several applications, among which 
synthetic HA in bone replacement and drug/protein delivery are the two most 
common. 



  12.1.3.1   Bone Replacement 
 Hydroxyapatite is a bioactive ceramic that is commonly used in particulate form 
in bone repairs, as well as coatings for metallic prostheses to improve their  in vivo  
biological response. Due to the chemical similarity between HA and mineralized 
bone, synthetic HA exhibits a strong affi nity to host hard tissues. The formation 
of chemical bonds with the host tissue offers HA a greater advantage in clinical 
applications over other bone substitutes such as allografts or xenografts. 

 Strietzel  et al.   [14]  conducted a preliminary two - center clinical prospective study 
to evaluate the tissue composition of augmented sites with a  nanocrystalline HA  
( ncHA ) bone substitution material using clinical and histological examinations. 
The results obtained indicated that small amounts of ncHA could be found even 
after 6 months in bone biopsies. The former defect space was fi lled with newly 
formed bone, while the alveolar ridge width gain was found to be signifi cant after 
lateral augmentation utilizing ncHA, providing a quantitatively and qualitatively 
suffi cient site for primary stable implant placement. Du  et al.   [15]  studied the tissue 
response of nano - HA – collagen implants in marrow cavities, and concluded that 
nanoparticles allowed for a quicker implant surface turnover. The process of 
implant resorption and bone substitution was similar to bone remodeling. When 
Muller - Mai  et al.   [16]  tested nanoapatite and nanoapatite/organic implants  in vivo , 
their results suggested that both materials were suitable for bone replacement, 
and also for the release of drugs such as antibiotics and growth factors. In addition, 
the organic component could be used to further control physical properties in the 
bone implantation bed. 

 The applications of HA in periodontal and alveolar ridge augmentation 
are limited due to its particle mobilization and slow resorbable nature. In order 
to overcome these limitations, HA is widely used in combination with some 
polymers and other compounds in the form of a composite. Hence, composite 
preparations with various matrix materials such as chitosan  [17] , collagen  [18 – 20]  
and other polymers  [21]  have been reported that have helped in promoting 
osteoconduction, thus providing the scaffolding properties required for tissue 
engineering.  

  12.1.3.2   Drug Delivery 
 It is believed that nanoscale HA has the potential to signifi cantly impact the fi eld 
of drug delivery. When studying the possibility of using  calcium - defi cient HA  
( CDHA ) nanocrystals for  in vitro  drug delivery, Liu  et al.   [22]  incorporated the 
nanocrystals with  bovine serum albumin  ( BSA ) to form BSA - loaded nanocarriers 
via both  in situ  and  ex situ  processes. For the nanocarrier prepared  ex situ , the 
subsequent release profi le showed a bursting behavior. However, for the sample 
synthesized  in situ  a slower release profi le, without bursting behavior, was observed. 
This difference, which was considered due to dissolution of the BSA - incorporated 
CDHA crystal, was confi rmed by high - resolution TEM studies that indicated the 
different extents of interaction between BSA and CDHA. In another study, Olton 
 et al.   [23]  reported a novel method for the consistent synthesis of effi cient, nano-
sized, mono - dispersed CaP - pDNA particles. This was accomplished by optimizing 
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both the stoichiometry (Ca/P ratio) of the CaP particles as well as the mode in 
which Ca and P precursor solutions were mixed. The results indicated that the 
precursors, when mixed in a controlled and regulated manner, resulted in nano-
sized particles that consistently yielded higher transfection effi ciencies than parti-
cles synthesized by manual mixing. Maximum transfection effi ciencies in both 
HeLa and MC3T3 - El cells lines were also obtained when a Ca/P ratio of between 
100 and 300 was used. In another study, Ong  et al.  reported the potential of using 
nanosized HA for the systemic delivery of radioisotopes or drugs. Here, drug -
 loaded or radiolabeled  HA nanoparticles  ( HNP ) could be processed by exploiting 
the high - affi nity (poly)phosphonate – HA interaction. Potentially, numerous clini-
cally available bisphosphonate drugs or phosphonate - labeled radionuclides can be 
exploited for HA loading, and these loaded HNPs may be useful for the targeted 
delivery of radiation or drugs to the liver  [24] . Further fi ndings for the use of HA 
in drug delivery are discussed later in the chapter, when we defi ne future trends 
for the application of HA nanocrystals in bioengineering.    

  12.2 
 Synthesis of Hydroxyapatite Nanocrystals 

 To date, several methods for the preparation of HA crystals have been reported, 
the most common being: 

   •      wet chemical precipitation  
   •      sol – gel synthesis  
   •      biomimetic synthesis  
   •      hydrothermal synthesis  
   •      mechanochemical powder synthesis  
   •      solid - state reaction  
   •      microwave - assisted synthesis  
   •      emulsion - mediated synthesis.    

 While some of these methods have the capability to synthesize nanoscale 
powders, most do not demonstrate any control of the morphology or aspect ratio 
of nanoparticles during synthesis. In the following sections we describe some 
of the key research fi ndings regarding the synthesis of HA nanocrystals using 
different methods, including some of their advantages and disadvantages. 

  12.2.1 
 Wet Chemical Precipitation 

 Wet chemical precipitation is a popular method, used widely for synthesizing 
nano - HA at low temperature. A precipitation reaction is a common type of chemi-
cal reaction in solution chemistry where two or more solutions are combined to 
produce an insoluble solid product, a precipitate. Typically, these types of reaction 
involve ionic compounds in aqueous solution. To initiate precipitation, the solu-



tion must be supersaturated, a condition which can be achieved by various methods 
such as mixing solutions containing reactants, by changing the solubility, or by 
increasing/decreasing the temperature. Precipitation takes place into two stages: 
fi rst, nucleation, followed by growth of the nuclei to macroscopic scale. It is not 
easy to detect the formation of submicron nuclei, and generally both nucleation 
and growth occur simultaneously in solution. Other processes may also occur 
during the time when particles age in the mother liquor, notably agglomeration, 
disruption and Ostwald ripening. 

 The HA powders synthesized using this method are in homogeneous phase 
composition, but are poorly crystallized owing to the low temperature of the 
process. One common wet chemical method used to synthesize HA is based on 
the following equation, which uses calcium hydroxide and orthophosphoric acid 
as calcium and phosphorus precursors, respectively:

  10 6 182 3 4 10 4 6 2 2Ca OH H PO Ca PO OH H O( ) + → ( ) ( ) +    

 Calcium phosphate precipitation has been described as a fairly complicated 
process, and is known to depend on several parameters, such as the calcium and 
phosphate ion concentrations, pH and temperature  [25] . Although the thermody-
namics and kinetics of HA precipitation have been reported, there is no clear cor-
relation between precipitation conditions, the driving force for precipitation, and 
the morphology of the HA powders synthesized from these reactions. When 
Kumar  et al.  analyzed the changes in HA morphology in relation to the reaction 
temperature, they found that needle - shaped particles with a high aspect ratio were 
formed at 40    ° C, but that spheroidal particles formed when the precipitation tem-
perature was increased to 100    ° C  [26] . 

 Pang and Bao also synthesized HA using this method, and showed that the 
crystallinity and crystallite size of HA increased with an increase in synthesis 
temperature and ripening time  [27] . When CaCl 2  and (NH 4 ) 2 HPO 4  were used as 
starting materials, the morphology change of HA nanoparticles was seen to be 
related to their crystallinity. A raised in temperature led to an increased crystallin-
ity of the synthesized HA powder, while the particle morphology changed from 
an irregular to a regular shape. Those nanoparticles with a lower crystallinity 
showed a needle - like shape with a rough surface and blurred contour, whereas 
those with a higher crystallinity had bar - like shape with a smooth surface and clear 
contour. Both. a lengthening of the ripening time and an increase in calcination 
temperature led to an increased in the crystallinity of the powder. 

 Bouyer  et al.  reported the details of a morphological study of an HA nanocrystals 
suspension prepared using a wet chemical precipitation method at different syn-
thesis temperatures, and with various reactant addition rates  [28] . These authors 
showed that the shape, size and specifi c surface area of the HA nanoparticles were 
highly sensitive to the reaction temperature and reactant addition rate. Moreover, 
the reactant addition rate also determined the purity of the synthesized HA, 
and had a major infl uence on the pH - value obtained on completion of the 
synthesis. The reaction temperature also determined whether the crystals were 
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monocrystalline or polycrystalline. HA nanoparticles synthesized at low tempera-
ture ( T     <    60    ° C) were monocrystalline, with a needle shape oriented following the 
c - axis of the hexagonal HA structure. A transition temperature ( T    =   60    ° C) was 
defi ned as a limit for obtaining monocrystalline HA nanocrystal, above which the 
nanocrystals became polycrystalline. 

 Hydroxyapatite can also be synthesized using calcium nitrate (Ca(NO 3 ) 2     ·    4H 2 O) 
and ammonium hydroxide phosphate ((NH 4 ) 2 HPO 4 ) as the calcium and phospho-
rus precursors, respectively  [29] :

  10 6 6 203 2 4 2 4 10 4 6 2 2 4 3Ca NO NH HPO Ca PO OH H O NH NO( ) + ( ) → ( ) ( ) + +    

 Using this method, Yubao  et al.  prepared calcium phosphate needle - like crystals 
at a pH between 10 and 12, at room temperature  [30] . The Ca/P ratio of the calcium 
phosphate precipitate was between 1.5 and 1.67, and demonstrated a poorly crystal-
lized apatite structure at room temperature. However, after sintering at 1100    ° C 
a biphasic HA –  tricalcium phosphate  ( TCP ) structure evolved. Morphologically, 
these crystals were rod - shaped. 

 Gomez - Morales  et al.   [31]  have reported a continuous synthetic process 
using highly concentrated CaCl 2  and K 2 HPO 4  in a  mixed suspension, mixed 
product removal  ( MSMPR ) reactor at 85    ° C in N 2  atmosphere, with the ultimate 
particle size being in the nanometer size range. Torrent - Burgues and Rodriguez -
 Clemente  [32]  reported HA preparation by using same starting materials, 
thus producing synthesized particles in the size range of 60 to 200   nm at 85    ° C and 
pH 8 – 9. 

 Ahn  et al.   [33]  have investigated the effect of synthesis parameters on the crystal-
lite size, morphology and chemical stability of HA, using Ca(NO 3 ) 2  and (NH 4 ) 2 HPO 4  
as starting materials. Here, an increase in pH caused a preferred growth along the 
 < 002 >  axis of HA (as observed using X - ray diffraction), such that the fi nal product 
demonstrated an increasingly rod - like morphology and a larger particle size. A 
longer aging time led to the removal of occluded impurities, a recrystallization 
into a more ordered form, and a uniform morphology. Those samples synthesized 
with an insuffi cient aging time underwent severe decomposition during sintering, 
which suggested that the precipitate was thermally unstable due to its poor com-
positional uniformity. The temperature had a signifi cant effect on the powder 
composition and particle shape, with an increase in temperature changing the 
particle shape from spherical to whisker. When Liu  et al.   [34]  studied the kinetics 
of HA precipitation at pH 10 – 11 using Ca(NO 3 ) 2  and (NH 4 ) 2 HPO 4  as starting 
materials, the reaction was reported to undergo the following phase - transition 
sequence:

   Octacalcium phosphate  ( OCP )    →     amorphous calcium phosphate  
( ACP )    →     calcium - defi cient hydroxyapatite  (DCP or 
 CDHA )    →    hydroxyapatite.   

 The increase in temperature led to increases in both HA formation and 
particle size. 



 Lazic  et al.   [35]  investigated the effect of temperature on the stoichiometry, 
morphology and crystallinity of HA prepared from calcium hydroxide and phos-
phoric acid. It was shown that the crystal ordering was increased as the synthesis 
temperature increased, while near - theoretical values for lattice parameters were 
obtained for samples precipitated at 95    ° C. The size of the crystal increased with 
temperature, when the particle size was in the nanometer range.  

  12.2.2 
 Sol – Gel Process 

 The sol – gel approach has attracted much attention for HA synthesis because of 
its well - known inherent advantages for the generation of glass, glass - ceramic and 
ceramic powders with excellent chemical homogeneity. These advantages include 
a homogeneous molecular level mixing of calcium and phosphorous precursors, 
a low synthesis temperature, and a high product purity when compared to other 
conventional methods. The sol – gel technique is also capable of generating nano-
sized particles and thin fi lms. In fact, whereas temperatures  > 1000    ° C are usually 
required to sinter the fi ne apatite crystals prepared from wet precipitation, tem-
peratures several hundred degrees lower are required to densify sol – gel HA. Fur-
thermore, the high reactivity of the sol – gel powders results in a reduction of the 
calcining and sintering temperatures. Sol – gel - derived HA, due to poor crystallinity 
and the presence of carbonate ions in the crystal lattice, has shown better bioactiv-
ity compared to others  [36] . However, reports on sol – gel - derived HA have also 
indicated that the synthesis of HA is always accompanied by a secondary phase of 
calcium oxide (CaO)  [37, 38] . As CaO reduces the biocompatibility of HA, attempts 
to overcome this problem represent a major theme of current research in 
this area. 

 In the past, many variations of the sol – gel process have been developed and 
used to produce powders with different Ca/P ratios, by altering not only the quan-
tity and composition of precursors but also the processing variables. As the syn-
thesis of HA requires a calcium to phosphorus molar ratio of 1.67   :   1 in the fi nal 
product, a number of calcium/phosphorus precursor combinations have been 
used in the preparation of HA powders. For example, calcium nitrate or different 
calcium alkoxides and 2 - ethyl - hexyl phosphate, triethyl phosphate or orthophos-
phoric acid, have been used as the calcium and phosphorus precursors, respec-
tively. The major limitation for application of the sol – gel process was shown to be 
the very poor solubility of the calcium alkoxides in organic solvents, and the poor 
reactivity of the phosphorous compounds. The effective control of stoichiometry 
due to the volatility of the phosphorous compounds used also represented a 
challenge. 

 Both, Gross  et al.  and Masuda  et al.  used calcium diethoxide (Ca(OEt) 2 ) and tri-
ethyl phosphate (PO(OEt) 3 ) to form phase - pure HA at temperatures in excess of 
600    ° C  [39, 40] . These groups showed that an aging time  > 24   h was critical for the 
solution system to stabilize, in order that a monophasic HA could be produced. 
Otherwise, major weight losses occurred during the pyrolysis, with the resultant 
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formation of undesirable phases such as CaO. Jillavenkatesa and Condrate syn-
thesized HA using calcium acetate and triethyl phosphate as precursors at a rela-
tively low temperature (ca. 500    ° C), and noted that a higher temperature was 
essential to increase the HA yield  [37] . This process also required further hydro-
chloric acid leaching to eliminate the CaO, leading to pure HA phase formation. 
Elsewhere, Brendel  et al.  produced HA at temperatures as low as 400    ° C using 
calcium nitrate (Ca(NO 3 ) 2     ·    4H 2 O) and phenyldichlorophosphite (C 6 H 5 PCl 2 ) as 
precursors  [41] ; however, the resultant HA was of low purity and poor crystallinity. 
A further increase in the synthesis temperature to 900    ° C resulted in a pure, well -
 crystallized HA phase. Takahashi  et al.   [42]  developed a gel route using calcium 
nitrate and phosphonoacetic acid (HOOCCH 2 PO(OH) 2 ) in an aqueous solution, 
and obtained a pure HA powder at 700    ° C; here, the HA crystallinity was seen to 
increase with temperature up to 1100    ° C. When Haddow  et al.   [43]  used calcium 
acetate, together with a number of phosphorus precursors (i.e. phosphoric acid 
(H 3 PO 4 ), phosphorous pentoxide (P 2 O 5 ) and triethyl phosphite) for HA coating 
applications, the fi lms prepared from triethyl phosphite and calcium acetate were 
shown to have the best wetting characteristics, while the temperature required to 
form an apatitic phase was  > 600    ° C. 

 Kuriakose  et al.  reported an alternative method to produce pure, stoichiometric, 
stable, crystalline HA phase at a lower temperature by using ethanol as solvent 
rather than phosphorous alkoxides and gels  [44] . The presence of alcohol provided 
not only a thermally stable but also a nanocrystalline HA; moreover, with a particle 
radius in the range of 1.3   nm this material which would serve as an ideal bone 
replacement. The aqueous route of sol – gel preparation offers an effective and 
relatively simple means of producing HA. For example, Bogdanoviciene  et al.  
developed an aqueous sol – gel chemistry route to prepare HA based on 
ammonium - hydrogen phosphate and calcium acetate monohydrate as precursors 
 [45] . In this processes, aqueous solutions of  ethylene diamine tetraacetic acid  
( EDTA ) or  tartaric acid  ( TA ) as complexing agents were added to the reaction 
mixture. Subsequently, the monophasic HA powder was obtained by calcination 
of the precursor gels for 5   h at 1000    ° C. 

 The sol – gel synthesis process of amorphous  calcium phosphate  ( CaP ) using 
calcium salts, ethanol and phosphoric acid, was reported by Layrolle  et al.   [46] . 
This group showed that when calcining at 600    ° C, amorphous CaP was converted 
to crystalline HA, with the average particle size of amorphous CaP being 22   nm 
and that of HA 200   nm. A water - based sol – gel synthesis of HA was developed by 
Liu  et al.   [47, 48] , using calcium nitrate and triethyl phosphite as Ca and P precur-
sors, respectively. The initial particle size was in the nanometer range, but was 
increased as the temperature was raised. The structural evolution upon the trans-
formation of sol to gel, and from gel to fi nal ceramic powder during HA synthesis, 
was also reported. A two - step procedure was used to synthesize HA in which the 
phosphite was initially hydrolyzed with water for 24   h, followed by the addition of 
an aqueous nitrate solution. The apatitic phase was seen to be formed at a tem-
perature as low as 350    ° C, while the calcined gels showed a nanoscale microstruc-
ture, with grain diameters of 20 to 50   nm. With an appropriate heat treatment 



between 300 and 400    ° C, the apatite produced was nanostructured, low - crystalline 
and carbonated, closely resembling human bone apatite. 

 A citrate - nitrate combustion method for the synthesis of nanocrystalline HA was 
reported by Han  et al.   [49] , using calcium nitrate and diammonium hydrogen 
phosphate as starting materials. The synthesis was carried out under acidic condi-
tions by the addition of HNO 3 . Citric acid was used as chelating agent to form 
stable complex with metal ions under acidic conditions, and also acted as a fuel 
in the reaction and as a powerful reducing agent, where nitrate was a strong 
oxidant. The exothermic reaction between citric acid and nitrate led to the produc-
tion of HA, with a grain size between 80 and 150   nm being obtained by calcining 
at 750    ° C. The reaction sequence was as follows:

  C H O Ca C H O H6 8 7 6 6 7 2+ → ++ +  

  9 5 30 9 20 93 2 6 8 7 2 2 2Ca NO C H O CO N H O CaO( ) + → + + +   

  10 6 12 84 2 4 10 4 6 2 3 2CaO NH PO Ca PO OH NH H O+ ( ) → ( ) ( ) + +    

 A novel method for the preparation of HA using a sucrose - templated sol – gel 
method was developed by Bose  et al.   [50] . Here, the starting materials were calcium 
nitrate and ammonium hydrogen phosphate, and sucrose was used as both a 
chelating agent and a fuel for the reaction. An increase in the quantity of sucrose 
led to a decrease in HA formation due to dehydration, and resulted in the forma-
tion of  β  - TCP. The HA phase was stabilized using Al 2 O 3 , which acted as a Lewis 
acid. Subsequently, it was shown that 5   mol% Al 2 O 3  dopant produced 100% phase -
 pure HA, with an average particle size of 30   nm at 650    ° C (see Figure  12.2 ). More-
over, a further increase in temperature led to an increase in the particle size.   

