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Preface

There are several areas in medicine and pharmacy in which finely dispersed matter
plays a significant role. Drugs in solid state can be produced as particles of diverse
shapes and structures, in modal sizes ranging from a few nanometers to a few mi-
crometers. Such medication is commonly combined with inactive diluents, while
the pills themselves are often coated with layers which protect them from the effects
of the environment, such as humidity. Both these chemically inert components in
the delivery systems (diluents and shells) may also control the release of the active
component.

Thus, there are many physical aspects of the medication which can affect its
functionality. The first deals simply with the size of the active substance to be de-
livered. For example, in recent years much emphasis has been placed on the use of
nanosize active materials. A recent issue of ACS NANO published several articles
on the subject, including “Impact of Nanotechnology on Drug Delivery”, by O.C.
Farukhzad and R. Langer (3, 2009, 16-20), and “Virtual Issue on Nanomaterials for
Drug Delivery” by P.T. Hammond (5, 2011, 681-684).

Another significant aspect of the drug in the pill form is the morphology of active
molecules, which affects many properties of a medication, including its stability,
solubility, and release. Most of the medically active compounds tend to form poly-
morphs, i.e., the same molecules being differently packed in the solid state, which
determines their functionality. This aspect of drugs was dealt with in great detail
by A.M. Rouhi in Chemical and Engineering News (American Chemical Society),
February 24, 2003 issue, under the title “The Right Stuff: From research and devel-
opment to the clinic, getting drug crystals right is full of pitfalls.” It is, therefore, of
great importance to produce drug delivery systems (e.g. pills) that contain the active
compound in the stable state, and assure its controlled delivery.

Fine particles of different size and other properties (optical, magnetic, adhesive,
etc.) play an essential role in the diagnostics, such as barium sulfate slurries in
the X-ray of intestines, or well defined magnetic particles used as a biosensor, or
nanodispersed gold used in bioimaging, to mention a few. Such specific uses of fine
particles are described in several chapters. A short description of the contents of
individual chapters is given below.
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In the first chapter Vladimir Privman addresses the advancement of modeling
approaches aimed at explaining morphological and geometrical features of fine par-
ticles. Specifically, discussed are certain aspects of particle shape selection and size
uniformity, emerging as results of kinetics involving diffusional transport of matter
in solution synthesis of nanocrystals and colloids. Processes ranging from nucle-
ation to growth by aggregation, and mechanisms of uniform shape development are
reviewed, with selected results outlined in some detail.

In the second chapter, Egon Matijevi¢ demonstrates that uniform drug disper-
sions can be prepared by precipitation in solutions. Indeed, in some cases, the same
substance is obtained as particles of different, but uniform shapes, by altering the
experimental conditions, or by varying additives. Furthermore, it is possible to coat
so prepared drugs with an inorganic layer of alumina or silica, thus altering the
surface reactivity and charge of the resulting particles. Such layers protect the cores
and may promote specific reactions within the body.

The chapter by Silvana Andreescu, Maryna Onatska, Joseph Erlichman, Ana Es-
tevez, and J.C. Leiter focuses on the interactions of the most widely used nanopar-
ticles of metal oxides with cells and tissues in relation to the physico-chemical
properties, biocompatibility, and cytotoxic reflexes in model biological systems,
and selected biomedical applications. New and emerging uses of these particles
as neuroprotective and therapeutic agents in the treatment of medical diseases re-
lated to reactive oxygen species, such as spinal cord repair, stroke, and degenerative
retinal disorders are discussed. Furthermore, issues related to biocompatibility and
toxicity of these nanoparticles for in vivo biomedical applications are dealt with in
some detail.

Dan Goia and Tapan Sau contribute a comprehensive review of uniform colloi-
dal gold, as applied in medicine and biology. Specifically, they describe how func-
tionalized gold particles are used in bioimaging (optical, immunostaining, com-
puted tomography, magnetic resonance, phagokinetic tracking), biosensing (optical
and electrochemical), drug delivery, and therapeutic applications. Also described
are additives for the preparation of highly dispersed active nanogold, including the
complex (core—shell) and hierarchical structures, involving both inorganic and or-
ganic phases.

In their chapter Evgeny Katz and Marcos Pita deal with magnetic particles (mi-
crospheres, nanospheres, and ferrofluids), which are extensively used as labeling
units and immobilization platforms in various biosensing schemes, mainly for im-
munosensing and DNA analysis, as well as in environmental monitoring. Biomol-
ecule-functionalized magnetic particles generally exist in a ‘core—shell” configura-
tion through organic linkers, often organized as a polymeric ‘shell’ around the core.
The state-of-the-art in the preparation, characterization, and application of biomol-
ecule-functionalized magnetic particles and other related micro/nano-objects allows
for efficient performance of various in vitro and in vivo biosensors, many of which
are directed to biomedical applications.