    Figure 12.2     Transmission electron microscopy image of 5% 
alumina - doped hydroxyapatite powders calcined at 650    ° C for 
1   h with a Ca   :   sucrose ratio of 1   :   15.  
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 Eshtiagh - Hosseini  et al.  studied the process parameters, such as sol tempera-
ture, aging time and heat treatment temperature, on apatite formation, and found 
that increasing both the aging time and the mixed sol solution temperature up to 
80    ° C led to a reduction in the impurity phases of CaO  [51] . In addition, with an 
increase in calcination temperature to  > 600    ° C, the calcium phosphate impurity 
phases disappeared. The mean crystallite size was also increased, while the micro -
 strain decreased signifi cantly due to the rise in fi ring temperature.  

  12.2.3 
 Biomimetic Synthesis 

  Biomimesis  is the study of the structure, function and optimization of biological 
materials and systems as archetypes that inspire the design of analogous synthetic 
materials. The biomimetic design of man - made materials with properties similar 
to bone and dentin represents a major challenge because of their complex nature. 
Mineralized tissues such as bone and dentin are unique biocomposites of a struc-
tured organic matrix impregnated with oriented carbonated apatite crystals. Osteo-
blasts and odontoblasts, respectively, are the cells responsible for the formation of 
bone and dentin matrices, mixtures of type I collagen and specialized noncollage-
nous proteins. The mineral deposited on the organic framework locally adopts a 
preferred orientation relative to the matrix. Although, HA is thermodynamically 
the most stable form among all CaPs, it does not crystallize spontaneously from 
physiological calcium and phosphate buffer solutions. Rather, HA formation is 
accelerated by nucleators such as certain extracellular matrix (ECM) macromole-
cules. Nonetheless, details of the apatite crystallization process remain obscure, 
while the molecular recognition mechanisms that occur at the interface between 
proteins and biominerals are poorly understood. 

 In many cases, biomimetic strategies do not set out to copy directly the struc-
tures of biological materials, but aim to abstract the key concepts from biological 
systems, such that they can be adapted within a synthetic context. Thus, biomi-
metic materials are invariably less complex than their biological counterparts and, 
to date, hierarchical architectures (such as those observed in bone) remain outside 
the current technologies. Currently, the simplest biomimetic approach involves 
the design of single - component systems that mimic the chemistry of bone 
tissue. 

 Metastable synthetic (or modifi ed)  simulated body fl uid s ( SBF s), with an inor-
ganic salt composition similar to that of human blood plasma, incubate and 
facilitate the spontaneous nucleation and growth of nanosized, carbonated and 
 ‘ bone - like ’  apatite at physiological pH and temperature. SBFs were fi rst used by 
Kokubo and Takadama  [52]  in biomimetic synthesis to prove the similarity between 
the  in vitro  and  in vivo  behaviors of certain glass – ceramic compositions. Some 
typical SBF compositions are listed in Table  12.1 . In these studies, the glass –
 ceramic samples were soaked in SBF solutions and their surfaces coated with a 
poorly crystallized calcium - defi cient and carbonate - containing apatite, similar to 
bone apatite. A metastable SBF has been proven to incubate and facilitate the 



 Table 12.1     Ion concentrations of human blood plasma and  
stimulated body fl uids  ( SBF s)   [52]  . 

  Ion concentration (m M )  

  Na+    K +     Mg 2+     Ca 2+     Cl  −       HCO3
-
      HPO4

2-
      SO4

2-
   

  Human blood plasma    142.0    5.0    1.5    2.5    103.0    27.0    1.0    0.5  
  Original SBF    142.0    5.0    1.5    2.5    148.8    4.2    1.0    0  
   Corrected SBF  ( c - SBF )    142.0    5.0    1.5    2.5    147.8    4.2    1.0    0.5  
   Revised SBF  ( r - SBF )    142.0    5.0    1.5    2.5    103.0    27.0    1.0    0.5  
   Newly improved SBF  ( n - SBF )    142.0    5.0    1.5    2.5    103.0    4.2    1.0    0.5  

spontaneous generation and growth of a carbonated and  ‘ bone - like ’  calcium apatite 
on immersed silica or titania gels, bioglass and titanium samples at physiological 
pH and temperatures. The results of previous studies have indicated that Si — OH 
 [53] , Ti — OH  [54] , Zr — OH  [55] , Nb — OH  [56]  and Ta — OH  [57]  groups are effec-
tive for inducing apatite formation within the environment of the body. The pres-
ence of this carbonated apatite layer, formed by a biomimetic process on several 
materials, was proven to promote osteoblast responses (attachment, proliferation 
and differentiation), and subsequent bone matrix apposition, which allows a strong 
bond to bone.   

 It is possible to prepare even, thin fi lms or coatings of bone - like apatite on bone 
implants by using a biomimetic process, which mimics the bone mineralization 
process by immersing implants in SBF  [58, 59] . The microstructural nature of the 
CaP coating, its dissolution rate and its specifi c interactions with body fl uids, can 
infl uence the osteogenicity of the coating, as well as the bone remodeling process. 
By using the biomimetic coating method, in contrast to other coating techniques, 
biologically active agents can be added to the supersaturated solutions and gradu-
ally be coprecipitated with the calcium phosphate crystals, thus forming a layer on 
the metal implants  [60, 61] . This creates the possibility of uniformly incorporating 
an antibiotic within the biomimetic coating and releasing it at a controlled rate, 
thus preventing localized, postoperative infections. 

 In Nature, the nucleation and growth of mineralized materials are often con-
trolled by organic macromolecules such as proteins and polysaccharides. Bone and 
teeth consist of a small amount of organic matrix which manipulates the formation 
of apatite into distinct microstructures suitable for the mechanical forces encoun-
tered  in vivo   [62] . The biomimetic synthesis of CaP within polymer matrices was 
reported to produce composites that could initiate osteogenesis when implanted 
in bony sites  [63] . Polymers with distinct molecular organizations were used as a 
template to control the geometry of the apatite to mimic that found in bone. 

 Both, Wan  et al.  and Hutchens  et al.  prepared HA by using a biomimetic syn-
thesis approach, with a bacterial cellulose hydrogel as template  [64, 65] . Their 
results indicated that spherical HA particles comprised of nanosized crystallites 
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with a lamellar morphology had formed in the cellulose; moreover, the biomimetic 
HA comprised 10 to 50   nm anisotropic crystallites elongated along the c - axis, 
similar to natural bone apatite. Tao  et al.   [66]  reported a potential mechanism for 
the formation of highly organized biomineralized structures, including oriented 
crystal growth on templates, the aggregation of nanocrystals by oriented attach-
ment, and the assembly of inorganic nanoparticles mediated by organic molecules 
into aggregated structures. In these studies, the potential role of ACP in facilitating 
the assembly of HA nanoparticles into highly ordered structures was evaluated. 
An enamel - like HA architecture was produced in the presence of biological addi-
tives such as 10   m M  glycine or 1.25    μ  M  amelogenin, while large plate - like crystals 
(as seen in bone) were induced when the additive was 10   m M  glutamic acid. 
Hence, these biological molecules regulated the assembly process    –    specifi cally the 
assembly kinetics    –    and determined the structural characteristics of the fi nal HA 
architecture. 

 Hoffmann  et al.  introduced a biomimetic method for the precipitation of nano-
sized CaPs using  alkaline phosphatase  ( ALP ), which is responsible for the hydro-
lysis of organic and inorganic phosphates  in vivo   [67] . Buffered solutions containing 
glycerol - 2 - phosphate and CaCl 2 , in addition to MgCl 2  and a variety of enzymes, 
were prepared for calcium phosphate precipitation. The calcium phosphate 
powders obtained showed globular agglomerates with crystal sizes of 9 to 25   nm. 
By using this technique, it was possible to synthesize 100   g of bone - like Ca — P 
materials in one day. In a similar study, when Kim  et al.   [68]  conducted a biomi-
metic synthesis of collagen - derived gelatin – HA nanocomposites, they noted that 
the osteoblast cells had a stronger attachment and greater proliferation on these 
nanocomposites, as well as a higher ALP activity and osteocalcin production. By 
comparison, when Kikuchi  et al.  fabricated an HA – collagen composite under bio-
mimetic conditions through a self - organization mechanism  [69] , the composite 
showed a bone - like orientation, with the c - axis of the HA nanocrystals being 
aligned regularly along the collagen fi brils. Bone tissue reactions with this com-
posite demonstrated an osteoclastic resorption of the composite, followed by new 
bone formation by osteoblasts, which was very similar to the reaction of trans-
planted, autogenous bone.  

  12.2.4 
 Hydrothermal Method 

 The synthesis of ceramic powder using hydrothermal methods has been recog-
nized for many decades. For this method, the reaction takes place in an aqueous 
or an aquo - organic environment, but at a relatively high temperature and high 
pressure with respect to the ambient conditions. The process involves heating the 
reactants (often metal salts, oxides, hydroxides or metal powders) as a solution or 
suspension, usually at high temperature (80 – 400    ° C) and high pressure ( ∼ 100   MPa). 
The reactions are most often carried out in a hardened steel autoclave, inside 
which noble metal liners or capsules (open or closed) are often used to insulate 



the reactants from impurities; the vessel may also be fi tted with polymer linings 
to protect it against corrosion. Powders obtained by hydrothermal methods gener-
ally exhibit certain desirable characteristics, such as: (i) a fi ne particle size; (ii) a 
narrow particle size distribution; (iii) chemically pure and homogeneous; (iv) well 
crystallized; (v) low agglomeration; and (vi) relatively strain free. The hydrothermal 
syntheses of CaP - based powders have been reported by several groups  [70 – 72] . 

 The synthesis of HA nanopowder was reported by Riman  et al.   [73]  using 
calcium nitrate, diammonium hydrogen phosphate, ammonium dihydrogen phos-
phate, ammonium hydroxide and nitric acid. Powders prepared at an alkaline pH 
were well crystallized and phase - pure, with surface areas in the range of 44 to 
136   m 2    g  − 1 , corresponding to an estimated equivalent spherical diameter of 14 to 
44   nm. As expected, an increase in the reaction temperature led to an increase in 
the crystallite size. Liu  et al.  reported an infl uence of pH and temperature on 
the morphology of HA synthesized by the hydrothermal method  [74] . Here, HA 
whiskers and crystals were synthesized using Ca(OH) 2  and CaHPO 4     ·    2H 2 O as 
precursor chemicals. 

 It has been reported that, at alkaline pH, HA was well crystallized, whereas at 
a very high pH ( ∼ 14) it showed poor crystallinity. Based on these reports, it is clear 
that during the hydrothermal synthesis of HA, the pH has signifi cant effect on 
particle morphology (see Figure  12.3 ).   

 Yubao  et al.   [30]  reported the synthesis of nanoscale, osteoapatite - like, rod -
 shaped crystals from Ca(NO 3 ) 2  and (NH 4 ) 2 HPO 4 , using a hydrothermal method; 
the crystal sizes were reported to be in the range of 40 to 150   nm. A surfactant -
 assisted hydrothermal synthesis of HA nanorods was reported by Yan  et al. , 
using Ca(NO 3 ) 2  and H 3 PO 4  as Ca and P precursor materials, and with  cetyltrimeth-
ylammonium bromide  ( CTAB ),  sodium dodecyl sulfate  ( SDS ) and  poly(vinyl 
alcohol)  ( PVA ) as surfactants  [75] . While the presence of CTAB and SDS helped 
in the formation of HA nanorods after hydrothermal treatment, with average 
particle dimensions of 150    ×    10   nm, the PVA - assisted synthesis produced mostly 
HA aggregates. Chen  et al.   [76]  reported that HA nanorods could self - organize 
through a process of oriented attachment during hydrothermal treatment, using 
a template of ordered organic molecules. The HA crystals prepared using this 
approach were self - organized, with slip - shaped pores of approximately 3.5   nm 
diameter.  

  12.2.5 
 Mechanochemical Powder Synthesis 

  Mechanochemical processing  ( MCP ) represents a compelling method for the 
production of nanostructured HA, during which the reaction is activated by 
mechanical milling. Mechanochemical powder synthesis is a solid - state synthesis 
method that takes advantage of the perturbation of surface - bonded species by 
pressure or mechanical forces to enhance the thermodynamic and kinetic 
reactions between solids  [77] . Pressure can be applied via conventional milling 
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    Figure 12.3     Scanning electron microscopy images of HA 
whiskers and crystals with different pH values at the same 
temperature 140    ° C. (a) pH 6; (b) pH 9; (c) pH 14.  

(a)

(b)

(c)



equipment, ranging from low - energy ball mills to high - energy stirred mills. In a 
mill, the reactants are crushed between the balls and wall (horizontal or planetary 
ball mill, attritor, vibratory ball mill), or between rings or ring and wall (multi - ring 
media mill). The reagents absorb part of the energy provided by the collisions or 
frictions that provide the energy necessary for the reaction  [78] . 

 Mechanochemical syntheses were originally designed for the production of 
 oxide dispersion - strengthened  ( ODS ) alloys. Over the past 20 years, however, the 
number of available mechanochemical syntheses has grown and the method 
diverged, such that today it is used for the fabrication of a wide range of advanced 
materials, both metallic and nonmetallic in composition. The mechanochemical 
syntheses of HA powders were accomplished at room temperature, under either 
dry conditions or in water, using either CaHPO 4  or Ca(H 2 PO 4 ) 2  as sources of 
calcium and phosphorus, and CaO, Ca(OH) 2  and CaCO 3  as sources of extra 
calcium. Yeong  et al.  reported a single - phase HA of high crystallinity that had been 
synthesized by more than 20   h of mechanical activation  [79] ; the resultant HA 
powder had an average particle size of 25   nm and a specifi c surface area of 
76   m 2    g  − 1 . In the initial stage of activation, a signifi cant refi nement of the crystallite 
size occurred, and this was followed by the steady formation and subsequent 
growth of HA crystals with increasing mechanical activation. The use of CaCO 3  
as a starting material resulted in the formation of strongly carbonated apatite 
powders  [80] . It is possible also to incorporate certain dopants or substituents, such 
as magnesium  [81] , silicate  [82] , fl uorine  [83]  and carbonates  [84] , into the HA 
during mechanochemical synthesis  [85] . 

 Whilst the main advantages of the mechanochemical synthesis of ceramic 
powders are simplicity and low cost, the main disadvantages are the low crystal-
linity and calcium - defi cient nonstoichiometry (Ca/P molar ratio 1.50 – 1.64) of the 
HA powders, as this results in their partial or total transformation into  β  - TCP 
during calcination. 

 The mechanochemical synthesis of HA can be performed under wet or dry 
conditions, although in most studies involving this procedure a wet mechano-
chemical synthesis, or perhaps a mechanochemical – hydrothermal synthesis, was 
used in preference. Wet mechanochemical synthesis involve grinding an aqueous 
suspension of the starting materials with a liquid - to - powder ratio that generally 
ranges from 60 to 95   wt%. An aqueous phase can actively participate in the mecha-
nochemical reaction by accelerating the kinetic processes that normally are rate -
 limiting, such as dissolution, diffusion, adsorption, reaction rate and crystallization 
(nucleation and growth)  [86] . The mechanochemical activation of slurries can 
generate local zones of high temperatures (up to 450 – 700    ° C), as well as high pres-
sures due to friction effects and adiabatic heating of gas bubbles (if present in the 
slurry), while the overall temperature is close to ambient  [87] . Thus, the mecha-
nochemical – hydrothermal technique can be envisioned as being located at the 
intersection of hydrothermal and mechanochemical processing. Although the 
mechanochemical – hydrothermal route is capable of producing large quantities of 
HA powder, it also utilizes a lower temperature (i.e. room temperature) as com-
pared to 90 – 200    ° C for the hydrothermal process.  
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  12.2.6 
 Solid - State Reactions 

 Very few studies have been conducted on the solid - state - reaction processing of 
HA. In general, solid - state reactions are performed at high temperature, and the 
HA powders synthesized in this way usually have irregular shapes with larger 
grain sizes. They also quite often exhibit heterogeneity in the phase composition, 
owing to chemical reactions resulting from the small diffusion coeffi cients of ions 
within the solid  [88] . A typical formation of HA using a solid - state method is based 
on the following equation  [89] :

  4 6 2 4 143 4 2 10 4 6 2 2 2CaCO CaHPO H O Ca PO OH CO H O+ ⋅ → ( ) ( ) + +    

 The key ingredients of this reaction are basically in solid phase in which CaCO 3 , 
CaO or calcium hydroxide act as a calcium precursor and tricalcium phosphate or 
CaHPO 4     ·    2H 2 O act as a phosphorus precursor in the formation of HA. Usually, 
solid - state reactions take place at a very high temperature ( ∼ 1000    ° C). For example, 
Rao  et al.  reported the synthesis of HA using a solid - state reaction between com-
mercially available tricalcium phosphate and calcium hydroxide powders, at 
temperatures between 700 and 1000    ° C  [90] . The reaction of TCP and calcium 
hydroxide in a 3   :   2 molar ratio at 1000    ° C produced pure HA phase. A method for 
the preparation of HA fi bers was introduced by heating compacts consisting of 
calcium metaphosphate fi bers with calcium hydroxide particles at 1000    ° C in air 
 [91] , such that the HA fi bers obtained had nanostructural features. Pramanik 
 et al.  reported the preparation of high - strength HA ceramics using CaO and P 2 O 5  
as starting materials  [92] . Overall, despite solid - state reactions representing a 
simple approach for large - quantity powder processing, the lack of control of the 
powder ’ s particle properties and phases limits the use of this process for HA 
powder synthesis.  

  12.2.7 
 Microwave - Assisted Synthesis 

 The microwave - assisted synthesis of nanophase ceramic materials is relatively new, 
but is rapidly attracting interest for the synthesis of nano - HA materials. Compared 
to conventional high - temperature sintering, the microwave process has particular 
advantages, such as rapid volumetric heating and high reaction rates, leading to 
products with small particle sizes, a narrow size distribution and high purity  [93, 
94] . Thus, microwave heating, as an important processing method, was introduced 
to the synthesis of HA by solid - state reaction at room temperature  [95] . 

 Feng  et al.  prepared HA nanoparticles or nanorods by microwave heating in a 
very short reaction time, in which Ca(NO 3 ) 2     ·    4H 2 O and Na 3 PO 4       ·    12H 2 O were 
used as the starting materials  [96] . The same group also concluded that, in the 
microwave heating method, the Ca/P ratio and water of crystallization in the start-
ing materials were important because of their infl uences on the morphology of 



the HA product. By using a simple, one - step microwave - assisted solid - state reac-
tion at room temperature, Cao  et al.  produced HA nanorods with diameters 
between 60 and 80   nm and lengths of about 400   nm  [94, 96] . When microwave 
heating and conventional heating for the synthesis of HA nanorods were com-
pared in terms of product morphology, microwave radiation was seen to play an 
important role, due mainly to the shorter reaction time. 

 In addition to solid - state reactions, microwave radiation can also be used in 
conjunction with wet precipitate processes. For example, Sarig and Kahana inves-
tigated the wet synthesis of HA using a microwave system  [97]  in which CaCl 2  and 
NaH 2 PO 4  aqueous solutions were used as starting materials. When heating was 
conducted in a 2.45   GHz microwave oven at maximum power for 5   min, the 
powder obtained was composed of spherulites that were about 2 – 4    μ m diameter 
and consisted of ultrafi ne platelets of about 300   nm length. Notably, the powder 
produced was nonaggregated and remained free - fl owing after three years of 
storage. The precipitation of HA in a continuous process using microwave heating 
was also reported by Torrent - Burgues  et al.   [98] , with needle - like calcium - defi cient 
HA particles in the nanometer size range ( < 100   nm) being obtained.  