The focus of the chapter by Devon Shipp and Broden Rutherglen is on the de-
gradable polymer particles in drug delivery applications, based on their architec-
tural design. Specifically, the authors consider polyanhydrides, which have the un-
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usual property of undergoing surface erosion, and to predictable therapeutic agent
release rates of approximate zero-order kinetics.

Artem Melman, in his contribution, describes an innovative method for the prep-
aration of uniform nanoproteins, which involves their growth on monodispersed
protein templates. This process is extensively involved in biomineralization in a
multitude of living organisms, providing structures of exceptional complexity and
uniformity. Current availability of pure recombinant cage shaped proteins and vi-
ruses offer limitless possibilities for their modification, and for targeted delivery on
nanoparticles.

The chapter by Philip K. Hopke and Zuocheng Wang deals with the delivery and
the effectiveness of medicine dosages deposited in the respiratory tract. Their study
was originally driven by the concern regarding the effects of radioactive particles
in this application. Empirical studies in animals and physical models of human air-
ways have provided data which allows the prediction of regional deposition roles.

The chapter by Maria Hepel and Magdalena Stobiecka describes new bioana-
lytical sensing platforms, based on functionalized nanoparticles, for the detection
of biomarkers of oxidative stress. These biomarkers and biomolecules indicate the
diminished capacity of a biological system to counteract an invasion (or overpro-
duction) of reactive oxygen species and other radicals. The oxidative stress has
been implicated in a number of diseases, including diabetes, cancer, Alzheimer’s,
autism, and others. The detection methods for the oxidative stress biomarkers, such
as glutathione, homocysteine, and cysteine, presented in this chapter, are based on
their interactions with monolayer-protected gold nanoparticles. Such functional-
ized particles have also been shown to amplify the analytical signal in molecularly-
templated conductive polymer sensors for the detection of biomolecules, and novel
designs of molecularly-imprinted poly(orthophenylenediamine) sensor films.

In his chapter Sergiy Minko discusses the synthesis and applications of multi-
functional hierarchically organized, multilevel structured, active hybrid colloidal
particles, uniform in size and shape. Such particles are capable of programmed
and controlled responses to changes in the environment or to external signals. Fur-
thermore, various core—shell structures were synthesized in two steps consisting
of metals, oxides, or polymers of different sizes and shapes, and functionalized
with stimuli-responsive polymers. Specifically, deposition, precipitation on colloi-
dal templates, grafting to the surface of particles, and self-assembly of amphiphilic
block-copolymers, were extensively used for the synthesis of the core—shell col-
loids. A properly engineered combination of sensitivity to external stimuli with re-
sulting changes in the particles’ properties is critically important for drug delivery
capsules, capsules for diagnostics and, particles-biosensors. The development of
these stimuli-responsive colloids is driven by several important applications: in-
cluding, biosensors that respond to changes in the chemical and biological environ-
ment, stimuli-responsive capsules that can release the cargo upon external stimuli
for delivery of drugs and contrasting agents, and biocomposite materials that can
adapt to living tissue.

In the final chapter, Richard Partch, Adrienne Stamper, Evon Ford, Abeer Al
Bawab and Fadwa Odeh, deal with the incidence of overdoses of chemicals into
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the body, causing either serious injury to organs or even death. The latter is more
common than what is generally believed to be the case. Among such chemicals are
prescription therapeutics, illicit derivatives, biotoxins, and those found in bever-
ages and food, leached from packaging. In this chapter it is demonstrated that both
oil-water microemulsions and functionalized carrier nanoparticles are capable of
removing overdosed concentrations of several of the problem chemicals from lig-
uids including blood, both in vitro and in vivo.

Egon Matijevi¢
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Chapter 1
Models of Size and Shape Control in Synthesis
of Uniform Colloids and Nanocrystals

Vladimir Privman

Abstract We review approaches to explain mechanisms of control of uniformity
(narrow distribution) of sizes and shapes in solution synthesis of nanosize crys-
tals and colloid particles. We address aspects of modeling of geometrical features
and morphology selection, emerging as results of kinetic processes involving dif-
fusional transport of matter, ranging from nucleation to growth by aggregation and
to mechanisms of formation of well-defined shapes.

Keywords Aggregation ¢ Cluster ¢ Colloid ¢ Crystal » Deposition * Detachment *
DiffusioneGrowth*Morphology*Nanocrystal*Nanoparticle*Nanosize*Nucleation®
Symmetry

1.1 Introduction

Many applications of synthetic microscopic particles require them to be uniform.
Kinetic mechanisms of formation of particles of narrow size and shape distributions
in solutions, differ for various types of the particles: Here we refer to colloids as sus-
pensions of few-micron down to sub-micron size particles, whereas nanoparticles
and nanostructures are objects of smaller sizes, typically under 0.01 pum (10 nm).
More generally, synthesis of well-defined products has to aim at uniformity of com-
position, internal structure/morphology, and surface properties.

Theoretical modeling approaches have to identify key mechanisms of particle
size and shape selection. Indeed, frequently the actual modeling approach is limited
by the computational difficulties because numerous multi-scale kinetic processes
are involved: nucleation, growth, aggregation, and surface interactions of atoms/
molecules/ions (including their chemical reactions with each other and with the so-
lution species), of nanosize building blocks, and of the forming particles. Therefore,
a realistic modeling approach typically singles out a subset of those kinetic pro-
cesses that can explain size and/or shape uniformity for situations of experimental
relevance. Here we review aspects of several approaches and results [ 1-17], includ-

V. Privman (><)

Department of Physics, Center for Advanced Materials Processing, Clarkson University,
8 Clarkson Avenue, CAMP, Box 5721, Potsdam, NY 13699, USA

e-mail: privman@clarkson.edu

E. Matijevi¢ (ed.), Fine Particles in Medicine and Pharmacy, 1
DOI 10.1007/978-1-4614-0379-1 1, © Springer Science+Business Media, LLC 2012
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Peak
. C(1)

. Shoulder

1234 s

Fig. 1.1 A desirable particle size distribution at large time, ¢, peaked at the large cluster sizes.
The peak forms and evolves due to the consumption of singlets, supplied/nucleated/maintained at
the concentration C(¢), by a kinetic process which keeps the relative width of the peak small. The
depiction for s = 1, 2, 3, 4 emphasizes that the particle sizes, s, are actually discrete, even though
for larger s, the distribution can be treated as continuous, with co >s > 0

ing studies of burst-nucleation of crystalline nanoparticles in solution, the accom-
panying process of diffusional aggregation of these nanoparticles to form uniform
polycrystalline colloids, and shape selection in nonequilibrium growth.

In applications, colloids dispersions are typically regarded as “monodispersed”
for particle size distributions of relative spread up to 6—12%. At the nanoscale, we
expect that most nanotechnology device applications will necessitate even stricter
control: “uniform” size and shape requiring particles/structures to be “atomically
identical.” Thus, methodologies for uniform particle synthesis, which have a long
history in colloid chemistry [1, 18, 19], have drawn renewed interest, but also faced
new challenges with the advent of nanotechnology.

Here we consider those systems and synthesis processes which involve both the
particles and “building blocks” from which they are formed, suspended typically in
an aqueous solution of controlled chemical conditions. The transport of matter in
the system, at all scales, is assumed to be diffusional. The “building blocks,” termed
monomers or singlets, in nanoparticle/nanostructure synthesis are solute species:
atoms, ions, molecules. For colloids, the singlets are in many cases the nanosize,
typically nanocrystalline precursor “primary” particles. The supply of the latter is
controlled by their own burst nucleation. In both cases the monomers can also be
introduced externally as a means to control the process kinetics.

Particle (cluster) size, s, distribution with a peak at large sizes, is schematically
drawn in Fig. 1.1. Most processes that make the peak mean-s value grow also broad-
en it, for example, cluster-cluster aggregation or cluster ripening due to exchange
of monomers. Therefore, they cannot yield a relatively narrow peak. This occurs
because larger particles have bigger surface area for capturing small clusters/mono-
mers, as well as on average less surface curvature, resulting in slightly better bind-
ing and thus less detachment of monomers. As a result, the larger-particle side of
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the peak “runs away” from the smaller particle side (see Fig. 1.1) resulting in peak
broadening as the clusters grow.

Approaches to obtain a narrow size (and shape) distribution include blocking the
growth of the “right side” of the peak (see Fig. 1.1) by synthesizing the particles in-
side nanoporous structures or objects such as micelles or inverse micelles, e.g., [20,
21]. This technique has a disadvantage that additional chemicals then remain part
of the formed particles. Another approach has been by seeding, i.e., growth on top
of separately/earlier prepared/synthesized smaller uniform size and shape template
particles, e.g., [22].

In Sect. 1.2, we consider [9—11] the process of burst nucleation: rapid growth of
particles forming in a supersaturated solution of constituent atoms, molecules or
ions. This process exemplifies a size selection mechanism whereby the left side of
the peak (Fig. 1.1) is eroded fast enough as compared to the peak broadening due
to its growth by consumption of monomers. As a result, narrow size distribution is
obtained. In practice, additional coarsening processes broaden the distribution after
the initial nucleation burst, typically limiting this mechanism to nanosize crystal
growth stage.