  12.2.8 
 Emulsion Process 

 The emulsion process can be used to synthesize inorganic and metallic nanopar-
ticles with controlled particle size and morphology  [99, 100] . An  emulsion  is 
defi ned as a colloidal suspension of a liquid within another liquid. Emulsions can 
be divided into two categories: (i) oil - in - water, where the oil droplets are suspended 
homogeneously in water (the droplets are referred to as  micelles ); and (ii) water -
 in - oil, where water droplets are suspended homogeneously in oil, known as  reverse 
micelles . 

  12.2.8.1   Surfactants 
 Often, a surface - active agent or  surfactant  may be added to stabilize an emulsion; 
the role of a surface - active agent is to reduce the difference in surface tension 
between the water and oil such that they form a stable phase in one another. The 
emulsion process depends heavily on the type of surfactant used, their concentra-
tion, and the aqueous - to - organic phase ratio in the liquid medium. 

 Surfactants are molecules of a particular design which have one polar end or 
head - group, and another nonpolar end, and may be either nonionic or ionic. While 
nonionic surfactants do not ionize when dissolved in liquid, their ionic counter-
parts do. Ionic surfactants may be of two different types, namely anionic and cat-
ionic. Anionic surfactants have a relatively large nonpolar group and a negatively 
charged polar group, while cationic surfactants have a positively charged polar 
group. A third type of surfactant    –    an ampholytic surfactant    –    consists of both cat-
ionic and anionic head - groups and, depending on the pH of the solution and its 
structure, it can behave as an anionic, cationic or a neutral species. When the 
surfactant dissolves in organic solvents, it forms spheroidal aggregates, and this 
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may occur in either the presence or absence of water. When the medium is com-
pletely water - free, the aggregates are small and polydispersed; however, the pres-
ence of water increases the size of the surfactant aggregates as the water becomes 
trapped by the polar core of the surfactant. The water - trapped polar core is termed 
the  ‘ water pool ’ , and is defi ned by the water - to - surfactant molar ratio (w   =   [H 2 O]/[S]). 
When the amount of water is less (w    <    15), the situation is referred to as a  ‘ reverse 
micelle ’ , whereas the presence of large amounts of water molecules (w    >    15) cor-
respond to  ‘ microemulsions ’ . The size of the water droplet inside the core can be 
calculated by assuming that water in oil is spherical, and is expressed as:

  R V= 3 Σ   

where  R  is the radius of sphere,  V  is the volume of sphere and  Σ  is the surface 
of the sphere, assuming that the volume and the surface of the droplets are gov-
erned by the volume of the water and by the surfactant molecules, respectively. 
The water pool radius is then the same as the radius of the sphere, and can be 
expressed as:

  R Vw aq H O S= [ ] [ ]3 2 σ ,   

where  V  aq  is the volume of water molecules and  Σ  is the area. Various experiments 
have been conducted to confi rm the linear variation of water pool radius with water 
content  [101] .  

  12.2.8.2   Reverse Micelles 
 Figure  12.4  shows a schematic diagram of a water - in - oil microemulsion or 
reverse micelle. Reverse micelle - templated synthesis has the ability to control 
particle size and morphology. Reverse micelles are formed when the aqueous 
phase is dispersed as microdroplets, and those microdroplets of water that are 
stabilized in a nonaqueous phase by a surfactant act as a microreactor or nanoreac-
tors in which reactions are conducted. These spatially and geometrically restricted, 

    Figure 12.4     A schematic diagram of a reverse micelle.  
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self - assembling media of reverse micelles can be used in the synthesis of nano-
phase materials, with minimal agglomeration and a high surface area.   

 Most current methods produce HA powder where the agglomeration cannot be 
controlled during the synthesis or drying steps. In order to produce a sintered 
monolithic HA part with desired mechanical properties, it is necessary to use an 
agglomerate - free, low - aspect ratio fi ne HA powder with a high surface area. 
Agglomeration can cause not only a lower sintered density but also crack - like voids 
during densifi cation. A high - aspect ratio morphology in the starting powder can 
also cause poor packing, which may result in an exaggerated grain growth during 
sintering. This microstructural heterogeneity can seriously affect the mechanical 
properties of sintered HA parts. The reverse micelle or microemulsion template 
system represents a useful process for synthesizing nanopowders  [99]  and, 
indeed, microemulsion has been shown to be one of the few techniques capable 
of producing nanometer - sized particles with minimal agglomeration. 

 Bose  et al.  have reported the synthesis of the HA nanopowders with a surface 
area as high as 130   m 2    g  − 1  by using a reverse micelle template system and particle 
sizes in the range of 30 to 50   nm, with different morphologies depending on the 
reaction parameters and the related powder characterization  [102, 103] . Calcium 
nitrate and phosphoric acid were used as calcium and phosphorus precursors, 
respectively, cyclohexane as the organic phase, and  poly(oxyethylene) 5  nonylphenol 
ether  ( NP - 5 ) or  poly(oxyethylene) 12  nonylphenol ether  ( NP - 12 ) as the surfactant. 
The calcium - to - phosphorus atom ratio in the precursor was maintained at 1.67 to 
1 in all cases, and a surfactant (10   vol%) was added to cyclohexane to create the 
organic phase. The aqueous solution and organic phase were mixed to obtain the 
reverse micelle systems, after which the emulsion was converted into a transparent 
gel during mixing and stirring. After ageing at room temperature, the emulsion 
was evaporated and dried on a hotplate to obtain the HA precursor powders. 
Finally, the crystalline HA powders were obtained by heat treatment at different 
temperatures, from 450 to 650    ° C. Several experimental parameters were shown 
to have an effect on the surface area, including the crystalline phase purity, the 
particle size and morphology of the HA nanopowders. It was also shown that not 
only the surface area but also the morphology of the HA nanopowders could be 
tailored by varying different synthesis parameters, such as the aqueous   :   organic 
ratio, the metal ion concentration and the ageing time. 

 The pH of the reverse microemulsion was found to have a signifi cant infl uence 
on the formation of HA. The emulsions obtained after mixing the aqueous and 
organic phases had a pH of 2, but the results indicated that HA was not formed 
at this pH. However, when the pH of the microemulsion was adjusted to 7, using 
ammonium hydroxide solution, the HA phase was formed. 

 The composition of the reverse microemulsion governs the shape and size of 
the reverse micellar domains, as well as the particle morphology and size. As the 
aqueous   :   organic ratio increases, the size of the polar core of the reverse micelle 
increases, leading to a bigger particle size and a decrease in the surface area. Figure 
 12.5  shows that the needle - shaped particles with a high aspect ratio were formed 
when the aqueous   :   organic phase volume ratio was 1   :   5 in the reverse emulsion. 
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    Figure 12.5     Changes in morphology of HA powders as the 
aqueous organic phase volume ratio changes, synthesized 
by using NP5   +   NP12 as surfactant: [Ca 2+ ]   =   5.0    M ; aging 
time   =   12   h; aging temperature   =   25    ° C. (a) The aqueous 
organic phase volume ratio is 1   :   5 (BET surface 
area   =   103   m 2    g  − 1 ); (b) 1   :   10 (BET surface area   =   130   m 2    g  − 1 ); 
(c) 1   :   15 (BET surface area   =   73   m 2    g  − 1 ).  

(a) (b)

(c)

The average widths of the particles were in the range of 5 – 10   nm, and the length 
between 50 and 100   nm for powders calcined at 450    ° C. The aspect ratio of the 
particles decreased as the aqueous   :   organic phase volume ratio was increased to 
1   :   10, and platelet - shaped particles were formed under these conditions. The par-
ticles had an average width of less than 10   nm, and a length in the range of 30 to 
50   nm. Yet, when the aqueous   :   organic phase volume ratio was further increased 



to 1   :   15, the aspect ratio of the particles decreased even more, together with a 
decrease in surface area. It was also noted that powders obtained from emulsions 
having an aqueous   :   organic phase volume ratio of 1   :   15 were more agglomerated 
with respect to the powders made with 1   :   5 and 1   :   10 aqueous   :   organic ratios. The 
high surface area of the latter powders, with respect to the former, supports this 
observation. Surfactants dissolved in organic solvents form spherical aggregates 
known as reverse micelles, although if the medium is completely free of water the 
aggregates are very small and polydisperse. The presence of water is necessary to 
form relatively large surfactant aggregates, which can be used for both micro -  
and/or nanoreactors for chemical reactions. The shape of the polar core depends 
on the amount of water, the organic solvent and the surfactant, and on their 
ratio    –    which can make the core elongated or spherical. The formation of acicular 
or spherical particles at different organic   :   aqueous phase volume ratios can be 
explained by the formation of different shapes of the polar cores in the emulsion. 
The control of nanocrystal shape represents a major challenge, and additional 
investigations are required to confi rm the exact mechanism that determines the 
nanocrystal morphology.    

  12.2.8.3   Effect of Ageing 
 The aging time was also shown to affect the particle morphology, with HA particles 
being shown to have a rectangular platelet morphology after a 1   h period of ageing. 
However, powders obtained after 12   h of aging were almost spherical, with a lower 
aspect ratio. By increasing the aging time of the emulsion to 72   h, the  BET  
( Brunauer – Emmett – Teller ) surface area of the powders was decreased signifi -
cantly, though this may be due to crystal growth within the emulsion for an 
extended period of time.  

  12.2.8.4   Effect of Metal Ion Concentration 
 The metal nitrate concentration in the aqueous phase may also affect the surface 
area of synthesized nanopowders. For example, by increasing the metal ion con-
centration from 1.0 to 5.0    M , the BET surface area of the powders was increased 
from 86 to 130   m 2    g  − 1 . The morphology of the HA particles was also shown to 
depend on the initial Ca 2+  ion concentration in solution, with near - spherical par-
ticles being produced from a solution containing 1.0    M  Ca 2+  ions, and with a 
narrow size distribution of 30 to 50   nm. In contrast, needle - shaped particles were 
formed with a 5.0    M  Ca 2+  ion solution. 

 Lim  et al.   [104 – 106]  have reported on the synthesis and characterization of 
HA nanopowders by microemulsion using poly(oxyethylene) 5  nonylphenol ether 
(NP - 5) and  poly(oxyethylene) 12  nonyl phenol ether  ( NP - 12 ) as the surfactant, and 
cyclohexane as the oil phase. The starting materials of CaCl 2  and (NH 4 ) 2 HPO 4  were 
used as sources of Ca and P, respectively. The phase diagram of the cyclohexane    –
    (NP - 5   +   NP - 9)    –    aqueous solution of CaCl 2  is shown in Figure  12.6 . The calcination 
temperatures were reported as 600 to 1200    ° C, and the particle sizes between 
190   nm and 1.95    μ m. A simple route for the synthesis of HA nanofi bers was 
reported by Liu  et al.   [107] , who used CaCl 2  and Na 3 PO 4  as starting materials and 
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    Figure 12.6     The partial phase diagram for the system of 
cyclohexane    –    (NP - 5   +   NP - 9)    –    aqueous solution of 1    M  CaCl 2  at 
room temperature. A is a microemulsion; B is an emulsion 
region.  
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CTAB as surfactant. The average size of the nanofi bers was 120 – 160   nm length 
and 5   nm width. The same type of surfactant (CTAB) was used by Yao  et al.   [108]  
for the synthesis of nanostructured HA from K 2 HP 4       ·    3H 2 O and CaCl 2 , with the 
resultant particles being 500 – 1000   nm long and 50 – 100   nm thick. Likewise, Kou-
moulidis  et al.   [109]  reported the synthesis of HA nanopowders in the range of 
40 – 120   nm when using CTAB as surfactant and Ca(H 2 PO 4 ) 2       ·    H 2 O, CaCl 2  and 
ammonia solution as the starting materials.   

 Micelle - templated synthesis was reported by Wu  et al.  when HA nanopowders 
were synthesized with a high surface area and a particle size of 60 – 80   nm, using 
SDS as surfactant  [110] . The infl uence of emulsion process on crystal growth and 
particle shape was also studied by Sonoda  et al.   [111] , who found the edge of 
HA particles derived from the emulsion method to be curved and rounded, while 
those from the nonemulsion method were straight and truncated. The increase in 
temperature also led to an increase in particle size.   

  12.2.9 
 Other Processes 

 Besides the above - mentioned synthesis procedures, various other methods have 
been reported for the synthesis of nanocrystalline HA. For example, when the 
synthesis of HA from Ca(NO 3 ) 2  and (NH 4 ) 2 HPO 4  using  polyacrylic acid  ( PAA ) was 
reported by Bertoni  et al.   [112]  and Zhang and Gonsalves  [113] , the presence of 
PAA was seen to reduce the fi nal HA crystal dimensions, such that the crystal 
became more acicular. However, at high PAA concentrations the crystals aggre-
gated into clusters. Sinha  et al.   [114]  reported the synthesis of nanosized and 
microporous HA precipitates using synthetic polymers and biopolymers systems; 
here, Ca(NO 3 ) 2  and (NH 4 ) 2 HPO 4  were used as the starting reagents, while polyvinyl 
alcohol (PVA) and bovine serum albumine (BSA) gels were used as polymers. This 
process was similar to biomineralization, and highly controlled with respect to the 
microstructural features such as size and shape. The synthesis of ultrafi ne HA 



powders by  radiofrequency  ( RF ) plasma processing was investigated by Kumar  et 
al.   [115] . In these studies, the amount of nanosized clusters was increased with 
increasing thermal treatment, while the average particle size was inversely propor-
tional to the severity of the thermal treatment. In another study, Wang  et al.   [116]  
reported a novel strategy to synthesize HA nanorods based on a  liquid – solid – solu-
tion  ( LSS ) method, such that HA nanorods with tunable sizes, aspect ratios and 
surface properties were obtained. In fact, this method may be useful for the con-
trolled synthesis of biomedical inorganic materials with tailored shapes and surface 
properties.   

  12.3 
 Characterization of Hydroxyapatite Nanocrystals 

 Synthesized HA nanoparticles can be characterized using a variety of techniques, 
depending on the properties of interest and their applications. In general, these 
characterization techniques can be broadly grouped into three categories: 

   •      Composition and phase analysis  
   •      Characterization of nanoparticles for size and morphology  
   •      Biological characterization.    

 In the following sections we provide detailed descriptions of the techniques 
required for such characterization. 

  12.3.1 
 Composition and Phase Analysis 

 Conventional chemical analysis techniques such as wet analysis or  atomic absorp-
tion  ( AA ) can provide a relatively accurate chemical composition for studying the 
Ca/P ratio and stoichiometric composition of HA.  Energy dispersive spectroscopy  
( EDS ), typically in conjunction with  scanning electron microscopy  ( SEM ) or  trans-
mission electron microscopy  ( TEM ) has also been used extensively to analyze 
chemical composition, both quickly and directly. This technique allows the inci-
dent electron beam to be moved from one surface region to another for mapping 
the localized surface elemental composition and their distribution. However, low 
concentrations of elements are not measured accurately when using EDS. 

 X - ray diffraction analyses are normally used to identify the phase composition 
of HA samples. By comparing standard data and previously published informa-
tion, the crystal structures and phases of different materials can be characterized 
using XRD. In the case of HA, a common challenge is to identify other phases of 
calcium phosphates, which are usually present in most synthesized powders. First, 
a qualitative evaluation of the presence or absence of different phases is possible 
using XRD. Second, XRD can also be used to calculate the quantitative amounts 
of different phases present in a mixed phase materials. Figure  12.7  shows a typical 
XRD pattern of synthesized HA nanopowders; here, the results show that the 
synthesized nanopowders have a phase - pure HA crystalline structure. A minimal 
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broadening of the peaks explains the smaller particle and crystallite size. The 
crystallinity of a synthesized HA powder can then be calculated by comparison 
with a standard HA calibration.   

 The refl ection broadening in the XRD pattern is attributed to the contributions 
of the crystallite size, microstrain and the instrument itself. The crystal size  D  is 
inversely proportional to the peak breadth, according to the Scherrer ’ s formula 
 [117] :

  Δ 2
0 9θ λ

θ
( ) =

( )
.

cosD
  

where  Δ  (2 θ ) represents the peak width at half - maximum intensity (in radian),  λ  
the wavelength for Cu K  α   ( λ    =   0.154   18   nm), and  D  is the crystal size (in nm). In 
this case, from the line - broadening data using Scherrer ’ s equation, the calculated 
crystallite sizes of the samples are  ∼ 20   nm in Figure  12.7 . 

 Further, it is also possible to determine the crystallographic characteristics of 
HA crystals from the XRD data. HA has the hexagonal crystallographic structure, 
where the relationship between the distance (d) of two adjacent net planes and the 
( hkl ) Miller indices of the refl ection planes, is given by  [51] :
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 A slight shift of the diffraction peaks can be observed when some trace elements 
are incorporated into the HA crystal. 

    Figure 12.7     X - ray diffraction plots for synthesized HA nanopowders.  
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  Fourier transform infrared  ( FTIR ) spectroscopy is another technique normally 
used to study chemical structures, such as OH  −   and  CO3

2−   groups, in HA samples. 
In general, bands at 3572 and 631   cm  − 1  are assigned to stretching mode, librational 
mode and translational mode, respectively, of the hydroxyl group, OH. Bands at 
1087, 1072 – 1032, 962, 601, 571 and 474   cm  − 1  are assigned to vibrations of the 
phosphate group, PO 4 . The fi rst peak at 1087   cm  − 1  emanates from a triply degener-
ated asymmetric stretching mode vibration. The other two components of this 
triply degenerated vibration, of the P — O bond of the phosphate group appear at 
1046 and 1032   cm  − 1 . The peak at 962   cm  − 1  is assigned to a nondegenerated sym-
metric stretching mode of the P — O bond of the phosphate group, PO 4 . The peaks 
at 601, 575 and 561   cm  − 1  are assigned to a triply degenerated bending mode of the 
O — P — O bond. The weak peaks at 472 and the shoulder at 462   cm  − 1  are compo-
nents of the doubly degenerated bending mode of the phosphate group, PO 4 .  

  12.3.2 
 Nanoparticle Characterization for Size and Morphology 

 The most widely used technique for nanoparticle characterization is that of TEM, 
by which nanoparticles can be viewed and their size, shape and morphology docu-
mented. Modern research TEM systems can be used to obtain information on 
features on the scale of 0.1   nm or smaller, and at magnifi cations of 50 million 
times. 

 The BET approach, another important analysis technique used to measure the 
specifi c surface area of a material, is based on the rules for the physical adsorption 
of gas molecules on a solid surface  [118] . Here, the surface area is expressed in 
square meters per gram (m 2    g  − 1 ) or square meters per cubic meter (m 2    m  − 3 ), and 
is the result of measuring surface roughness as well as the quantity and size dis-
tribution of open pores. Although the theory is complex, BET measurements are 
relatively simple to obtain, widely applicable, and the results are highly reproduc-
ible. The most often used gas is nitrogen, as its molecular size is well established, 
it is inert, and is available in highly pure form at reasonable cost. The results from 
previous studies have indicated that HA nanoparticles by emulsion methods have 
very high BET specifi c average surface areas, which depends on the particle size 
and morphology. A BET surface area  > 100   m 2    g  − 1  was measured for needle - shaped 
particles with a high aspect ratio,  > 130   m 2    g  − 1  for platelet - shaped particles, and 
 > 70   m 2    g  − 1  for agglomerated HA nanoparticles. 

 The technique of  dynamic light scattering  ( DLS ) can be used to measure the 
particle size of nanoscale HA, notably when only small amounts of powder are 
available. For this, approximately 1 – 5   mg of HA powder is added to 50   ml of water, 
typically at basic pH (e.g. pH 10), and ultrasonicated for 15 – 30   min to minimize 
the degree of agglomeration. An aqueous suspension of HA nanoparticles at a 
higher pH would be stable against fl occulation for a long time, under the infl uence 
of a strong electric double layer repulsion around the negatively charged particle 
surface. The particle suspension is then fi lled into a borosilicate glass tube 
and inserted into the DLS instrument for particle size analysis. Particle sizes are 
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automatically determined from the autocorrelation function using the Stokes – 
Einstein equation:  r   =   kT /6 Dph , where  r  is the particle radius,  k  the Boltzmann 
constant,  T  the absolute temperature,  D  the diffusion coeffi cient, and  h  the viscos-
ity of the liquid in which the particles were suspended. The values for the above 
parameters at room temperature are:  k    =   1   :   38    ×    10  − 23    m 2    kg   s  − 2    K  − 1 ;  T    =   293   K; and 
viscosity ( η )   =   0.891   cP.  

  12.3.3 
 Biological Characterization 

 Biological characterizations are performed using either a Petri dish ( in vitro ) or 
within the animal body ( in vivo ). The details of a range of frequently used investi-
gational techniques are provided in the following sections. 

  12.3.3.1    In Vitro  Evaluation Methods: Simulated Body Fluids and Cell Culture 
 Studies of the bone – biomaterials interface have revealed that one common 
characteristic of bioactive materials is the consistent presence of an interfacial 
apatite layer  [119] . Kokubo and Takadama proposed that the essential requirement 
for an artifi cial material to bond to living bone is the formation of bone - like 
apatite on its surface when implanted in the living body, and that this  in vivo  apatite 
formation can be reproduced in a SBF with ion concentrations almost equal to 
those of human blood plasma  [52] . This means that the  in vivo  bone bioactivity 
of a material can be predicted from the apatite formation on its surface in the 
SBF. The presence of a SBF has been proven to induce the formation of bone - like 
apatite on some biomaterials, such as silica or titania gels, bioglass and calcium 
phosphates ceramics, at physiological pH and temperatures. In recent studies, 
doped HA compositions showed signifi cantly better apatite layer formation in 
SBF than pure compositions; one such example was that of strontium doping in 
HA  [120] . 

  Cell culture testing  is used widely  in vitro  to evaluate the biocompatibility of HA 
samples. For this, several osteoblast cell lines have been developed to assess bio-
materials performance  in vitro , including a murine osteoblastic cell line (MC3T3 -
 E1)  [121] , a human  osteoblastic precursor cell line  ( OPC1 )  [122]  and a human 
osteoblast cell line (hFOB 1.19)  [123] . Osteoblast cells interact differently with 
material structures, depending on the combinations of chemical, structural and 
environmental variables. The biocompatibility of HA surfaces can be assessed 
using cell – material interaction studies such as attachment, proliferation and 
differentiation. Cell proliferation on HA samples is normally investigated with 
a mitochondrial (MTT) assay, which permits the quantitative estimation of the 
number of living cells on a material. 

 Both, optical and electron microscopy are used to observe cell morphology and 
to understand cell attachment and differentiation on materials. 

  Confocal scanning microscopy  is used to assess the expression of specifi c osteo-
blast proteins, such as ALP and  osteopontin  ( OPN ).  



  12.3.3.2    In Vivo  Animal Testing 
 Although  in vitro  tests provide a rapid means of evaluating the biocompatibility of 
HA, animal experiment remain the preferred method of testing the biological 
properties of materials. Whilst a complex biological environment cannot be simu-
lated completely by  in vitro  experiments, it is possible to make reliable evaluations 
by implanting biomaterials directly into the bone tissue. Compared to  in vitro  tests, 
animal tests require a longer experimental term that usually lasts from several 
months to several years. Any changes in the HA materials within the body envi-
ronment, such as dissolution and delamination as well as bone tissue formation, 
can then be studied histologically, often using SEM. If necessary, the physical 
bonding between bone and HA materials can be evaluated quantitatively using 
mechanical tests.  

  12.3.3.3   Toxicology of  HA  Nanoparticles 
 Bauer  et al.   [124]  reported details of the internalization pathway of HA nanoparti-
cles into cells. In a cell culture medium, the HA nanoparticles tended to agglomer-
ate to form clusters that were 500 – 700   nm in size, and became unstable. An 
investigation using TEM showed that the internalized HA were captured by vacu-
oles in the cytoplasm of hepatocellular carcinoma cells. Moreover, the invagina-
tions apparent in the cell membrane before nanoparticle uptake suggested 
that internalization of the agglomerates had resulted from an energy - dependent, 
clathrin - mediated endocytosis.    

  12.4 
 Bulk Structures Using Hydroxyapatite Nanocrystals 

 Nanomaterials can improve sinterability due to their high surface energy and, 
therefore, also improve mechanical properties. Sintering behavior, however, 
depends not only on particle size but also on size distribution and the morphology 
of the powder particles. A large particle size, combined with hard agglomerates, 
will lead to a lower densifi cation in HA. As differences in shrinkage between the 
agglomerates is also responsible for the production of cracks in the sintered HA, 
the synthesis of agglomerate - free or soft agglomerated nanostructured HA may 
represent an important step in the achievement of good mechanical properties for 
dense nanostructures. 

 To date, few reports are available on the effect of the powders ’  properties such 
as particle size, distribution, density and morphology on the densifi cation behavior 
and the mechanical and microstructural characteristics of those powder compacts 
 [33, 125 – 128] . In order to study the aspect ratio effect on densifi cation, high - aspect 
ratio nanopowder or rod - shaped particles (aspect ratio 7.2) and low - aspect ratio or 
spherical nanopowders (aspect ratio 1.3  ±  0.3) were synthesized using an emulsion 
technique with different parameters  [103] . The specifi c average surface areas of 
the as - synthesized spherical and rod - shaped HA powders were 39   and 29   m 2    g  − 1 , 
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respectively. The effect of rod - shaped particle addition on the densifi cation of a 
spherical nanopowder is shown in Figure  12.8 . It was observed that an increase 
in rod - shaped particles content decreased the density of the sintered sample. 
Spherical nanopowders have a higher surface energy per unit volume than rod -
 shaped particles. The addition of rod - shaped particles decreased the overall surface 
energy of the system, which is the driving force for solid - state sintering, and 
reduced the densifi cation rate. A sintering plot shows three distinct regions with 
different slopes: 

   •      In the fi rst region (up to 20   wt% rod - shaped particles), the densifi cation rate 
slowly decreased linearly with rod - shaped particle addition. Densifi cation in this 
zone was primarily controlled by the spherical powders and their distribution.  

   •      In the second, transitional, region (20 – 30   wt% rod - shaped particles), the 
densifi cation rate control changed from spherical to rod - shaped particles.  

   •      In the third region ( > 30   wt% rod - shaped particles), the densifi cation kinetics was 
very slow and controlled by the rod - shaped particles.      

 In all cases, the sintered microstructure did not show any rod - shaped particles 
in the fi nal structure of these nanopowders due to grain growth. 

  12.4.1 
 Microwave Sintering of Nanopowders 

 The heating of a solid material occurs via two main processes: 

   •      By  energy transfer  from the surface to the center, via thermal conduction. This 
is the case of conventional heating, and it is a slow process due to the low 
thermal conductivity of ceramics. Although various energy losses are associated 
with this method, it is still the most often used for carrying out various types of 
heat treatments.  

    Figure 12.8     Densifi cation behavior of HA compacts at 1250    ° C 
for 3   h with different rod - shaped (whisker) particle contents.  
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   •      By  energy conversion , where the material as a whole absorbs electromagnetic 
radiation and converts it into heat via dielectric, magnetic permittivity/eddy 
currents loss mechanisms. This is the case in RF    –    induction heating, in lasers, 
and in microwave processing, all of which provide rapid, highly effi cient heating 
and rapid sintering. (Occasionally, the two methods are combined.)    

 Microwave energy has been used for over 50 years in a variety of applications, 
including communications, food processing, rubber vulcanization, textile and wood 
products, and the drying of ceramic powders. Although the widespread use of micro-
wave home ovens has revolutionized home - cooking, the use of microwaves in the 
processing of ceramics, especially the sintering of materials, is relatively new. 

 While the fi rst reported use of microwave in ceramics dates back to 1968, activity 
in this fi eld began to gather momentum in the late 1970s and continued    –    with 
great enthusiasm and excitement    –    during the 1980s. Due to the internal heating 
of microwave processing, it is possible to sinter many materials at a much lower 
temperature and for a shorter time than would be required with conventional 
methods. In fact, the use of microwave processing reduces typical sintering times 
by a factor of 10 or more in many cases, thereby minimizing grain growth. Thus, 
it is possible to retain the initial fi ne grain structure without using grain growth 
inhibitors. Recently, it has been shown that the microwave sintering of HA ceram-
ics, both in pure and doped forms, can achieve comparable physical and mechani-
cal properties within 1   h, compared to an 8   h heating cycle under conventional 
sintering. This signifi cant reduction in processing time is possible due to the volu-
metric heating of microwaves. The retention of fi ne grain microstructure and 
shorter times in microwave sintering are very important. Recently, it was shown 
that HA nanopowders with  < 100   nm average size and compacted in a uniaxial 
press followed by cold isostatic pressing, could be sintered to  > 95% theoretical 
density at 1150    ° C using a 3   kW microwave source. The fi nal average grain size 
was  < 300   nm    –    which was signifi cantly less than that of conventionally sintered 
HA. A SEM image of a bulk nanograin HA that has been microwave - sintered at 
1150    ° C is shown in Figure  12.9 . The average grain size in the sample was  < 250   nm, 
while the surface hardness was  > 9   GPa and the compressive strength  > 400   MPa. 
Both of these values were signifi cantly higher than reported elsewhere for pure 
HA ceramics  [129] .   

 The effect of HA nanocrystal morphology on bioactivity has also been demon-
strated. For this, two types of HA with different nanocrystal morphologies were 
synthesized using a simple aqueous precipitation method with different reactant 
molar ratios. The spherical crystal was 40 – 60   nm in diameter, while the rod - like 
crystal was 40 – 55   nm in diameter and 79 – 100   nm in length. The results indicated 
that there was a signifi cantly higher cell proliferation on the surface of HA with 
spherical crystal than with rods. Subsequent SEM observations showed that osteo-
blasts had spread out a host of fi lopodia onto the spherical crystal surface, thus 
exhibiting a much more active cell morphology. These results suggested that HA 
with spherical nanocrystals showed more favorable properties for osteoblasts than 
those with a rod - like morphology.   
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    Figure 12.9     Scanning electron microscopy images of sintered 
nano - HA, sintered at (a) 1000 and (b) 1100    ° C for 30   min in a 
3   kW commercial 2.45   GHz microwave.  

(a)

(b)

  12.5 
 Future Trends 

 Currently, much of the research on HA nanocrystals is broadly classifi able 
into four categories: (i) high - strength HA using nano - HA and dopants; (ii) HA 



scaffolds in tissue engineering; (iii) nanoscale HA coatings for load - bearing 
implants; and (iv) HA in drug/protein delivery. Among these areas, efforts have 
been focused on the synthesis of HA nanocrystals with tailored morphology and 
their processing for bulk nanostructured materials, and also on modifying their 
surface chemistry to improve drug/protein delivery and  in vitro  and  in vivo  
responses. 

  12.5.1 
 High - Strength  HA  using Nano -  HA  and Dopants 

 Bone defects are frequently caused by trauma, disease, developmental deformity 
and tumor removal. Currently, the repair of such bone sites involves a variety of 
medical and surgical techniques, including the use of autogenous grafts, alloge-
nous grafts, internal and external fi xation devices, electrical stimulation and 
replacement implants. Although effective in many cases, these existing technolo-
gies are still plagued with numerous diffi culties and disadvantages. Based on  in 
vivo  response of HA - based materials, it has long been envisioned that HA could 
be applied to a variety of applications for dental and orthopedic repair and restora-
tion. However, due to the poor mechanical strength of HA - based materials, most 
of these applications remain focused on coatings or powdered materials only. It 
is believed that nano - HA, when densifi ed with nanoscale grains, will provide 
improved strength. Moreover, recent results have suggested that small quantities 
of dopants may also improve the mechanical properties of HA. Thus, research into 
nano - HA with dopants is currently being pursued by many groups to produce 
HA - based parts such as screws, pins and small plates for the repair and reconstruc-
tion of bone defects.  

  12.5.2 
  HA  Scaffolds in Tissue Engineering 

 One of the key factors identifi ed in the failure of tissue - engineering scaffolds has 
been insuffi cient tissue regeneration around and inside the biomaterial, mainly 
because of a poor surface interaction of the biomaterial with the host tissues. The 
biomolecules and cells, together with the intrinsic and surface properties of the 
biomaterials, determine the biocompatibility of the scaffolds. As the biomolecule 
or cell – material interaction at the surface of a biomaterial is an important phe-
nomenon in its evaluation, biomaterials scientists have begun to investigate the 
pertinent host – cell interactions in order to design materials that facilitate favorable 
interactions and enhance tissue regeneration. Because of their excellent cell – mate-
rials interactions, HA - based materials are favored as scaffolds for tissue engineer-
ing. Today, among the key challenges, the creation of porous scaffolds with 
mechanical properties comparable to those of cancellous bones, and biological 
properties that will allow viable tissue ingrowth, represent some of the actively 
pursued areas.  
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  12.5.3 
 Nanoscale  HA  Coatings for Load - Bearing Implants 

 Today, the most important problem associated with load - bearing implants is their 
limited lifetime. A simple example is a  total hip prosthesis  ( THP ); this is a metallic 
implant that has a typical lifetime of 7 – 12 years. Surprisingly, this lifetime has 
remained constant over the past 50 years, despite several billion dollars having 
been spent on research and development to effect an increase. Consequently, if a 
30 - year - old patient receives a THP, by the time they are aged 50 the implant will 
no longer function. The problem with the THP lies in the bond between the tissue 
and the implant; a strong bond can potentially double or triple the lifetime of an 
implant, but too often a weak bond will cause a shortening. In order to develop 
strong bonds to improve the lifetime of metallic implants, bioactive coatings may 
be applied. The ideal coating should be gradient in composition from the surface 
to the inside for better mechanical strength. It is also advantageous to have a con-
trolled porosity in the coatings in order to provide a better biological anchoring 
and thus improve the cell – material interaction. Likewise, as nanograin HA has 
demonstrated a better cell – material interaction than micron - grained materials, it 
is preferable that the fi nal coatings retain a nanograin morphology. Today, several 
research groups are investigating different coating technologies to produce 
nanograin HA coatings on metallic surfaces that are not only very adherent but 
also last longer  in vivo.   

  12.5.4 
  HA  in Drug/Protein Delivery 

 Nanotechnologies have already brought about signifi cant changes in the scale and 
methods of drug delivery, and show huge potential for future developments. New 
formulations and routes for drug delivery have shown promise for the delivery of 
new types of medicine to previously inaccessible sites in the body. In addition to 
developing completely new therapeutic values, the introduction of upgraded for-
mulations can greatly reduce the risk, time and capital invested in new drug 
development. Nanoparticle - based drug delivery technology allows the reformula-
tion of existing drugs to increase a product ’ s lifecycle, increase profi tability, and 
expand intellectual property estate. Calcium phosphate (CaP) nanoparticles, 
including HA nanoparticles, have been recognized as potentially good candidates 
for carrying biocompatible drugs and biomolecules to targeted sites, as they may 
be resorbed by cells and promote new bone formation by releasing Ca 2+  and  PO4

3−   
ions. The CaP nanoparticles, which also possess versatile properties suitable for 
cellular delivery, are widely available with variable stoichiometry and functionality. 
Because of the high surface charge density, the surface functionalization of CaP 
nanoparticles is relatively easy, and this attributes to their potential capabilities for 
the targeted delivery of drugs and biomolecules to specifi c sites, and with con-
trolled release properties. Among specifi c research areas, tailoring of nanoparticle 
size and morphology, in addition to the chemistry of controlled - release kinetics, 
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are perhaps the most active. In this way, it might become possible to use these 
inorganic nanomaterials to release site - specifi c drugs for several days, rather than 
simply the fi rst few hours, after administration.   
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   13.1 
 Introduction 

 Living organisms are capable of creating amazing ways to produce high - 
performance materials, with in excess of 60 such different biological minerals 
already having been identifi ed  [1] . Among these, calcium phosphates have a special 
place as they are the most important inorganic constituents of biological hard 
tissues in vertebrates  [2, 3] . In the form of carbonate - containing  hydroxyapatite  
( HA ), calcium phosphates are present in bone, teeth and tendons to provide these 
organs with stability, hardness and function  [4, 5] . Although it is unclear why 
high - intelligence animals select calcium phosphates as their crucial biomineral for 
survival, the current biomedical questions of persistent pathological and physio-
logical mineralization in the body have forced investigators to focus on the occur-
rence, formation and degradation of calcium phosphate minerals in living 
organisms  [6 – 8] . 

 Calcium phosphates are sparingly soluble electrolytes, and can be conveniently 
synthesized in the laboratory simply by mixing calcium and phosphate in aqueous 
solution. The calcium phosphate crystals produced in the supersaturated aqueous 
solution always have a considerable size  [9, 10] , whereas biologically formed calcium 
phosphate  [3]  often occurs as nanocrystals that are precipitated under mild condi-
tions. Based on many reports, the size of biological apatite in biological hard tissues 
always ranges from a few nanometers to many hundreds of nanometers  [11] . In 
differing from synthesized bulk materials, biominerals exhibit many levels of hier-
archical structure, from the macroscale to the nanoscale  [12, 13] . Despite their 
complicated hierarchical structures, the smallest building blocks among these bio-
materials are generally on the nanometer scale  [14] ; for example, within the collagen 
matrix, tens to hundreds of nanometer - sized calcium phosphate crystals combine 
into self - assembled apatite during the formation of bone and enamel. Recent 
advances have suggested that this process is a natural selection, as nanostructured 
materials provide the capability for specifi c interactions with proteins  [15] . 

 Biological mineralization ( ‘  biomineralization  ’ ) is the process of the  in vivo  for-
mation of inorganic minerals. The new theory of  ‘ aggregation - based crystal growth ’  
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 [16]  and the new concept of  ‘ mesocrystals ’   [17, 18]  highlight the roles of nanopar-
ticles in biological crystal engineering, and the mimicking of the formation of 
natural calcium phosphate hard tissues has contributed signifi cantly towards iden-
tifying the biological function of these engineered materials. Recently, with the 
rapid growth of nanotechnology, many advances have been made in biomaterials 
 [19]  such that today, the study of calcium phosphates represents a specifi c area of 
nanotechnology that may be applied readily to the repair of hard and soft skeletal 
tissues  [20, 21] . 

 Other related areas include the creation of new biocompatible delivery systems 
for cellular therapy and agricultural fertilizers  [22, 23] . It has been suggested that 
nanophase calcium phosphates can mimic the dimensions of constituent compo-
nents of natural tissues, and consequently nanocalcium phosphates can be utilized 
for tissue - engineered implants with improved biocompatibility  [24] . In this respect, 
it is the development of calcium phosphate biomedical materials that stands to 
benefi t most from such nanotechnology. 