In Sect. 1.3, we describe a two-stage colloid growth mechanism [1, 6, 10, 11]
yielding particle size distributions narrow on a relative scale. This involves a large
supply of primary-particle (precursor nanocrystal) monomers/singlets, of concen-
tration C(7), see Fig. 1.1. Availability of these monomers allows the peak to grow to
large sizes in a process fast enough that the central peak is not significantly broad-
ened. At the same time, a proper control of C(¢) is needed in order to avoid buildup
of a significant “shoulder” always present for such growth processes at small clus-
ter sizes (see Fig. 1.1). The monomer building blocks for such a process yielding
uniform polycrystalline colloids, are actually the burst-nucleated nanocrystalline
precursors (primary particles). For nanoparticle growth, there have also been stud-
ies of stepwise processes [23, 24], with batches of atomic-size monomers added for
further growth of the earlier formed nanoparticles.

Let N () denote the density of particles containing s singlets, at time ¢. Except
for the small s values, see Fig. 1.1, the distribution can be treated as a function of
continuous size variable. However, according to the preceding discussion the sin-
glet concentration,

C) = Ni(1), (1.1)

has to be separately controlled in some situations. They can be supplied as one or
more batches at specific times, or generated by another process at the rate p(f) (per
unit volume). They are depleted as a result of processes involving the emergence of
small clusters (the “shoulder” in Fig. 1.1), and also consumed by the growing large
clusters in the main peak.

For nanoparticles, a mechanism of the early formation of the peak is by burst
nucleation: nuclei of sizes larger than the critical, form from smaller “embryos” by
growing over the nucleation barrier. For colloid synthesis, the initial peak formation
can be facilitated by cluster-cluster aggregation of at the early growth stages. In
Sect. 1.4, we generally discuss some of the issues important for improving models
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of uniform colloid growth, in the framework of elaboration of the two-stage model
of Sect. 1.3. Specifically, we address the role of cluster-cluster aggregation. Seed-
ing is another approach to initiating the peaked size distribution both for colloid and
nanoparticle growth.

Section 1.5 addresses the problem of particle shape distribution and its control
aimed at attaining uniformity. More generally, particle structure ranging from in-
ternal microscopic morphology and defects, to surface properties and to overall
shapes, in both nanoparticle and colloid synthesis, are as important in applications
as is particle size. Several mechanisms for particle shape control in fast, nonequilib-
rium growth are possible, and likely some or most apply on the case by case basis,
depending on the details of the system and its kinetics. For uniform-shape growth,
we have advanced a model [14], outlined in Sect. 1.5, suggesting that fast growth
without development of large internal defect structures can lead to shape selection
with non-spherical particle “faces” similar to those obtained in equilibrium crystal
structures, but of different aspect ratios. The latter ideas have also been success-
fully applied [17] to explain shapes of certain growing nanostructures on surfaces,
of interest in catalysis. Emergence of a relatively uniform distribution of surface
structures evolving from nanoclusters to nanopyramids and then to nanopillars, was
modeled [17] (not reviewed here). Finally, Sect. 1.6 offers concluding comments.

1.2 Growth of Nanoparticles by Burst Nucleation

Burst nucleation [9-11, 25, 26] is a model for growth dominated by large supply of
monomers in solution. The formed embryos are assumed to be small enough that
they can practically instantaneously thermally equilibrate. Therefore, the model can
at best be used for growth of nanosize particles, consisting of » monomers. Indeed,
a cutoff is assumed as one of the model’s approximations, such that particles with
n>n_, where n_is the critical cluster size (to be defined shortly), irreversibly capture
diffusing solutes (monomers): atoms, ions or molecules. Whereas the dynamics in
the shoulder, for n<n_, see Fig. 1.2, is such that the subcritical (n<n ) embryos, are
instantaneously thermalized.

Burst nucleation in a supersaturated solution is driven by externally supplied
or, more commonly, chemical-reaction produced supply of monomers, of concen-
tration, c(¢), well over the equilibrium value ¢,. In nucleation theory approaches,
thermal fluctuations are assumed to cause formation of the embryos. Their surface
free energy results in a free-energy barrier peaked at n,. The actual dynamics of
few-atom embryos involves complicated transitions between various sizes, shapes,
and internal restructuring, and is not well understood. However, these processes are
so fast that the n<n_ embryo sizes are assumed approximately thermally distributed
according to the Gibbs free energy of an n-monomer cluster,

AG(n,c) = —(n — DT In(c/co) + 4ma*(n*? — 1o. (1.2)
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Fig. 1.2 The large-time
nanoparticle size distribu-
tion in the burst nucleation
model is sketched in the top
panel. The actual distribution,
depicted by the dotted line,

if steep but continuous near
n_. The time dependence of
the critical cluster size, n, is
shown in the bottom panel. nf)
A short induction period is
followed by the “burst,” and
then linear growth but with a
negligibly small slope -

Here £ is the Boltzmann constant, 7 is the temperature, and ¢ is the effective surface
tension. The effective solute radius, a, is defined in such a way that the radius of
an n-solute embryo is an'’. It can be estimated by requiring that 41a*/3 equals the
unit-cell volume per singlet (including the surrounding void volume) in the bulk
material. This free-energy attains maximum (the nucleation barrier) at n_,

8rwao ]3. (1.3)

nele) = [3kT In (c/co)
The first term in Eq. (1.2) is due to the bulk of the n-monomer cluster and is nega-
tive (since ¢ > ¢ ), favoring growth of clusters. The logarithmic dependence on the
monomer concentration derives from the entropy of mixing of noninteracting sol-
utes. The second term represents the surface free-energy, proportional to the area,
~n*3, and positive, thus suppressing growth of clusters. This term dominates for
n<n_, and results in the nucleation barrier. Thus, clusters with n<n_ are assumed
instantaneously thermally distributed. However, the kinetics of larger clusters, n >
n, is assumed to correspond to fast, irreversible capture of monomers. These as-
sumptions are typical for homogeneous nucleation. The unique aspect of burst-nu-
cleation in solution is that the bulk free energy term in Eq. (1.2), is dependent on the
monomer concentration and therefore varies with time. As a result, the critical clus-
ter size, n ((c(1)), as well as the height of the nucleation barrier, are time-dependent.

A standard assumption in the nucleation theory has been that, for approximate
estimates and understanding of the growth of the cluster sizes, the distribution of
their shapes can be ignored. A representative particle is assumed spherical in the
calculation of its surface area and the monomer transport rate to it. There are many
possible effect of the actual particle shape distribution and surface structure at vari-
ous faces (for crystals) on the transport of the surrounding solute/suspension matter
and on other properties and parameters. For example, effective surface tension of
spherical particles depends on their radius via surface curvature. All these geom-
etry- and structure-dependent modifications are usually ignored not just because of
the computational difficulties of treating multi-parameter distributions but primar-
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ily owing to the fact that effective surface tension of nanoparticles and nanosize
surface features is presently only understood to a very limited extent, e.g., [27].
Thus, 6 in Egs. (1.2) and (1.3) has either been assumed [1, 5, 7, 8] close to o,
(which might not always be correct for particles smaller than 5-10 nm) or taken as
an adjustable parameter.

During the initial burst of nucleation, c/c, decreases from the initial value
c(0)/co > 1 towards its asymptotic large-time equilibrium value 1. The late-stage
form [9—11] of the particle size distribution is sketched in Fig. 1.2. Recall that em-
bryos smaller than n_ are thermalized on time scales faster than other dynamical
processes, with size distribution

—AG(n, c(t))i| . (1.4)

P(n<n.t)=c(t)exp |: T
Here P(n,t)dn gives the number concentration per unit volume of embryos with
sizes in dn.

Note that , = n (c(?)) is time-dependent, and that the approximate (but of course
not the actual) functional form of the particle-size distribution is discontinuous at
n, (see Fig. 1.2). The production of supercritical (n>n ) clusters “over the barrier”
at n=n_, occurs at the rate (per unit time, per unit volume) p(#), which is modeled
[1] as follows,

(1.5)

—-AG Cs
p(t) = Ky, cP(ne,1) = Ky, ¢ exp [(”c)] ,

kT

where

K, =4mwan'’D, (1.6)

is the Smoluchowski rate constant [2, 28] for the irreversible capture of diffusing
solutes by growing spherical clusters of sizes n > n. > 1. The quantity D is the
diffusion coefficient for monomers in a dilute solution of viscosity #; D can be es-
timated as ~k7/6zmna (up to geometrical factors relating the effective radius a to the
hydrodynamic radius).

Irreversible growth of the n>n_ clusters can be described [9] by the kinetic equa-
tion

oP(n,t)
ot

where the difference c()—c, is introduced in place of c¢(¢) as a multiplier of the
Smoluchowski “irreversible attachment” rate constant, in order to ensure that the
growth stops as ¢(¢) approaches c,. As derived in [2], this approximately accounts
for the detachment of matter if we ignore curvature and similar effects. As already
mentioned, the latter include variation of the surface tension with cluster radius,
resulting in variable effective “equilibrium concentration” and thus, once monomer

= (c(t) — c))(Ky_1 P(n — 1,1) — K, P(n,1)), (L.7)
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detachment is considered, in Ostwald ripening [29] driven by exchange of mono-
mers between the clusters. This and other possible coarsening processes, such as
cluster-cluster aggregation, e.g., [30, 31], are ignored because they are typically
slower than burst nucleation [1, 9—11]. The large-time linear increase [9—11] of
n (1), alluded to in bottom plot in Fig. 1.2, has a very small slope [32], and thus the
particle growth would practically stop if it were only due to burst-nucleation. How-
ever, for later times the other coarsening processes will broaden, as well as further
grow, the particle size distribution as compared to burst-nucleation alone.