 Calcium phosphates have for a long time attracted intensive attention due to 
their biological and medical signifi cances. While Dorozhkin and Epple  [25]  origi-
nally introduced the different phase of calcium phosphates and their applications 
in biomedical materials, it was shown recently that nano - calcium phosphate can 
provide a protective environment that shields biomolecules from degradation, 
while providing a pathway for controlled release. Adamopoulos and Papadopoulos 
 [26]  summarized the applications of nano - calcium phosphate ceramics and sug-
gested that the combination of bioceramics and nanotechnology would result in 
enhanced skeletal interactions in maxillofacial applications. Calcium phosphate 
materials serve as attractive cement materials because of their established biocom-
patibility and ease of handling. Recently, Ginebra  et al .  [27]  reviewed the develop-
ment of calcium phosphate as biological cements, highlighting the performances 
of calcium phosphate cements as carriers of different types of drug, including 
antibiotics, analgesics and anticancer and anti - infl ammatory agents, as well as 
growth factors. Bohner  [28]  referred to an understanding of the processes involved 
during the various stages of the calcium phosphate cement setting reaction, by 
reviewing the current methods used to monitor and modify calcium phosphate 
cement setting rates. Bohner concluded that a better control of calcium phosphate 
cement setting rate might be achieved by optimizing the fabrication parameters 
of cement. Cui  et al .  [29]  discussed the current understanding of the structure, 
self - assembly mechanisms and properties of mineralized collagen fi bril compos-
ites in connective tissues, as well as involving the biomimetic synthesis of new 
materials with the structure of mineralized collagen and applications of mineral-
ized collagen composites in bone regeneration. 

 In the present authors ’  laboratory, the studies focus on the preparation, assem-
bly and application of nano - calcium phosphate in biomineralization and biomate-
rials, including the discovery of nano - calcium phosphate in bone and dental 
enamel, its stability within a biological milieu, biomimetic construction by using 
nano - calcium phosphates, and their application in biomaterials.  



  13.2 
 Nano - Calcium Phosphates in Hard Tissues 

  13.2.1 
 Bone 

 Bone    –    which is the most typical calcifi ed tissue among organisms    –    is produced in 
all sorts of shapes and sizes, the goal being to achieve various functions of protec-
tion and mechanical support for the body. The major inorganic component of 
bone mineral is HA  [30, 31] ; in fact, the structural chemistry of biological apatite 
is highly complex because the mineral is not compositionally pure, often being 
calcium - defi cient and enriched in carbonate  [32] . Although we generally refer to 
the bone mineral as HA, several other calcium phosphate phases are known to 
exist in the biological mineral, including  octacalcium phosphate  ( OCP ) and  amor-
phous calcium phosphate  ( ACP ). The structural distinctions of these phases derive 
from the different ratios of Ca   :   P and different degrees of protonation of  PO4

3−  and 
hydroxylation of Ca 2+  that have been identifi ed as intermediates in the biominer-
alization of HA  [33] . 

 Many levels of the hierarchical structure of bone, from macroscopic to micro-
scopic length scales, represent yet another marvel that has been developed by these 
organisms. According to Weiner and Wagner  [34] , isolated nanosized calcium 
phosphate crystals from human bone, together with part of an unmineralized and 
unstained collagen fi bril, comprise the fi rst level of the hierarchical structure, 
while at the second level the crystals are embedded in the fi brous protein collagen. 
These mineralized fi bers lie bundled together and attached to each other, and this 
comprises the third level of bone structure. At the next level (level 4), several fi bers 
come together to form sheets that are then assembled with bone cells residing 
between adjacent layers. Together, these are either stacked in parallel arrays or 
arranged concentrically into a cylindrical structure, referred to as the  osteon  (level 
5). Each layer of the osteon has its constituent fi brils oriented in alternate direc-
tions, in the same way as plywood. On a larger scale, the osteons are grouped 
together into long bundles that form the basic building blocks of various bone 
microstructures. These include highly porous frameworks and more dense archi-
tectures, such as those found in cortical bone (level 6). Each of these structures 
has a similar underlying building block, but different spatial organizations accord-
ing to certain structure – function relationships within the whole bone. Finally, at 
the macroscopic level, each bone has a specifi c shape and structure so that the 
skeleton can function as an integrated whole (level 7). Several levels of the hierar-
chical structure of bone, from macroscopic to microscopic scales, have been 
extensively discussed  [35] . At the nanometer level, the structure consists of type 
I collagen molecules interspersed with nanocrystals of carbonated HA. A compos-
ite of these two constituents forms the mineralized nanocollagen fi bril. It is of 
interest to note that the smallest building blocks in biological minerals are gener-
ally designed at the nanoscale, and this is why bone is usually referred to as a 
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fi ber - reinforced composite in which nanometer - sized hard inclusions are embed-
ded in the soft protein matrix  [36] . Although the reported sizes of bone crystals 
vary according to the different treatment methods and analytical techniques, in 
general they retain a nanometer level with lengths ranging from 30 to 50   nm, width 
from 15 to 30   nm, and thicknesses from 2 to 10   nm  [37] . The question remains, 
however, as to why the nanometer scale is so important to bone? It was shown 
recently that, in Nature, nanocomposites exhibit a generic mechanical structure 
in which the nanometer size of mineral particles is selected to ensure the optimum 
strength and maximum tolerance of fl aws  [38, 39] . In addition, nanosized HA has 
another crucial function for organisms, serving as a vast reservoir of the calcium 
and phosphate ions that re necessary for a wide range of metabolic functions  [40] . 
In this way, both calcium and phosphate can be made available or consumed via 
a so - called  ‘ remodeling of the biomineral ’  process as a result of the resorption and 
formation of nano - HA by osteoclasts and osteoblasts, in a delicate equilibrium.  

  13.2.2 
 Tooth 

 Tooth is another calcifi ed phase in human and other vertebrates. Unlike bone, 
teeth consist of at least two different biominerals, the  enamel  (crown, the part 
above the gum line) and  dentin  (roots, the part below the gum line)  [41] . 

 Enamel typically contains 96% mineral, 1% organic material and 3% water, with 
the apatite rods being composed of rod - like HAP crystals measuring 25 to 100   nm 
in diameter, and with an undetermined length ranging from 100   nm to 100    μ m, 
or longer, along the c - axis  [42 – 45] . When examined with  atomic force microscopy  
( AFM ), the apatite crystals in enamel can be seen to exhibit regular subdomains 
or subunits with distinct chemical properties  [46] . Enamel also has a seven - level 
hierarchical structure, from macrostructure to microstructure, to ensure a specifi c 
mechanical stress (Figure  13.1 )  [47] . At level 1, the major component is hexagonal 
HA crystals, whilst at the nanoscale the crystals initially form mineral nanofi brils 
(level 2). These nanofi brils are the most unique structural units of enamel, and 
align lengthways and aggregate into fi brils (level 3) and further into thicker fi bers 
(level 4). The fi brils and fi bers then cluster parallel to each other in two different 
preferential orientations, assembling into prism/interprism continua (level 5) at 
the mesoscale. At the microscale, prisms assemble into prism bands (level 6), 
which present differing arrangements across the thickness of the enamel layer 
(level 7). These compositional and structural characters endow enamel with special 
properties such as an anisotropic elastic modulus, effective viscoelastic properties, 
much higher fracture toughness and a stress – strain relationship which is more 
similar to that for metals than for ceramics.   

 The nanosized HA building block in dentin is smaller than that of enamel, being 
about 25   nm wide, 4   nm thick and 35   nm long. Dentin is similar to bone in many 
respects, including a similar composition and hierarchical structure up to the level 
of the lamellae bone; hence, most of the statements made above relating to bone 
are equally applicable to dentin. Although the chemical composition of mineral in 



enamel and dentin is HA, some OCP has also been found at the centers of enamel 
crystals and dentin; this has been considered as an intermediate phase from 
younger enamel/dentin to mature enamel/dentin. The enamel mineral differs 
from ideal HA, as it incorporates  HPO4

2− ,  CO3
2− , Na +  and other ions within its 

apatite lattice.  

  13.2.3 
 Other Biological Organisms 

 Except for bone and tooth, normal calcium phosphate minerals also exist in min-
eralized cartilage, which appears during bone formation in the endochondral plate 
or as a fi nal mineralized product (only in sharks and certain other fi shes)  [48] . 
Mineralized cartilage consists of the unmineralized cartilage and crystals of nano -
 HA, in addition to considerable amounts of amino acids, phosphoserine and other 
biological compounds. Mineralized cartilage and bone, which have similar mac-
romolecular constituents and both contain HA, coexist in close proximity in the 
endochondral plate during bone formation. However, the shape of the HA crystals 
in mineralized cartilage tends to resemble that in enamel, being needle - like but 
much shorter (25 ∼ 160   nm) than those of enamel (up to 100    μ m). The average 
thickness of the HA crystals in mineralized cartilage has been reported as 
1.5 ∼ 7.5   nm  [49] . 

 In recent years an increasing of reports have been made regarding ectopic cal-
cifi cations (pathological biomineralization) that involve calcium phosphate  [50]  
and lead to conditions such as urinary stones, atherosclerosis, dental calculus and 
calcifi ed menisci. One reverse pathological biomineralization related to calcium 
phosphate is that of  osteoporosis , which results from an excessive degradation of 
the calcium phosphate crystals of bone.   

    Figure 13.1     Schematic illustration (not drawn 
to scale) of the hierarchical assembly of 
enamel structure, from the millimeter to the 
nanometer scale. The ruler below the diagram 
demonstrates the typical scale distribution of 
each assembly level. IP, interprism; L, 

longitudinal plane; P, prism; RL, Retzius line; 
T, transverse plane; Ta, tangential plane; 
X, prisms appear as bands of approximately 
cross - sectioned; Y, prisms are relatively 
longitudinally arrayed.  Reprinted from Ref. 
 [47] .   
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  13.3 
 Biological Formation of Calcium Phosphates 

 Today, although complete details of the biological mechanism of bone formation 
remain unclear, research investigations continue to be made worldwide in this 
direction. It is strongly believed that the key to bone strength is the complex struc-
tural hierarchy in a self - assembling mode  [51, 52] . Yet, despite these complicated 
hierarchical structures it is interesting to note that the smallest building blocks in 
such materials are generally on the nanometer length scale. Indeed, the questions 
of why the elementary structures of biocomposites are always on the nanoscale, 
and how these nanosized crystals are formed, remain two major issues among the 
 ‘ biomineralization fraternity ’ . 

 The mechanism of formation of biological calcium phosphate minerals in ver-
tebrates remains the subject of much controversy, despite several theories having 
been proposed to elucidate the process. One proposal is the  theory of nucleation 
and growth process   [53, 54] , where ions are adsorbed onto the surface of the sub-
strate (collagen), leading to the nucleation and formation of HA crystals of nano-
meter size. This process involves the building up of a tissue in a proteinaceous 
framework, after which the framework is broken down in order for the further 
crystal growth to achieve the required hardness. Many proposals have been made 
providing supportive proof for the theory of phase transformation  [55] , in which 
nano - HA crystals originate from the deposition of an amorphous calcium phos-
phate precursor. Examples include Lowenstam and Weiner  [56] , who have found 
that the carbonated apatite formed via the ACP phase in the chiton tooth, while 
Brown  [57]  suggested that the poorly crystalline and highly substituted apatite of 
vertebrate bone mineral might have a precursor such as OCP. The ACP suggestion 
persists because it may explain, to some extent, the differences between the 
nonage bone and mature bone mineral (crystallinity, shape, composition, solubil-
ity, size). Likewise, Arnold  et al .  [58]  explained why the organism would select ACP 
as the precursor phase, by suggesting that gaps existed between the collagen 
molecular ends that could be used as sites of nucleation and growth of calcium 
phosphate mineral. These gaps were very small, such that larger crystals could not 
be embedded directly into them. However, a disordered phase such as ACP could 
be molded  ‘ at will ’ , and thus be readily introduced into the very small spaces within 
the collagen fi bril. Another advantage would be that the amorphous mineral phase 
is, in essence, a highly concentrated solution and, upon crystallization, water must 
be removed from the mineralization site  [59] . In some cases, OCP and brushite 
(CaHPO 4  · 2H 2 O) have been considered as alternative intermediate phases during 
bone formation. For example, a line    –    the  central dark line  ( CDL )    –    of 1 – 1.5   nm 
width along the enamel centers is seen when the enamel crystallites are observed 
under  transmission electron microscopy  ( TEM ). This implies the coexistence of 
OCP, and consequently CDL is suggested as an intermediate status between OCP 
and HA  [60, 61] . It is well known that HA is the most thermodynamically phase 
among calcium phosphates. 

 Studies of various mineralization processes have shown that biology is able to 
utilize both the transient precursor strategy as well as the nucleation strategy in 



order to control mineral formation. These two processes are clearly integrated in 
an invertebrate organism. For example, during formation of the sea urchin larval 
spicule, the oriented nucleation of a single crystal of calcite is found at a specifi c 
location within a large vesicle delimited by a membrane  [62] . The vesicle is loaded 
with amorphous phase, and a single crystal continues to grow at the expense of 
the amorphous phase until the entire spicule becomes a single crystal. It is con-
ceivable that the fusion of membrane - coated amorphous particles with the large 
vesicle cavity initiates their transformation into crystals. A similar phenomenon 
is believed to exist in vertebrates. 

 At present, approaches to the size - control mechanism of biological HA remain 
a major challenge, the function of protein in controlling the formation of HA 
having been highlighted on numerous occasions  [63, 64] . As noted above, bone is 
a fi ber - reinforced composite in which HA serves as a reinforcing phase embedded 
in the collagen matrix. In the case of bone collagen, which is rod - like and has a 
typical fi brous structure, the molecules cannot be joined end - to - end in the fi brils, 
but rather are staggered and overlapped along their long axes, leaving gaps between 
the molecular ends. This arrangement of collagen results in the formation of a 
regular array of small gaps between fi laments aligned within the same row. The 
spaces formed are 40   nm long and 5   nm wide, and are normally referred to as  ‘ hole 
zones ’ ; these are considered to serve as loci for the specifi c nucleation and growth 
of crystals of HA that are organized in bands across the collagen fi brils. It is pos-
sible that an inhibition of the size and shape of the hole zones results in HA 
crystals being formed with a plate - like shape and nanometer size. However, the 
collagen does not nucleate the crystals. The mineral - related noncollagenous pro-
teins are present only near the region where mineral deposition begins, and 
localize on the collagen fi bril surfaces at the gap zones, thus nucleating the crystal 
formation and guiding crystal growth. Thus, in the matrix - mediated scheme, the 
collagen fi bril matrix provides the scaffold and space for the mineral, while the 
noncollagenous matrix proteins nucleate the crystals and determine their growth 
and orientation in the gaps.  

  13.4 
 Characteristic Mechanical Properties 

 Biomineralized tissues such as bone and tooth, possess various functions of 
protection and mechanical support, without compromising the requirement for 
mobility. It is known that the soft matrix in bone is collagen, which has a quite 
high volume fraction, while the stiffness phase in bone is HA. Based on a materi-
als chemistry perspective, the bone collagen is stiff under tension yet compliant 
under compression, whereas the bone mineral is stiff under compression yet 
fragile under tension. Although both minerals have a poor mechanical strength 
(20 and 30   MPa, respectively), a combination of the inorganic and organic compo-
nents provides an improved mechanical property for bone. For example, human 
cortical bone strength can reach 150   MPa, which is far higher than that of HA and 
collagen alone. One must marvel at Nature ’ s ability to produce such hard and 
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tough materials using such soft and brittle raw materials! The origins of the 
strength of bone are both interesting and important. It has been proved that the 
hierarchical structure of bone, from macrostructure to nanostructure, and 
the molecular - level alliance between bone collagen and bone mineral, play key 
roles in providing bone with its distinct mechanical properties. The dispersion of 
HA nanocrystals, and their highly ordered arrangement, represent additional caus-
ative factors for the extreme strength of bone. 

 Conventional mechanical testing procedures require crystals of the order of 
centimeters, which are not only very diffi cult to grow but also deviate from the 
size of natural crystals. Recently, several advanced techniques have been developed 
to investigate the mechanical properties and deformation mechanisms of bone. 
For example, Habelitz  et al .  [65]  investigated the plastic – elastic response of enamel 
under certain etching conditions using AFM combined with a nanoindentation 
technique, and showed that the elasticity and hardness of enamel was dependent 
on the content and orientation of the HA nanocrystals. When the test sites possess 
an orderly alignment of HA nanocrystals, with a perpendicular direction to the 
enamel rods and a high content of nanocrystals, a higher Young ’ s moduli and 
hardness can be detected. Similar results have been reported by He and Swain 
 [66] . Gupta  et al .  [67]  have probed the deformation of bone tissue under tensile 
loading using time - resolved  X - ray diffraction  ( XRD ) and scattering, and noted that 
the tensile strain occurred in a ratio of 12   :   5   :   2 at the tissue, fi bril and mineral 
particle levels. It was presumed that the HA nanocrystals had suppressed any 
cracks that might have led to catastrophic failure in larger bone fragments. Tai 
 et al .  [68]  also studied the functions of HA nanoparticles in relation to the strength 
of bone, using a combination of dual nanoindentation, three - dimensional elastic –
 plastic fi nite element analysis (using a Mohr – Coulomb cohesive – frictional strength 
criterion) and angle of repose measurements. Tai ’ s group considered nanogranu-
lar friction between the mineral particles to be responsible for the increased yield 
resistance in compression relative to tension, and proposed that cohesion origi-
nated from within the organic matrix itself, rather than from organic – mineral 
bonding. In these studies, Raman spectroscopy was used to probe the ultrastruc-
tural (molecular) changes in the mineral and matrix (protein and glycoprotein, 
predominantly type I collagen) components in real time, and of murine cortical 
bone as it responded to elastic deformation by Morris  et al .  [69] . The results of the 
latter study showed that bone mineral is not a passive contributor to tissue strength, 
which may serve as a local energy storage and dissipation mechanism to protect 
the tissues against catastrophic damage. Taken together, the results of all these 
studies have confi rmed that the unique properties of bone are indeed due to the 
presence of nanocrystallite. 

 Due to the limitations of the test techniques, and the absence of any direct 
experimental data, the function of HA nanocrystals has rather been presumed on 
the basis of several deformation models of bone. These include shear transfer 
between mineral particles via intermediate ductile organic layers, slippage at the 
collagen – mineral interface, phase transformation of the mineral phase, sacrifi cial 
bond disruption between fi brils, microcracking, and uncracked ligament bridging. 



These types of study were strongly promoted by Gao and coworkers  [38]  who, on 
the basis of the Jaeger – Fratzl model and using the fracture mechanics concept, 
explained why mother Nature selected nanocrystals as her building block. Here, 
the nanometer size, which makes normally brittle mineral crystals insensitive to 
crack - like fl aws, is a key factor. However, below a critical size on the nanometer 
length scale, the mineral crystals no longer fail due to the propagation of preexist-
ing cracks, but rather by a uniform rupture near their limiting strength (Figure 
 13.2 ). While many riddles persist regarding the role of HA nanocrystals in hard 
tissues, such as its nucleation and growth, its highly ordered alignment and its 
origin of degradation, its function on mechanical is slowly beginning to be under-
stood. It must be said, nonetheless, that studies of the mechanical properties of 
nano - calcium phosphate are today still at a very primitive and premature stage 
(Table  13.1 ).      

  13.5 
 Stability of Nano - Calcium Phosphates 

 The Ostwald – Freundlich equation (Equation  13.1 ) is frequently used to discuss 
the relationship between the particle size and the solubility in liquids  [70] ,

  dz
RT

M

S

S r
r SLln
∞

= 2γ
     (13.1)  

where  d  is the solid density,  S r   is the solubility of particles of size radius  r, S  ∞    is 
the normal solubility value of a plane surface,  z  represents the number of moles 
of ions formed from one mole of electrolyte,  R  is the gas content,  T  is temperature, 

    Figure 13.2     A model of biocomposites. (a) Schematic 
diagram of staggered mineral crystals embedded in a protein 
matrix; (b) Simplifi ed model showing the load - carrying 
structure of the mineral – protein composites. Most of the load 
is carried by the mineral platelets, whereas the protein 
transfers load via the high - shear zones between mineral 
platelets.  Reprinted from Ref.  [38] .   
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 Table 13.1     The biomechanical properties of bone  [51] . 

  Property    Measurements  

  Cortical bone    Cancellous bone  

  Young ’ s modulus (Gpa)    14 – 20    0.05 – 0.5  
  Tensile strength (MPa)    50 – 150    10 – 20  
  Compressive strength (MPa)    170 – 193    7 – 10  
  Fracture toughness (MPa · m 1/2 )    2 – 12    0.1  
  Strain to failure (%)    1 – 3    5 – 7  
  Density (g   cm  − 3 )    18 – 22    0.1 – 1.0  
  Apparent density (g   cm  − 3 )    1.8 – 2.0    0.1 – 1.0  
  Surface/bone volume (mm 2    mm  − 3 )    2.5    20  
  Total bone volume (mm 3 )    1.4    ×    10 6     0.35    ×    10 6   
  Total internal surface (mm 2 )    3.5    ×    10 6     7.0    ×    10 6   

and  γ   SL   is the interfacial energy between the solid and liquid. Many experimental 
investigations have been made to test this relationship between supersaturation, 
particle size and solid – liquid interfacial tension  [71, 72] . It should be noted that 
this equation implies that nanoparticles are not thermodynamically stable in solu-
tion as they can be dissolved readily (the solubility of nanoparticles is signifi cantly 
higher than that of bulk materials). A question is thereby raised as to whether 
nano - calcium phosphates can be stabilized in biological fl uids, or not. 

  13.5.1 
 Demineralization of Biominerals 

 An abnormal phenomenon    –    yet fact    –    is that the mass loss of enamel surfaces 
occurs extremely slowly under physiological conditions.  In vitro  investigations 
have shown that the demineralization of enamel will take place only at relatively 
high undersaturation and at a lower pH ( < 5.5); otherwise, no spontaneous dissolu-
tion can be detected experimentally  [73 – 75] . At pH 4.5, the demineralization of 
enamel has been studied quantitatively over an extended period using a nanomolar - 
sensitive  constant composition  ( CC ) technique combined with  in situ  AFM. The 
study results showed that nanosized apatite particles were produced during the 
reaction rather than calcium and phosphate ions. Interestingly, the further dissolu-
tion of these nanosized particles was suppressed, even though the solution was 
undersaturated. These nanoparticles could be observed on the dissolving enamel 
surfaces and in acidic solutions (Figure  13.3 )  [76, 77] . Most of the mineral crystals 
in bone are platelets of carbonated apatite, of a few nanometers thickness, embed-
ded in a collagen matrix  [78] . It has also been reported that spherically to cylindri-
cally shaped nanosized particles form an integral part of the bone structure, 
as observed with high - resolution  scanning electron microscopy  ( SEM ). High - 
resolution  back - scattered electron  ( BSE ) imaging revealed that the 20 – 40   nm 



spherical particles had a contrast similar to that of the crystal platelets, which sug-
gested that they would likely have similar mineral properties. By means of CC 
dissolution, similar - sized nanoparticles were shown to be insensitive to deminer-
alization and so were thought to be dynamically stabilized.   

 The presence of apatite nanoparticles in mature bone and enamel may also be 
due to the stabilization of some nanosized particles during the formation process 
in the fl uctuating biological milieu (note: the biological milieu is extremely con-
servative   =   homeostasis!)  [37] . Demineralization studies of bone and enamel have 
shown that the nanostructured apatite particles can be extremely stable in the 
solutions. These phenomena agree with the proposal that nanoparticles may act 
as the building blocks of the biomaterials, and thus can be considered as basic 
units  [38, 79] . The results also showed that the biomaterials become insensitive to 
dissolution at the nanoscale level. 

 Another excellent example was also seen in studies of caries lesion formation. 
Enamel surfaces remain undissolved in water (pH   =   5.5 – 5.8), in spite of any 
undersaturation; consequently, caries (dissolution) will only be induced at local-
ized sites where the bacteria have produced strong acidic conditions. The mineral 
crystallites can be stabilized in the fl uctuating physiological fl uids. Such nanodis-
solution behavior of nanoparticles may also be signifi cant with regards to solvent 
stability and reactivity in working nanoparticle - based structures and sensors.  

    Figure 13.3     Demineralization of dental 
enamel. Yellow and orange labels mark the 
dissolution of the walls and cores, 
respectively, thus showing that they undergo 
similar dissolution processes. (a) Well -
 organized rod structures on mature human 
enamel surfaces; (b) During dissolution, 
crystallites becomes smaller and nanosized 

apatite particles (shown by green arrows; see 
also Figure  13.2 ) are formed on both walls 
and cores; (c) The cores are emptied but the 
walls remain; (d) Nanosized apatite particles 
collected from the bulk solution; (e) The wall 
at higher magnifi cation; nanosized apatite 
residues are retained on the wall surfaces. 
 Reprinted from Ref.  [77] .   

(a) (b)

(d) (e)

(c)

 13.5 Stability of Nano-Calcium Phosphates  459



 460  13 Calcium Phosphate Nanoparticles in Biomineralization and Biomaterials

  13.5.2 
 Dissolution of Pure  HAP  

 In order to exclude the infl uence of complicating biological factors, such as the 
possible presence of organic matrix components, CC dissolution studies have been 
conducted using synthetic HA samples of high purity ( > 99.4%) with a needle - like 
morphology (400 – 600   nm long, 60 – 100   nm wide). A similarly reproducible self -
 inhibited dissolution is observed with these nanosized crystallites, with the rates 
decreasing during the reaction. CC dissolution also indicates the creation of meta-
stable states in which the reaction is effectively terminated, even though the apatite 
crystallites remain in contact with the undersaturated solutions. This result is 
similar to observations made during enamel/bone demineralization. The residual 
crystallites are confi rmed to have the same chemical composition as the initial 
seed crystals. 

 Clearly, this dissolution termination is a kinetic phenomenon and cannot be 
attributed to reaction retardation as a result of surface modifi cation by additives. 
However, it can be explained in terms of a dissolution model incorporating particle 
size considerations. It has been suggested, and confi rmed by experiment, that the 
demineralization of sparingly soluble salts such as apatite is generally initiated 
and accompanied by the formation and development of pits on the crystal surfaces, 
and that the dissolution rates are also determined by the pit densities and spread-
ing velocities  [75, 80, 81] . 

 Analogous to the formation of two - dimensional nuclei/hillocks for crystal 
growth, in dissolution the rate of step movement from a pit of radius  r  can be 
obtained from treatments similar to the model of Burton, Cabrera and Frank 
 [82] ,
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where  S  is the saturation ratio and  r  *  is the critical radius for the formation of a 
2 - D pit/dissolution step, as given by Equation  13.3 :

  r
g

g kT SSL* and= =γ Ω
Δ

Δ ln      (13.3)  

where  γ   SL   is the interfacial tension,  k  is the Boltzmann constant,  Ω  is the area 
occupied by each dissolution unit, and  Δ  g  is the change in Gibbs ’  free energy for 
dissolution. It has been shown that only pits larger than  r  * , providing the active 
dissolution sites, contribute to the reaction. In Equation  13.2 ,  R   ∞   is the velocity of 
dissolution steps at  r     →     ∞ . It follows that when  r  is closer to  r  * , its dissolution rate 
decreases and approaches zero when  r     →     r  * . When the dimensions of the crystal-
lites are of the same order as  r  * , it can be assumed that the formation of active 
pits becomes diffi cult on such a small crystal faces, and their enlargement is 
strongly inhibited by the limitation of pit/crystal size. It has also been suggested 
that if the undersaturation (driving force for demineralization) is low, the pits will 



not open up and the defect sites will not lead to stepwaves forming far from the 
localized etch pits due to the low driving force (Figure  13.4 ).    

  13.5.3 
 Nanosize Effects in Biomaterials 

 In many biological systems the mineral phases are composed of tiny, sparingly 
soluble crystallites that are tens to thousands of nanometers in size; it appears that 
this is the most natural selection. It is well known that there is a close relationship 
between solubility and  γ   SL    [83] . 

 During dissolution, some neighboring ions on the surface are replaced by water 
molecules to form units that escape into the bulk solution. Higher values of  γ   SL   
indicate a greater diffi culty in forming such an interface between the solid and 
aqueous phases. Thus, sparingly soluble salts in aqueous solution always have 
much higher interfacial free energy values than soluble salts  [84] , and this results 
in greater values of  r  *  (10 – 100   nm). As biological minerals have sizes within this 
critical range, they may be protected from dissolution as the reaction in the meta-
stable region will be signifi cantly inhibited. This accounts for the observation that 
the dissolution of biomineral powders is always slower than that of synthesized 
relatively large crystallites after normalization for specifi c surface area. In addition 
to these interesting conclusions from dissolution studies, it is also widely accepted 
that the growth of tiny apatite seeds is rarely observed at low supersaturation 
( S     <    4)  [85]  due to extremely slow growth rates which, again, can be attributed to 
a kinetic size effect. It is important that the mineral crystallites can be stabilized 

    Figure 13.4     (a) Dissolution of pure HA in a constant 
undersaturated solution (saturation ratio of 0.325), such that 
the dissolution cannot be completed; (b) Residues of nano -
 HA at the end of the demineralization experiment. At the 
higher undersaturation, the residual crystallites may be 
smaller.  Reprinted from Ref.  [81] .   
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in the fl uctuating physiological fl uids, thus exercising a degree of self - preservation 
as the result of this kinetic size - effect at the nanoscale level.   

  13.6 
 Synthesis of Nano - Calcium Phosphates 

  13.6.1 
 Synthesis of Nano - Calcium Phosphate Particles 

 Many methods have been proposed for the preparation of nanocrystalline HA, 
including sol – gel synthesis, coprecipitation, hydrothermal reaction, mechano-
chemical synthesis and vibro - milling methods from natural bone  [86 – 89] . Although 
each of these methods can provide a plentiful supply of HA nanoparticles of 
various shapes and sizes, and has both scientifi c and practical relevance, very little 
attention has been paid to the physico - chemical details involved for the careful 
control of particle size distribution, as well particle shape. In fact, most of these 
HA synthetic routes actually produce a particle mixture with a wide size distribu-
tion, ranging from tens to hundreds of nanometers. The control of HA nanopar-
ticle shape represents an additional problem for these methods, which commonly 
produce pin - like or irregularly shaped particles. It is well known that natural min-
erals in bone are homogeneous plate - like HA crystals (15 – 30   nm wide, 30 – 50   nm 
long), whilst in enamel they are ribbon - like (60 – 70   nm wide, 1    μ m long, and 25 –
 30   nm thick). Studies of biomineralization and biomimical assembly at a higher 
level require the use of advanced methods in order to provide an accurate control 
of HA nanocrystal synthesis, and several such techniques have recently been 
developed  [90, 91] . A pathway in which the reaction spaces are limited can result 
in a size - controlled synthesis. Here, the nanosized reaction vessels are selected as 
reverse micelles, microemulsions, vesicles, ferritin and viroid cages, lipid bilayer 
fi lms and bacterial threads, and so on  [92 – 101] . Among these methods, reverse 
micelles and microemulsions have been applied to the synthesis of nano - HA  [102, 
103] . In some cases, specialized polymers can be used as spatial reaction vessels 
for the fabrication of HA. For example, Shchukin  et al .  [104]  used the poly(allylamine 
hydrochloride)/ PO4

3−  complex as a source of phosphate anions to capture calcium 
cations and make them react in the capsule volume. The use of a biomimetic 
synthesis led to the most typical HA forms being located on the inner side of the 
capsule shell. Mann and coworkers used self - assembled shell crosslinked 
poly(acrylic acid -  b  - isoprene) (PAA78 -  b  - PI97) micelles or crosslinked PAA nano-
cages in aqueous solution as templates for the preparation of novel polymer –
 calcium phosphate nanocapsules, and obtained hybrid nanostructures of 50 – 70   nm 
diameter that consisted of spherical polymer nanoparticles or nanocages enclosed 
within a continuous 10 – 20   nm - thick surface layer of amorphous calcium phos-
phate  [105] . One important aspect in the biomineralization process is the role 
played by functional groups on the surface of organic crystallization sites; conse-
quently, interest among the biomineralization research fraternity has centered on 



the use of such fi lms as templates for inorganic crystal precipitation  [106] . Insol-
uble amphiphilic molecules can accumulate at the gas – solution interface and form 
highly organized monomolecular fi lms, a characteristic which has been exploited 
to induce the precipitation of orderly biominerals with monolayer or multilayers. 
Molecules assembled in these forms have been often used as model organic 
matrices, such as Langmuir monolayer fi lms,  Langmuir – Blodgett  ( LB ) fi lms and 
 self - assembled monolayer s ( SAM s)  [107, 108] . Common examples include  dipal-
mitoylphosphatidylcholine  ( DPPC ),  arachidic acid  ( AA ),  octadecylamine  ( ODA ), 
stearyl amine and alkane thiol molecules and organosilane molecules  [109] . Apart 
from fi lm templates, polymers are used as templates in solution systems to control 
the shape and size of HA crystals. Bose and Saha  [103]  synthesized nanocrystalline 
HA powder using the reverse micelle - processing route; here, the particle size was 
between 30 and 50   nm with a needle shape and spherical morphology. Cyclohex-
ane was used as the oil phase, and a mixture of poly(oxyethylene) nonylphenol 
ether and poly(oxyethylene) nonylphenol ether (NP - 12) as the surfactant phase. 

 In our laboratory, we use  hexadecyl(cetyl) trimethyl ammonium bromide  ( CTAB ) 
as an effi cient agent to modulate the formation of HA nanoparticles; the particle 
size can be easily regulated by changing the concentration of CTAB in the calcium 
phosphate supersaturated solutions  [110] . As an example, three different 
spherical - like HA nanoparticles with average diameters of 20    ±    5, 40    ±    10 and 
80    ±    12   nm were fabricated using a series of concentrations of CTAB to control 
the particle size (Figure  13.5 ). The results showed that the size distributions of 
as - prepared HA nanoparticles were relatively uniform  [87] , whereas those grown 
in the absence of any organic additives were typically rod - like with length of hun-
dreds of nanometers and width of tens of nanometers.    

  13.6.2 
 Biomimetic Construction using  HA  Nanoparticles 

 The morphological control of bioinorganic materials using biomimetic methods 
represents another important issue in biomineralization, by which inorganic 
materials with complex morphologies can be produced. Chen  et al .  [111]  reported 
a method to create special enamel structures by modifying synthetic HA nanorods 
with a surfactant of bis(2 - ethylhexyl)sulfosuccinate salt (AOT) that allowed the 
nanorods to self - assemble into an enamel prism - like structure at a water – air inter-
face (Figure  13.6 ). When Fowler  et al .  [112]  synthesized an HA bundle structure 
directly from a solution containing AOT, water and oil, the bundles were only 
750   nm to 1    μ m long, 250 – 350   nm wide, and had an enamel - like shape. In biologi-
cal bone, the composite structure of nanosized HA - reinforced collagen offers a 
route to the production of materials with properties such as high strength and 
toughness. Recent attempts to create artifi cial bone materials with a bone - like 
nanostructure and chemical composition have been made, with some signifi cant 
achievements  [113, 114] . For example, a biomimetic synthesis was selected by Cui 
 et al . to fabricate a bone scaffold material (nano - HA/collagen/PLA composite) that 
showed some features of natural bone, not only in its main composition but also 
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    Figure 13.5     Controlled size synthesis of spherical nano - HA. 
(a) 20   nm (np20); (b) 40   nm (np40); (c) 80   nm (np80); 
(d) Particle size distribution of the nanoparticles.  Reprinted 
from Ref.  [110] .   
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in the hierarchical microstructure of cancellous bone  [113] . The porous scaffold 
showed the bioactivity and bone - remodeling ability of the composite according to 
experimental results obtained  in vitro  and  in vivo . The effect of noncollagenous 
proteins (polyaspartate) on the mineralization process of collagenous proteins has 
also been interpreted, this being responsible for improving the connection between 
calcium phosphate and collagen  [114] . These results are of great help in our under-
standing of the biomineralization mechanism.   

 The classical model of biomineralization considers mineral formation as an 
amplifi cation process in which individual atoms or molecules add to existing 
nuclei or templates  [115] . In contrast, living organisms utilize proteins and pep-
tides to deterministically modify nucleation, growth and facet stability  [116, 117] . 
This conventional concept for crystal growth has been recently challenged, however, 
by a model involving aggregation - based growth. Banfi eld  et al .  [16, 118, 119]  have 
shown that inorganic nanocrystals can aggregate into ordered solid phases via 
oriented attachment in order to control the reactivity of nanophase materials in 



    Figure 13.6     (a) Transmission electron 
microscopy images of HA assemblies, 
10 – 20   nm in cross - section and 50 – 70   nm 
in length. The arrows indicate the ordered, 
prism - like structures. The size of these 
ordered prism - like structures is approximately 
400   nm in length and 100   nm in section; 

(b) Tapping mode atomic force microscopy 
(AFM) image of the LB fi lms consisting of HA 
nanorods. The arrows indicate the ordered, 
prism - like structures. (AFM image size 
2    ×    2    μ m; left: height image,  z  - range, 100   nm.) 
 Reprinted from Ref.  [111] .   

(a) (b)

nature. The arrangement of nanocrystallites can be realized with the  ‘ fusion ’  of 
blocks as they share a common crystallographic orientation at the interface, which 
has been used successfully to synthesize many nanomaterials  [120 – 122] . Yet, 
another concept of mesocrystal, which consists of crystallographically oriented 
crystallites connected by polymers or surfactants  [123] , has been suggested for 
studies of biomineralization  [124] . The formation of mesocrystals has been 
observed previously in the growth process of CaCO 3 , CdS, BaSO 4  and CuO, under 
the regulation of various organic molecules  [125 – 128] . In these mesocrystals, the 
building blocks are the fully crystallized inorganic phase, while the organic mole-
cules connect the adjacent crystallites, resulting in the formation of superstruc-
tures. The interaction between the crystallites and organic molecules represents a 
crucial condition in the architecture of mesocrystals. 

 Recently, Tao  et al .  [129]  proposed a new model which involved the biological 
aggregation of apatite nanoparticles. The process employs an inorganic phase, 
ACP, that cements the crystallized, nano - HAP, while the biological molecules 
serve as the modifi er during the nanoarchitecture. By using HA nanospheres as 
the building blocks, the highly ordered enamel - like and bone - like apatites could 
be constructed in hierarchical fashion in the presence of glycine (Gly) and gluta-
mate (Glu), respectively (Figure  13.7 ).   

 The formation of enamel - liked apatites has been repeated by using bovine 
 amelogenin . At a concentration of 1.25    μ  M  amelogenin, the large enamel - like HA 
mesocrystals appeared within only three days (Figure  13.8 ), which was about 
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20 - fold faster than with 10   m M  Gly. These fi ndings show that amelogenin, which 
is a well - known effective modifi er during  in vivo  tooth enamel formation, can 
dramatically accelerate the kinetics of nanoassembly. This result was also in agree-
ment with a previous report that amelogenin promoted the formation of elongated 
apatite microstructures  [130] .   

 Taken together, the results of these studies have provided evidence of a new 
mechanism for the assembly of biominerals and biological molecules present 

    Figure 13.7     Schematic model of apatite 
evolution via the conglutination of HA 
nanocrystallites. Under the control of 
biological components such as Gly and Glu, 
the HA subunits could be reorganized. The 
modifi ers could determine the different 
evolutionary forms, for example, one -
 dimensional linear assemblies or two -
 dimensional plates. The crystallized HA were 
cemented by the amorphous phase with the 
fl exible structure. The ACP could transform 

into the thermodynamically stable HA phases 
with time, and the individual HA domains 
could fuse to form the single HA crystals 
(red). These single crystals might be used 
as the building blocks in the next level of 
architectures, such that the hierarchical 
structure of apatite was achieved. The SEM 
images show the corresponding experimental 
states of the nanoassembly of HA.  Reprinted 
from Ref.  [129] .   
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during the process of biomineral assembly, and which specifi cally regulates the 
assembly kinetics and determines the structural characteristics of the fi nal HA 
architecture.  