In addition to growth (or shrinkage) of particles by various dynamical processes
involving the surrounding matter, they also undergo internal restructuring, under-
standing of which for nanosize clusters is not well developed [33, 34]. Without re-
structuring, clusters would grow as fractals [30, 31], whereas density measurements
and X-ray diffraction data for colloidal particles aggregated from burst-nucleated
nanocrystals indicate that while they have polycrystalline structure, their density
is close to that the bulk material [1, 18]. There is both experimental and indirect
modeling evidence [1, 4, 5, 7, 8] that, in such irreversible-growth colloid synthesis
internal restructuring leads to compact particles with smooth surfaces.

Particles in the supercritical distribution, for n>n (¢), in burst nucleation are as-
sumed to grow irreversibly by capturing monomers. At the same time, the sizes
of the subcritical, n<n (¢), particles are instantaneously redistributed by fast ther-
malization. The function 7 (#) is increasing monotonically. This sharp distinction
between two types of dynamics is an approximation of the nucleation theory. The
short-time form of the supercritical distribution depends on the initial conditions.
However, at large times [9—11] the particle size distribution will attain its maximum
at n = n_, and the shape of a truncated Gaussian: of its “right-hand side slope” (see
Fig. 1.2), whereas the peak of the full Gaussian curve (not shown in Fig. 1.2), is
actually well to the left of n.

These properties were derived [9—-11] and confirmed by large-scale numerical
modeling of time-dependent distributions, for a selection of parameters and initial
conditions, utilizing a novel efficient numerical integration scheme; see [9]. Here
we survey analytical results for large times. The kinetic equation then has an asymp-
totic solution of the Gaussian form

Pg(n,1) = ¢(t)co exp [—(a()*(n — M(1))*], (1.8)

for n>n_(¢) (and large 1), with the “peak offset” n (#)—M (¢) a positive quantity.
The derivation involves a continuous-n form of Eq. (1.7), keeping terms up to the
second derivative in order to capture the diffusive nature of the peak broadening,

P 192 ad
gz(C—CO) |:<28nz_8n) (KnP):|- (1.9)

Irreversible growth of supercritical clusters results in P(n,f) taking on appreciable
values only over a narrow range. Thus, we can further approximate



8 V. Privman

K, ~ K,, = k)" /co, (1.10)
where
k =4mcpaD, (1.11)

and then use Eqgs. (1.3) and (1.6) to show that the product of the coefficients,
(c — co)K,,, , in Eq. (1.9) becomes a constant in the limit of interest,

2 2
w _z (1o 93, (1.12)
ot 2 \20n% On
where we defined
o _ b4n’alocD (1.13)
3kT

Equation (1.12) implies that the solution is indeed a Gaussian, with
a(t) = 1/y/z2t, M)~ 2*t)2, ¢(f) ~ Q/Vz. (1.14)

The prefactor €2 cannot be determined from this analysis, because the overall height
of the distribution depends on the initial conditions. Such quantities have to be
determined from the conservation of matter. Rather complicated mathematical con-
siderations [9], result in the expression n.(r) — M(t) &< +/¢Int (with a positive
coefficient) for the “peak offset.” Since M(?) is linear in time, the /7 Inz “offset”
is sub-leading, and we get

ne(t) ~ 2t 2. (1.15)

The width of the truncated Gaussian is proportional to 1 / o o +/t . Thus the rela-
tive width decreases according to ~¢~2. One can also show [9] that the difference
c(t) — co approaches zero (~¢ ') as expected.

The Gaussian shape has provided a good fit not only for large times but also
for intermediate times in numerical modeling for various initial conditions, includ-
ing those describing initially seeded distributions; see [9]. Numerical simulations
have also confirmed the other expected features, summarized in Fig. 1.2. The ini-
tial induction period is followed by the “burst,” and then the asymptotically linear
growth. Experimentally, it has been challenging to quantify distributions of nucle-
ated nanocrystals, because of their non-spherical shapes and tendency to aggregate.
The distribution is usually two-sided around the peak, and the final particles stop
growing after a certain time. Both of these properties are at odds with the predic-
tions of the burst-nucleation model, and the discrepancy can be attributed to the as-
sumption of instantaneous thermalization of the clusters below the critical size and
to the role of other growth mechanisms.
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Very small clusters, of sizes tentatively estimated [6—8, 35—37] to correspond
to n, =15-25 “monomers” (atoms, ions, molecules, sub-clusters), can evolve very
rapidly, so that the assumption of fast thermalization/restructuring is justified.
Larger clusters then develop a bulk-like core and their internal restructuring slows
down: once n_ (£)>n,, the “classical” nucleation model should be regarded as ap-
proximate. Modifications of the model have been contemplated [9, 38, 39]. This,
however, requires introduction of additional dynamical parameters which are not as
well understood as those of the “minimal” model.