  13.6.3 
 Nano -  HA  – Collagen Composites 

 The ideal bone scaffold should promote early mineralization and support new 
bone formation, whilst at the same time allowing for replacement by new bone. 
Based on this principle, nano - HA – collagen based composites, inspired from 
research on natural bone, have attracted much attention. Previously, a method was 
proposed for the fabrication of nano - HA – collagen composites, in which compos-
ites can be created by blending or mixing a heterogeneous combination of two or 
more materials, each differing in their morphology or composition. It is well 
known that the blending of multiple materials with different characteristics leads 
to composites with tailor - made properties, although it may be diffi cult to control 
the homogeneity and uniformity of the secondary or reinforcing phases. Currently 
available commercial HA – collagen composites are all direct mixtures of these two 
components  [131] . In blended HA – collagen composites, the crystallite sizes of HA 
are not uniform, and the HA is often aggregated and randomly distributed into 
the fi brous matrix. Thus, there is a compositional similarity but no structural 
similarity to natural bone. Recently, a novel method of fabricating nanocomposite 
bone grafts using strategies found in Nature has attracted much attention and has 
been perceived to be benefi cial over conventional methods; this is the  coprecipita-
tion self - assembly  method. Using this method, a direct nucleation of HA nano-
crystals onto collagen fi bers was performed, starting from an aqueous suspension 
of calcium solution and phosphate solution, together with a collagen solution at 
pH 9 – 10, and at room temperature. Solution conditions of a high ionic concentra-
tion and high pH were employed, while the possible mineral content of the 
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    Figure 13.8     Hierarchical constructed enamel - like apatite in 
the presence of amelogenin by using nano - HA as the building 
blocks.  Reprinted from Ref.  [129] .   
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composites was up to 60%. As this process mimics the mineralization of natural 
bone to a certain extent, it has been suggested that the HA – collagen nanocompos-
ite could be used for bone repair in orthopedic and maxillofacial surgery. Subse-
quently, some modifi cations of the method were carried out which included the 
addition of glutaraldehyde or  poly(lactic acid ) ( PLA ) polymer in order to enhance 
the mechanical properties or biocompatibility of the composite.  

  13.6.4 
 Nano -  HA  Coating 

 In spit of their excellent biocompatibility, calcium phosphate materials cannot be 
used at high - load - bearing sites, such as the femoral and tibial bones, because their 
fracture toughness values are less than that of human cortical bone. In practice, 
the latter is normally replaced by a biomedical metal such as a cobalt – chromium 
alloy, titanium (and its alloys) or stainless steel 316L. Unfortunately, the failure of 
conventional orthopedic and dental metal implants is often due to an insuffi cient 
bonding of the metal with the juxtaposed bone or tissue. Timely and desirable 
responses from surrounding cells and tissues are required to enhance deposition 
of the mineralized matrix at the tissue – implant interface, which in turn provides 
crucial mechanical stability to the implant. This requirement, in addition to the 
hardness and strength of the metallic implant, can be greatly increased by nano-
structuring. Current, commercially available HA coatings include pulsed laser 
deposition and thermal plasma spraying, both of which can create a strong joint 
between the metal matrix and the HA coating  [132, 133] . 

 Other approaches include dip coating, electrophoretic deposition and sol – gel 
methods  [134 – 137] , all of which can be used to coat complicated and porous 
devices, along with the incorporation of biologically active substances (e.g. proteins 
or antibiotics) into the coating, albeit with a weak bonding force. In biomimetic 
coating, which may have some advantages over conventional coating, the coating 
is composed of uniform nanocrystalline HA, and has been shown capable of con-
ducting bone formation and promoting direct osseointegration with the juxta-
posed bone. 

 The importance of the nanostructure of HA coatings for biomedical devices has 
only been realized during the past 10 years or so, with thin - fi lm deposition processes 
having been adapted from the electronics industry and used in an attempt to 
produce superior HA implant coatings. The nanostructure processing of HA - based 
composites has led to the design of structural and surface features inspired by the 
architecture of bone, and also allowed chemical homogeneity and microstructural 
uniformity to be achieved for HA. Consequently, fully dense bioceramics can now 
be generated at low sintering temperatures, with a signifi cant reduction in fl aw size. 
In addition, the density of HA powders can be increased to more than 98% theoreti-
cal density, resulting in an ultrafi ne - grained (125   nm) compact that exhibits superior 
compressive and bending strengths and fracture toughness  [138] . 

 In some cases, nano - HA – collagen composites have been selected as coating 
materials for other bioinert materials in order to improve their biocompatibility. 



In a study conducted by Fan  et al .  [139] , a uniform collagen fi bril – OCP composite 
coating on a silicon substrate was prepared by using electrolytic deposition. The 
coating process involved the self - assembly of collagen fi brils and subsequent 
deposition of calcium phosphate minerals as a result of the cathode (Si) reaction 
and a local pH increase. The porous composite layer consisted of a collagen fi bril 
network on which clusters of OCP crystals could nucleate and grow. The prelimi-
nary results of nanoindentation testing showed that the correctly prepared com-
posite coatings might have a higher elastic modulus and improved scratch 
resistance compared to monolithic porous calcium phosphate coatings. Poorly 
crystallized HA – collagen composite coatings formed on the surface of NiTi shape 
memory alloys were studied by introducing collagen to a simulated body fl uid 
 [140] . The morphology of the composite coatings produced was uniform, and the 
micromorphology lamellar; such a coating may be very useful for enhancing the 
bioactivity of NiTi shape memory alloys.   

  13.7 
 Nano - Calcium Phosphate in Biomedical Engineering 

  13.7.1 
 Bone Repair 

 Calcium phosphate ceramics have been used in orthopedics for over 30 years, 
largely on the basis of their excellent biocompatibility  [141] . However, with the 
development of nanotechnology, the application of nanophase calcium phosphates 
has attracted much attention due to the similar dimensions of the constituent 
components of natural tissues, and their special effects on cells. In contrast, nano-
phase calcium phosphates have unique surface properties, such as an increased 
number of atoms, boundaries of the grains of the material and defects at the 
surface, surface area and altered electronic structure, compared with conventional 
micron - sized HA. For example, the contact angles (a quantitative measure of the 
wetting of a solid by a liquid) are signifi cantly lower for nano - HA (6.1) compared 
to conventional HA (11.51), while the pore diameter in a nanophase HA is fi vefold 
smaller (6.6    Å ) than in its conventional, grain - sized HA counterpart (1.98 – 3.10   nm); 
these variations are refl ected in the different mechanical properties and biocom-
patibility of these materials  [142 – 144] . Some recent developments in nanophase 
ceramic matrices used for bone tissue engineering are discussed in the following 
sections. 

 Nanoparticles of HA can be used as fi llers, a conventional example being the 
sponge - like structure (made by a freeze - drying process) which consists of collagen 
fi bers embedded with HA nanocrystals. For this material, the main challenge is 
to achieve a uniform dispersion of the nanoparticles, which tend to aggregate into 
micron - sized agglomerates. It is also possible that both the matrix and fi ller are 
nanoscale - sized. In other aspects, some nanofi ber composites have been produced 
by blending nano - HA with various polymers, such as  polycaprolactone  ( PCL ), silk 
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fi broin, polyhydroxybutyrate -  co  - valerate and PLA. Moreover, nanoparticles can 
either be delivered as free particles or immobilized on a surface or in a matrix. 
They also have a high specifi c surface area; for example, reducing the particle size 
from micrometer to nanometer scale for a given quantity of material, the total 
surface increases 1000 - fold. Free nanoparticles may also be used as carriers of 
drug, as they are small enough to move easily within cells. For example, in 2001, 
when Paul and Sharma entrapped insulin using orally administered nano - HA 
particles  [145] , the insulin release profi le showed promising results for orally 
administered insulin rather than for repeated injections. 

 The introduction of a gene of interest into a cell in order to promote a specifi c 
cell function may represent an effective therapeutic strategy for bone regeneration, 
and both viral and nonviral vectors have been used for this purpose. Viral vectors, 
including retroviruses, adenoviruses,  adenoassociated virus  ( AAV ), lentivirus and 
 herpes simplex virus  ( HSV ), possess relatively high transduction effi ciencies but 
have potential safety problems. In the past, nonviral vectors have received much 
attention in order to eliminate any possible risk from viral vectors, such as a 
plasmid vector (pDNA). Liposomal, polycationic, dendrimer and silica nanoparti-
cles are normally used as both protector and enhancer for pDNA in order to 
increase the effi cacy of pDNA transfection. Among these materials, HA has been 
considered to have great potential as a gene - carrier candidate due to its established 
biocompatibility, ease of handling and notorious affi nity for adsorption. In fact, 
the nonviral transfer of DNA into cells ( ‘  transfection  ’ ) is a routine procedure in 
modern biochemistry and is carried out by the  in situ  precipitation of calcium 
phosphate. Such transfection by calcium phosphates has been described elsewhere 
as  ‘ simple but insuffi ciently reproducible ’ , there being a low transfection effi ciency 
due to unstable experimental conditions. According to the current state of knowl-
edge, calcium phosphate nanoparticles may be incorporated into the cells by 
endocytosis (penetration of the cell membrane and uptake into an intracellular 
vesicle). It is possible to promote the transfection effi ciency of calcium phosphate 
by using its nanoparticle, and this concept has been proved through a series of 
experiments. Most recently, Sfeir  et al .  [146]  compared the transfection effi ciency 
of nano - calcium phosphates with commercially available calcium phosphate kits 
(CalPhos; Clontech and FuGENE; Roche Diagnostics). The results showed that the 
nanomaterials exhibited a 25 - fold increase in transfection effi ciency compared to 
CalPhos at 12   h. 

 The  green fl uorescent protein  ( GFP ) gene has also been used to determine the 
proportion of cells transfected with the nano - calcium phosphates/GFP, and similar 
results were obtained. This high transfection effi ciency indicates the potential of 
nano - calcium phosphates in gene delivery. Recently, Welzel  et al .  [147]  evaluated 
the possibility of calcium phosphate nanoparticle as a gene carrier by preparing 
spherical particles of calcium phosphate with diameters of 10 – 20   nm and covered 
by a hull of DNA (Figure  13.9 ). Subsequently, a successful transfection of trans-
formed human endothelial cells was achieved by adding the dispersion of nanopar-
ticles to the cell culture. The functionalized nanoparticles formed a stable colloid 
and did not lose their ability for cell transfection during a two -  to three - week period 



of storage. The authors assumed that the small particle size was responsible for 
the good transfection effi ciency compared to that seen with standard methods.   

 In bulk form, many different calcium phosphates ceramics are available com-
mercially for the treatment of bone defects following orthopedic removal, bone 
tumor extraction, complicated fracture, and so on  [148] . In these cases, the site of 
the bone defect must be fi lled with a dense or porous bulk biomaterial that can 
provide support for new bone growth (either on or in the fi ller), while avoiding 
the growth of fi brous tissue. For this, the material should    –    if possible    –    be biocom-
patible, bioactive and biodegradable. From a chemical aspect, the synthetic bulk 
biomaterials are normally based on calcium phosphates and, with the rapid devel-
opment of nanotechnology, nano - HA may eventually fi nd a use in this fi eld. The 
NanOss bone void fi ller, produced by Angstrom Medica  [149] , was considered to 
be the fi rst nanotechnology medical device to receive clearance by the US  Food 
and Drug Administration  ( FDA ), in 2005. NanOss is prepared by precipitating 
nanoparticles of calcium phosphate in aqueous phase, and compressing and 
heating the resultant white powder to form a dense, transparent and nanocrystal-
line material. According to the manufacturer, NanOss duplicates the microstruc-
ture, composition and performance of human bone, and also possesses highly 
osteoconductive and bone remodeling properties. In order to improve the mechan-
ical properties of pure HA bulk, zirconia nanocrystals have been added to further 
toughen the nano - HA matrix. Following pressure -  and temperature - assisted sin-
tering, the resultant nanocomposite could achieve more than 98% theoretical 
density with a grain size  < 125   nm. The incorporation of a highly dispersed zirconia 
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    Figure 13.9     Transmission electron microscopy image of 
calcium phosphate nanoparticles that are functionalized by 
DNA. The particles have a typical size of 10 to 20   nm. 
 Reprinted from Ref.  [147] .   
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has been shown to signifi cantly enhance the fracture toughness and bending 
strength of HA - based bioceramics for load - bearing implant applications. 

 A central principle of biomineralization is that the nucleation, growth, morphol-
ogy and assembly of the inorganic crystals are regulated by organized assemblies 
of the organic macromolecules. The nanostructure processing of HA - based com-
posites has allowed for the design of structural and surface features inspired by 
the architecture of bone. The elective organic phase in the composites are collagen, 
alginate, chitosan, silk fi broin and several bioresorbable polymers, including PLA 
and PCL. The various fabrication methods have been described. For example, Cui 
 et al .  [29, 150]  developed a  nano - HA – collagen  ( NHAC ) composite by the coprecipi-
tation of apatite with collagen. The composites mimic the HA nanocrystal - type I 
collagen nanostructure of natural bone, which can be incorporated into bone 
metabolism instead of being a permanent implant (Figure  13.10 ). In addition, 
nanocomposites containing HA and chitosan  [151] , HA – silver composites  [152] , 
fl uorapatite – collagen composites  [153]  and nanocrystalline yttria - stabilized zirco-
nia - reinforced HA  [154]  have been developed for specialized functions, including 
antimicrobial benefi ts, an improvement of the structural stability and cellular 
responses, and enhancement of strength and toughness. However, due to process-
ing diffi culties and the poor mechanical properties of bulk HA, its applications 
are currently confi ned to nonload - bearing implants and porous bodies/scaffolds. 

    Figure 13.10     (a) High - magnifi cation image of 
the mineralized collagen fi brils. The inset 
shows a selected area electron diffraction 
(SAED) pattern of the mineralized collagen 
fi brils. The asterisk marks the center of the 
area, the diameter of which is ca. 200   nm; 

(b) High - resolution TEM image of mineralized 
collagen fi brils. The long arrow indicates the 
longitudinal direction of the collagen fi bril; 
the two short arrows indicate two HA 
nanocrystals.  Reprinted with permission 
from Ref.  [150] .   
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Porous 3 - D nanocomposites of HA and collagen/polymer mimic natural bone in 
both composition and microstructure, and so can be employed as a matrix for the 
tissue engineering of bone.   

 A new concept in the treatment of bone defects has been introduced with bone 
cements based on calcium phosphates; these have many advantages, including 
their self - setting form and excellent biocompatibility and bone - repair properties 
 [155, 156] . The cement properties, such as setting time, degradable speed, porosity 
or mechanical behavior, can be controlled by changing the cement components, 
including the type or amount of calcium phosphate and additives  [24] . In the past, 
nano - calcium phosphate has generally been selected as the major component 
because of its accepted improved sinterability, enhanced densifi cation and better 
bioactivity than coarser crystals  [157] . By improving those cements which are based 
on nano - HA in terms of their rheological, exothermal and mechanical behaviors, 
some are starting to be used in the clinical situation. An example is Ostim, an 
injectable bone matrix which is prepared in paste form and which received the CE 
(Conformit é  Europ é enne) marking in 2002. Ostim is composed of synthetic 
nanoparticulate HA, and can be used in metaphyseal fractures and cysts, acetabu-
lum reconstruction and periprosthetic fractures during hip prosthesis exchange 
operations, osteotomies, fi lling cages in spinal column surgery, and so on  [149] . 
Moreover, cements based on calcium phosphate can also be used as convenient 
carriers of drugs, ranging from antibiotics and anti - infl ammatory agents to  bone 
morphogenetic protein s ( BMP s) or  transforming growth factor -  β   ( TGF -  β  )  [28] . 
Unlike other carriers, where the drugs are normally adsorbed to the surface, in 
the case of cements the drugs can be incorporated throughout the whole material 
volume, simply by adding them into one of the two cement phases. This ability to 
release the drug over more prolonged periods provides a great potential for this 
type of material in the controlled delivery of drug to target sites within the skeletal 
system.  

  13.7.2 
 Bone - Related Cells 

 It is well accepted that bone - related cells (notably osteoblasts and osteoclasts) play 
a key role in the physiological formation of bone. Bone - related cells are considered 
not only to take part in the formation of the biomineral and macrostructure con-
struction of bone, but also to modulate, on a continuous basis, the density, regen-
eration and degradation of bone, where the most common phenomena include 
bone regeneration under mechanical pressure, the appearance of calculi and osteo-
porosis. Consequently, the relationship between bone - related cells and calcium 
phosphates has attracted much attention in the quest to elucidate the formative 
mechanism of bone, the prevention and cure of bone - related disease, and the 
design of novel biomaterials. 

 The  in vitro  functions of osteoblasts and osteoclasts have been studied in much 
greater detail on nanophase HA than on conventional, grain - sized HA. In fact, 
nano - HA has demonstrated an enhanced osteoblast proliferation, as indicated by 

 13.7 Nano-Calcium Phosphate in Biomedical Engineering  473



 474  13 Calcium Phosphate Nanoparticles in Biomineralization and Biomaterials

the synthesis of 37% more ALP and twofold higher concentration of calcium in 
the  extracellular matrix  ( ECM ) at 28 days of culture compared to conventional HA 
 [158] . There is also further evidence to suggest that reducing the particle size to 
nanoscale may promote osteoblast adhesion. Nanophase HA has also shown evi-
dence of an enhanced synthesis of  tatrate - resistant acid phosphatase  ( TRAP ; this 
is secreted to aid osteoclast resorption of the bone ECM) and an enhanced forma-
tion of resorption pits (an index of bone resorption activity) by osteoclast - like cells 
compared to devitalized bone as a reference  [159] . Due to its notorious adsorption, 
the surface of the nano - HA enriches many specifi c proteins derived from blood, 
bone marrow and other tissues, including fi bronectin, vironectin, vitronectin and 
denatured collagen. Each of these could improve the biological behavior of cells 
on the matrix, including adhesion, differentiation and growth. The nanophase 
materials may possess optimal surface properties (higher surface area, lower 
contact angle) and surface features (more nanoscale pores) that infl uence the type 
and degree of adsorption of selective proteins that can in turn enhance specifi c 
osteoblast adhesion. In fetal bovine serum, nanophase HA was shown to adsorb 
11% more protein per cm 2  than conventional HAP  [160] . Fetal bovine serum con-
tains unknown amounts of various proteins, such as albumin, fi bronectin, vitro-
nectin, and denatured collagen proteins, which enhance osteoblast adhesion when 
present in greater concentrations. Overall, the surface features of nano HA appear 
to favor the adsorption of specifi c proteins (e.g. vitronectin) that mediate the 
enhanced functions of osseous cells. It has been noted that vitronectin and other 
proteins that are crucial for osteoblast adhesion are well - spread, are unfolded to a 
great extent, and expose larger numbers of osteoblast - adhesive epitopes, such as 
arginine - glycine - aspartic acid (RGD), on interacting with nano - HA compared to 
conventional HA. 

 A better supermicrostructural biomimicry and osteoconductivity can be achieved 
when using nano - sized HA as a mechanical reinforced phase and collagen/polymer 
in the scaffold matrix. The biocompatibility of these materials is key to their pos-
sible application within the clinical setting. When the adhesion, proliferation and 
differentiation of  mesenchymal stem cell s ( MSC s) was investigated on  nano - HA/
polyamide  ( n - HA/PA ) composite scaffolds, the latter were shown to exhibit good 
biocompatibility and extensive osteoconductivity with host bone both  in vitro  and 
 in vivo . Consequently, the n - HA/PA scaffolds have the potential to be applied in 
orthopedic, reconstructive and maxillofacial surgery. Nanostructured coatings 
with nanometer - sized grains and a high volume fraction of grain boundaries have 
also shown increased osteoblast adhesion, proliferation and mineralization. 