1.3 Colloid Synthesis by Two-stage Growth

Since the diffusion constants in aqueous environment are roughly proportional to
radii of the diffusing entities, there is a drop in the rates of diffusional-transport
driven processes by a factor of ~100 from single atoms to, for instance, 10 nm
nanoparticles. Another ~ 100 drop in rates is then obtained when diffusional motion
of 1 um colloids are involved. Burst nucleation, while ideally yielding narrow size
distributions, at best approximately describes formation of particles up to several
tens of nm in diameter (usually much smaller). Size distribution of particles is then
broadened as they further grow by other mechanisms. However, one exception has
been identified: the two-stage mechanism [1] whereby the nanosized primary par-
ticles, while burst-nucleating and further growing, become the singlets for their ag-
gregation to form uniform secondary particles of colloid sizes. This is summarized
in Fig. 1.3.

Synthesis of dispersions of uniform colloid particles of various chemical com-
positions and shapes have been reported [1, 7-8, 18, 40—63], with particle struc-
tural properties consistent with the two-stage mechanism. Specifically, precipitated
spherical particles had polycrystalline X-ray characteristics, including ZnS [42],
CdS [7, 8, 41], Fe,O, [40], Au, Ag, and other metals [1, 26, 57-59, 61, 63]. Ex-
perimentals have confirmed that many monodispersed inorganic colloids consist
of nanocrystalline subunits [1, 7-8, 18, 40-59, 61-63], and these subunits were
observed [1, 55, 57] to have the same sizes as the average diameter of the precur-
sor singlets formed in solutions. The singlets were of sizes of approximately up to
a couple of 10 nm. Such a composite structure has also been identified for certain
synthesized suspensions of uniform nonspherical colloid particles [40, 49, 51, 53,
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62], but these findings are presently not definitive enough to single out the two-
stage growth mechanism presented in Fig. 1.3.

In this section, we outline a model that involves the coupled primary and sec-
ondary processes in the simplest formulation invoking several approximations that
allow us to avoid introduction of unknown microscopic parameters. In the next sec-
tion, we describe improvements that allow for a better agreement with experimental
observations. The latter approach involves large-scale numerical simulations. Ad-
ditional information, results and examples of parameter value fitting, etc., can be
foundin[1,5,7,8, 12, 13].

The secondary particles are assumed here to grow by irreversible capture of sin-
glets. This is appropriate as a description of the evolution of the already well devel-
oped peak, see Fig. 1.1, with the role of the few particles in the “shoulder” (Fig. 1.1)
minimal. (The emergence of the peak is addressed later.) We use rate equations with
I", denoting the rate constants for singlet capture by the s> 1 aggregates, with all the
other notation defined in Sect. 1.1, see Eq. (1.1) and also Fig. 1.1,

dNj

dt = (Is_1Ns—1 — Iy Ny)C, 5s>2, (116)
dN, 1
2 _(rc-M, ) C, 1.17
dt (21 2 2) (117
dc . dN i
—=p- 2 =p-—C?=C)) TI,N,. .
=0 ;S - =r-T ; (1.18)

Here we ignore cluster—cluster aggregation, assuming that the only process involv-
ing the s> 1 aggregates is that of capturing singlets at the rate proportional to the
concentration of the latter, I' C, see Eq. (1.16). This assumption is generally ac-
cepted in the literature, e.g., [1, 5, 6, 64—66]. As noted, we will describe elaborations
later: Indeed, processes such as cluster-cluster aggregation [30, 31], detachment [2,
4] and exchange of singlets (ripening), etc., also contribute to and modify the pat-
tern of particle growth, and most broaden the particle size distribution. However, in
the two-stage uniform colloid synthesis they are slower than the singlet-consump-
tion driven growth.

Equations (1.16—1.18) do not account for possible particle shape and morphol-
ogy distribution. This issue is not well understood and difficult to model on par
with particle size distribution. However, experimentally it has been well established
[1,43-45,50, 52, 57] that, the growing aggregates rapidly restructure into compact
bulk-like particles of an approximately fixed shape, typically, though not always,
spherical for two-stage aggregated colloids. Without such restructuring, the aggre-
gates would be fractal [31, 67]. We address shape selection in Sect. 1.5.

For the model of the singlet-supply-driven particle growth, if the singlets were
supplied/available constantly, then the size distribution would develop a large
shoulder at small aggregates, with no pronounced peak at s >> 1; cf. Fig. 1.1. If the
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supply of singlets is limited, then only small aggregates will be formed (no growth).
A key discovery in studies of colloid synthesis [1, 6] has been that there exist pro-
tocols of singlet supply, at the rate p(f) which is a properly decreasing function of
time, that yield narrow-peaked (at large sizes, s) distributions for large times. Fur-
thermore, the primary process, that of burst-nucleated nanocrystalline precursors
growing past the nucleation barrier and further coarsening, naturally “feeds” the
secondary process of these precursor nanoparticles aggregating to form colloids,
just at a rate like this.