 Recently, the present authors ’  group has studied the size - effects and the infl u-
ence of crystallinity of nano - HA on bone - related cells  [110, 161] . Different HA 
nanoparticles, typically 20    ±    5, 40    ±    10 and 80    ±    12   nm in diameter, were prepared 
and their effects on the proliferation of two bone - related cells    –    bone MSCs and 
osteosarcoma cells (U2OS and MG63)    –    were studied. The cell - culture experiments 
show an improved cytophilicity of the nanophase mineral when compared to 
conventional HA (Figure  13.11 ), while a greater cell viability and proliferation of 
MSCs was identifi ed on the nano HA, most remarkably for the 20   nm particles 



(Figure  13.12 ). A contrasting phenomenon was observed, however, when bone 
tumor cells were cocultured with HA nanoparticles, which inhibited the prolifera-
tion of both U2OS and MG63 cells. Moreover, the degree of inhibition was 
inversely proportional to the particle size    –    that is, the smaller nanoparticle pos-
sessed a greater ability to prevent cell proliferation. It is suggested that the HA 
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    Figure 13.11     Proliferation of mesenchymal stem cells (MSCs) 
on different HA substrates; the control experiment was 
performed on glass.  
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    Figure 13.12     Agarose electrophoresis gels showing the 
relative collagen I, osteopontin, osteocalcin and beta - actin 
expression levels studied by RT - PCR. The cells were cultured 
for two weeks under the same conditions as those in the ALP 
assay. The data show that nano - HA can act as an inorganic 
inducer in the differentiation.  Reprinted from Ref.  [161] .   

NanoHAP

Collagen I

Osteopontin

Osteocalcin

beta-actin

NanoACP Control



 476  13 Calcium Phosphate Nanoparticles in Biomineralization and Biomaterials

nanoparticles can exhibit favorable cell proliferation to optimize biological func-
tionality, in which particle size is believed to play a key role. These  in vitro  fi ndings 
are of major signifi cance in our understanding of cytophilicity and the biological 
activity of nanoparticles during biomineralization.   

 It is accepted among research groups investigating biomedical materials that 
ACP can be adsorbed and assimilated more readily by living organisms to produce 
new bone tissue than can crystallized calcium phosphates such as HA. The results 
of previous studies have also confi rmed that ACP has an improved bioactivity 
compared to HA, since a greater degree of adhesion and proliferation of osteogenic 
cells was observed on ACP substrates. It has also been noted that the different 
size - effects of calcium phosphates were not taken into account in these studies, 
and that the ACP used were always smaller than the HA  [162] . In order to under-
stand and compare the infl uence of the crystallinity of calcium phosphate on 
osteogenic cells correctly, it is critical to use ACP and HA nanoparticles with the 
same size distribution. Hence, ACP and HAP particles of  ∼ 20   nm were synthe-
sized and their effects on the crystallinity of calcium phosphates studied. The 
adhesion, proliferation and differentiation of  bone marrow stromal cell s ( BMSC s) 
were measured on the ACP and HA fi lms, which were compared at the same size 
scale. Surprisingly, more cells were adsorbed and proliferated on the well crystal-
lized HA fi lm than on the ACP fi lm. Both, the activity of ALP and  reverse 
transcriptase - polymer chain reaction  ( RT - PCR ) assay showed that the differentia-
tion of MSCs to osteoblasts was promoted signifi cantly by nano - HA, despite it 
being well known that such differentiation cannot be initiated without a biological 
inducer. These current experimental phenomena show clearly that the crystallized 
phase of calcium phosphate (HA) provides a better substrate for MSCs than does 
its amorphous counterpart (ACP), when the factor of size - effect is removed. These 
new concepts on the relationship between the crystallinity of calcium phosphate 
and the responses of BMSCs support the importance of size -  and phase - controls 
in the application of biomedical materials. 

 Given that the cell is sensitive to its ambience, very small alterations in particle 
size and topography    –    even down to nanoscale    –    could lead to a diversity of cell 
behavior  [163, 164] . An understanding of HA nanoparticle – cell interaction is very 
important for subsequent use in  in vivo  situations, as very little is currently known 
about how cells recognize these alterations of materials. Hence, the mechanisms 
which cause such effects of HA nanoparticles on bone - related cells will require 
further systematic study.  

  13.7.3 
 Enamel Repair 

  Dental caries  is a ubiquitous and worldwide oral disease. In the initial stages of 
caries lesions, oral bacteria cause damage to the enamel that serves as the exterior 
coating of teeth and which demonstrates remarkable hardness and resistance. As 
the most highly mineralized structure in the vertebrate body, enamel is composed 
of numerous needle - like apatite crystals, bundled in parallel ordered prisms to 



ensure unique mechanical strength and biological protection  [165] . While the 
principal proteins (amelogenins, ameloblastins, proteinases) involved in the hier-
archical construction of enamel apatite are unaffected  [166] , the proteins that 
induce/control the crystallization of apatite are almost completely degraded or 
removed during enamel maturation. As a non - living tissue, the main component 
(97   wt%) of mature enamel is inorganic apatite, such that enamel will not undergo 
self - repair following substantial mineral loss  [167] . Conventionally, fi lling with 
artifi cial materials is used to repair damaged enamel, with any defects being 
refi lled with unstructured substitutes such as amalgam, metal alloys, ceramics or 
composite resins  [168 – 170] . Unfortunately, however, secondary caries frequently 
arises at the interfaces between the tooth and foreign materials  [171] . 

 In the past, HA has always been considered a model compound for enamel, due 
to their chemical similarities  [172] ; consequently, the remineralization of enamel 
minerals using synthetic apatite or metastable calcium phosphate has always been 
suggested in dental research  [173] . These chemically analogous compounds of 
enamel are not widely applied in clinic practice, however, as the native structure 
of enamel is too complex to be remodeled and the synthesized apatite crystallites 
often have different dimensions, morphologies and orientations from their natural 
counterparts. The result is poor adhesion and mechanical strength during restora-
tion  [174] . Despite their complicated hierarchical structures, the basic building 
blocks of enamel are the 20 – 40   nm particles of HA. Recent advances in biominer-
alization have also highlighted the fact that the features of smaller HA nanoparti-
cles may more closely approximate those of biological apatite than of the larger 
HA particles that are used conventionally. It has been shown previously that HA 
nanoparticles can self - assemble to form enamel - like structures in the laboratory. 
Hence, a biomimetic technique has been proposed whereby localized repairs of 
the enamel surface can be improved by using nano - HA (dimension of 20   nm), the 
analogue of the basic building blocks of enamel rods. In differing from other fre-
quently used calcium phosphates in biomineralization, such as the  conventional 
HA  ( cHA ; rod - like with lengths of hundreds of nanometers) and ACP, the bio-
compatibility between nano - HA and enamel can be greatly improved. It has been 
found that nano - HA can adsorb very strongly to an enamel surface, and may even 
be integrated into the natural enamel structure (Figure  13.13 ).   

 Surprisingly, the 20   nm HA nanoparticles can signifi cantly inhibit future mineral 
loss from enamel surfaces. Without treatment, the demineralization of a natural 
enamel surface is remarkable in an acidic solution (pH   =   4.5    ±    0.1; experimental 
period 2 days); the corrupted sites can be clearly observed, and the rate of mass 
loss is approximately 0.12    ±    0.04   mg   mm  − 2    day  − 1 . In contrast, the layer of nano - HA 
on the treated enamel surface remained almost unchanged in acidic solution, with 
the rate of mass loss approaching zero ( < 0.02   mg mm  − 2    day  − 1 ), which was beyond 
the sensitivity of the method used. As the new nano - HA is insensitive to dissolu-
tion, the underlying enamel surface is well protected in acidic conditions. With 
the restored enamel surface being the hardest biological component, its mechani-
cal strength is the key parameter, and can be monitored by using the technique 
of nanoindentation. The 20   nm HA - coated enamel surface was shown to have a 
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hardness of 4.6    ±    0.4   GPa and an elastic modulus of 95.6    ±    8.4   GPa, values which 
were very similar to those of the natural materials (4.2    ±    0.2 and 94.1    ±    5.4   GPa, 
respectively)  [66] . The nanometer scale of crystals in many biological hard tissues 
(such as enamel or vertebral bone) is selected by Nature to ensure optimal strength 
and a maximum tolerance of fl aws (robustness). These features confer the 20   nm 
HA, or the basic building blocks of enamel, with an improved mechanical strength 
at an earlier stage. A similar mechanism has been suggested for restorative pur-
poses by using 20   nm HA, although it is important that the featured hardness of 
enamel remains following the artifi cial repair. 

 The similarities between 20   nm HA and the building blocks of enamel 
apatite result in a biocompatible adsorption and fusion of the artifi cial material 
to the natural tissue. In fact, the enamel structure would even be reinforced by 
the nano HA, as secondary caries formation would be suppressed while the hard-
ness remained. Such a strategy might have prospective application in dentistry as 
it offers a straightforward, but very effective, method for reconstructing tooth 
enamel that is suffering from mineral loss. Overall, the results of these studies 
suggest that analogues of nano building blocks will play a future role in biomin-
eralization, despite the complicated morphology and structures of the natural 
materials.  

  13.7.4 
 Other Applications 

 Currently, a number of alternative applications of nanostructured calcium phos-
phate are under investigation, some of which will be introduced at this point. For 
example, Shirkhanzadeh1  [175]  has synthesized a nano - HA coating via an electro-
chemical method and doping with silver ions (using silver nitrate solution at room 

    Figure 13.13     The strong adsorption effect of 20   nm - sized HA 
particles on a natural enamel surface.  
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temperature), which demonstrated antimicrobial properties against a variety of 
bacteria. In addition, the surface modifi cation of calcium phosphate nanoparticles 
can be performed to modulate its colloid stability, prevent its dissolution in the 
case of low pH, infl ammation, and serve as an intermediate layer to allow strong 
bond formation between HA – polymer matrices and potentially enhance its bioac-
tivity. Such treatment might also improves the conjugational ability of these mate-
rials with special functional groups (e.g. monoclonal antibodies)  [15, 176] . 

 A design strategy to create a nanocomposite using HA, collagen and chondroitin 
sulfate (proteoglycans) has been developed, with the intention to use this as a 
biomimetic bone graft for cartilage repair as a pre - mature bone  [177] . Chondroitin 
sulfate is best known for its ability to promote the binding of chondronectin (the 
chondrocyte attachment factor) to collagen, and thus its use will gradually stimu-
late chondrocyte adhesion. Accordingly, this nanocomposite system is likely to 
provide specifi c binding sites for chondrocytes. In addition, the HA – collagen 
composite system has been used as a drug delivery device for neurotropin - nerve 
growth factor - beta. It is exciting to see that HA – collagen composites enriched with 
neurogenic - osteogenic factor can stimulate the formation of both periosteal and 
endocortical woven bone, and also of lamellar bone. In fact, Asaumi  et al .  [178]  
concluded that neurotropins and their receptors are expressed in bone - forming 
cells, and suggested that they might also be involved in the regulation of bone 
formation as an autocrine and paracrine factor  in vivo . Future research in this area 
can be expected to highlight the potential utility of multifaceted approaches in 
engineering the simultaneous regeneration of multiple tissue types. 

 As particles, hollow spheres are extremely attractive, mainly because they can 
greatly enhance load quantities. The suggested candidates are lipids, polymer 
materials and porous inorganic materials such as silica - based materials  [179] . 
Although these novel materials can improve the total intake of drugs, they also 
bring about new problems, for example, uncontrolled release kinetics and an 
unreasonable metabolism of the carriers  [180] . In order to solve these problems, 
a biocompatible mineral phase    –    calcium phosphate    –    was selected as the carrier 
material. As calcium phosphate is native to the body, the metabolic problems 
should be greatly reduced, and the compound should demonstrate a unique poten-
tial for the delivery of bone and dentin therapeutics. The most important feature 
here is that, the hollow - structured calcium phosphate nanospheres can be col-
lapsed and transferred into pin - shaped crystallites under ultrasonic treatment, 
during which the encapsulated compounds can be released. The main advantages 
of ultrasound are that it is noninvasive in biological applications and can penetrate 
deep into the interior of the body. It can also be carefully controlled via parameters 
such as power density, duty cycles and time of application  [181, 182] . Thus, ultra-
sonic treatment can be used to precisely regulate morphological transformation, 
achieving  ‘ smart ’  on/off and kinetic control of drug release. 

 Hollow calcium phosphate nanospheres can synthesized using an ultrasonic -
 assisted wet chemical reaction, with CTAB as modifi er  [183] . The uniform calcium 
phosphate hollow spheres formed are monodispersed in solution (Figure  13.14 a), 
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and generally stable in air or in aqueous solutions, without ultrasonic application. 
While a slight aggregation may be observed in solution, the hollowed structures 
are unaffected. However, when an ultrasonic treatment is applied the hollow 
structures are deconstructed such that pin - like nanocrystallites of calcium phos-
phate are produced (Figure  13.14 b). Unlike the free and slow diffusion of encap-
sulated drugs from the cavity through the shells  [184] , the release kinetics in this 
system is triggered by ultrasound, and the release process can be further controlled 
by ultrasonic application. Thus, an on/off control of the release can be achieved 
which is especially important in the clinical situation. It should be noted that, 
when the same ultrasonic treatment time periods are applied, the amounts of 
amylose released are virtually unchanged. Furthermore, the dynamics of release 
can also be conveniently regulated via the power density of ultrasound. As the 
pin - like calcium phosphate crystallites formed have similar behaviors to the bio-
logical HAs, it has been suggested that a combination of these hollow calcium 
phosphate nanospheres and ultrasonic treatment might be developed as an ideal 
system for drug delivery and release. It has also been suggested that the release 
kinetics in this model system is related to ultrasonic power, as well as to the treat-
ment time    –    a feature that may be developed as a useful strategy for the smart 
control of drug release  in vivo .     

    Figure 13.14     Hollow - structured calcium 
phosphate nanospheres can be transferred 
into pin - shaped crystallites under ultrasonic 
treatment. In this way the release of 
encapsulated compounds can be triggered 
on/off and its kinetics precisely regulated by 
the power density, duty cycle and application 
time of the ultrasound. Calcium phosphate 
nanospheres and ultrasonic treatment can be 

developed to create an ideal system for drug 
delivery and release. It was suggested that the 
release kinetics in this model system was 
related to ultrasonic power as well as to 
the treatment time. This feature could be 
developed into a useful strategy for the 
 ‘ smart ’  control of drug release  in vivo . 
 Reprinted from Ref.  [183] .   
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  13.8 
 Summary 

 As the basic building blocks of biological tissues such as bone, dentin and enamel, 
HA nanoparticles play an important role in the construction of biominerals. It has 
been shown that nano - HA can confer on biomaterials an excellent biocompatibil-
ity, mechanical strength and self - preservation, and it is suggested therefore that 
nano - HAs can serve as ideal biomaterials, based on their excellent biocompatibility 
and bone/enamel integration. The production of nanostructured calcium phos-
phates represents an attractive fi eld of research where many promising results 
have already been achieved. Much of the research conducted in this area will lead 
to enhanced applications in drug delivery systems and resorbable scaffolds that, 
with the passage of time, will be replaced by endogenous hard tissues. The future 
ability to functionalize surfaces with different molecules of varying nature and 
dimensions, by using their attachment to cells, as well as the ability to nanostruc-
ture the surface via the selection of biological species such as proteins and pep-
tides. The ability to synthesize and process nano calcium phosphates with controlled 
structures and topographies    –    the aim being to simulate the basic nano units of 
natural materials    –    will allow the design of novel proactive bioceramics. However, 
the initial positive results of biocompatibility and biomimicity of novel nanostruc-
tured bioceramics to natural bone merit further consideration. 

 Many questions remain unanswered, however, regarding calcium phosphate 
chemistry, and further investigations must be undertaken to analyze cell behavior 
in terms of their interaction with nano calcium phosphates. One important, 
though as yet unresolved, question is how cells recognize the particle size and 
crystallinity of nano calcium phosphates. By what signal do nano calcium phos-
phates promote cell proliferation and differentiation, and how can these pathways 
be identifi ed? It has been shown previously that smaller nano particles enter cells 
more readily, and that the bioactivity of calcium phosphate does not depend on its 
concentration in bulk solution. Initially, we should show how nanoparticles enter 
cells through membranes, and then examine the intracellular metabolic processes 
of nano calcium phosphate particles so that we can understand their role during 
biological processes. A second, critical, step will be to investigate changes in gene 
or protein expression in the absence and/or presence of calcium phosphate 
nanoparticles, as this may relate directly to cell proliferation and differentiation. 
It is in this type of study that the involvement of biologists will be vital. 

 An understanding of the interactions of nanoparticles with cells is crucial in 
order to improve their behavior  in vivo  and  in vitro . Here, the main challenge is 
to develop novel methods for the  in situ  and real - time examination of nanoparticles 
in cells. These would include: (i) a detailed interfacial structure of nano calcium 
phosphates and the specifi c adsorption of proteins or other matrixes; (ii) the uptake 
process of nanoparticles by cells; and (iii) the intracellular metabolism of calcium 
phosphates, and its interaction with physiological reactions. Before attempting 
these investigations, however, it is important to determine how nanoparticles can 
be marked, without signifi cantly altering their surface properties, and for this we 
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must fi rst develop particles the sizes of which extend to only tens of nanometers. 
The fi nal point to consider is that of  ‘ biological security ’ . Although calcium phos-
phate nanomaterials will promote bone repair, the effect is nonspecifi c and they 
are equally capable of penetrating other areas, such as the circulatory system. 
Consequently, an understanding of how nano calcium phosphates exert their 
infl uences from a higher level will be essential if we are to develop the biological 
nanotechnology of the future. Of course, such an approach will be extremely 
complicated and necessitate an effective collaboration with scientists from many 
different disciplines.  
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327–331
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– synthetic conditions 116
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– nanocomposites 291–293
– nanofi lms 291
– nanoparticles 288–290
– nanorods/nanotubes 290, 291
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– water treatment 288–293
tissue engineering
– bioactive glasses 213–215
– hydroxyapatite scaffolds 439
titanium dioxide see TiO2
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top-down methods, synthesis zirconia 
nanoparticles 258
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– 1-D nanostructures in vitro 97–99
– 1-D nanostructures in vivo 99–101
– antimony ions 167
– cadmium ions 167
– effect of silica nanoparticle size 234, 235
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– mercury ions 167
– metal ions 166–168
– nanomaterials-induced 230–233
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nanomaterials-induced toxicity
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– 1-D silica nanomaterials 93–100
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tumor microenvironment 391, 392
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ultrasonic treatment, hollow structures 
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silica nanoparticles 43
uptake
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397
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vapor–liquid–solid (VLS) model
– nanosilica synthesis 63–65
– nanowire synthesis 84, 86, 87
vapor–solid–solid (VSS) model, nanosilica 

synthesis 63–65
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viral vectors, bone regeneration 470
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– metal oxide nanomaterials 287–304
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nanocrystal 412–415
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structure 12, 13
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X-ray diffraction, porous silicon particles 
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z
zirconia-based bioceramics
– dental implants 267
– nanostructured 263–267
zirconia nanomaterials 245–275
– applications in the life sciences 

271–273
– biomedical applications 263–273
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– stabilization 271
– synthesis 246–263
zirconia nanoparticles
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– hydrothermal synthesis strategies 
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– nonaqueous sol–gel technique 255, 256
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– precipitation techniques 251, 252
– sol–gel methods 254, 255
– solvent-based synthesis 248–256
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ZnO nanoparticles
– shape 7
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