Diffusional growth of the secondary (colloid) particles in particular, must be
facilitated by the appropriate chemical conditions in the system, such as the ionic
strength and pH. Indeed, surface potential should be close to zero (the isoelectric
point) or the electrostatic screening significant enough to avoid electrostatic bar-
riers, in order to promote fast irreversible primary particle attachment [1, 43—45,
50, 52, 57]. Clusters of sizes s are then aggregated in solution with the volume
densities N, _,,; (7). They are identified by the number of the included prima-
ry particles (nanocrystalline domains); thus there sizes may somewhat vary. For
Egs. (1.16-1.18), we take the initial conditions N, _ , ; (0) = 0. The simplest choice
for the rate constants is the Smoluchowski expression, cf. Eq. (1.6),

Ty ~4nR,D,s'. (1.19)

Here Rp, D are the effective primary particle radius and diffusion constant, the
choice of which will be discussed shortly. The approximate sign is used because
several possible improvement to this simplest formula can be offered. A numerical
calculation result for a model of the type outlined here is shown in Fig. 1.4. It il-
lustrates a key feature of “size selection,” i.e., the practical “freezing” of the growth
even for exponentially increasing time intervals (here in steps x 10).
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For p(?) in Eq. (1.18), we use the rate of production of the supercritical clusters,
Eq (1.5), the calculation of which requires c(#). We will use the following [1] ap-
proximate relation,

dc

dt
combined with Egs. (1.3), (1.5) and (1.6). We already mentioned [9] that com-
plicated steps are required to derive the expression (not shown) for dc/dt in burst
nucleation alone, without the secondary aggregation process. When the burst-
nucleated, growing supercritical particles are also consumed by the secondary ag-
gregation, even more complicated considerations are involved. Indeed, the solute
species (present with concentration c in the dilute, supersaturated solution) are also
partly stored in the n> 1 subcritical embryos, as well as in the supercritical primary
particles and in the secondary aggregates. They can be captured, as assumed in
our model of burst nucleation, but they can also detach back into the solution. The
main advantage of the approximate Eq. (1.20) is tractability. It ignores the effect
of the possible rebalancing of the “recoverable” stored solute species in various
part of the particle distributions. Rather, it focuses on the loss of their availability
due to the mostly unrecoverable storage in secondary particles of sizes s = 1,2,3...
(where the s = 1 particles are the “singlet” nucleated supercritical nuclei, whereas
s>2 corresponds to their aggregates). The form of the right-hand side of Eq. (1.20),
when used with Egs. (1.3), (1.5) and (1.6), also ignores further capture by and de-
tachment from larger particles. The resulting closed equations allow calculating
the rate p(¢) of the supply of singlets for the secondary aggregation, starting with
the initial supercritical concentration c(0) >> ¢, of solutes, via the relations

—nep, (1.20)

@ o 2147T5a9o.4DaC.2 . {_ 287.[36160,3 } (1 21)
it~ Gk /el P GRTY[In(c/eo)l ) '
272436 D, c? 28734503
- a _ , 122
PO = T In (/o) eXp{ GkT)[In (c/co)]z} (122)

Here we denoted the diffusion constant of the solutes by D , in order to distinguish
it from D, of the primary particles.

We now discuss the choice of parameters in light of some of the simplifying as-
sumptions made. We will also consider, in the next section, possible modifications
of the model. In fact, Fig. 1.4, based on one of the sets of the parameter values used
for modeling formation of uniform spherical Au particles, already includes some of
those modification [5]. First, we note that if the assumption s > 1 is not made, the
full Smoluchowski rate expression [2, 28] should be used, which, for aggregation of
particles of sizes s, and s,, on encounters due to their diffusional motion, is

L) symsi4sy = 47 [Rp (s}/3 + séﬂ)] [Dp (sfl/3 —i—s;m)] , (1.23)
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where for singlet capture s, =s and s, = 1. This relation can introduce nontrivial
factors for small particle sizes, as compared to Eq. (1.19), and also relies on the
assumption that the diffusion constant of s-singlet, dense particles is inversely pro-
portional to the radius, i.e., to s 3, which might not be accurate for very small,
few-singlet aggregates.

Another assumption in Egs. (1.19) and (1.23), is that the radius of representative
s-singlet, dense particles can be estimated as Rps” 3. However, primary particles ac-
tually have a distribution of radii, and they can also age (grow/coarsen) before their
capture by and incorporation into the structure of the secondary particles. In order to
partially compensate for this approximations, the following arguments can be used.
Regarding the size distribution of the singlets, it has been argued that since their
capture rate by the larger aggregates is approximately proportional to their radius
times their diffusion constant, this rate will not be that sensitive to the particle size
and size distribution, because the diffusion constant for each particle is inversely
proportional to its radius. Thus, the product is well approximated by a single typical
value.

The assumption of ignoring the primary particle ageing, can be circumvented by
using the experimentally determined typical primary particle linear size, 2R, in-
stead of attempting to estimate it as a function of time during the two-stage growth
process. In fact, for the radius of the s-singlet particle, the expressions in the first
factor in Eq. (1.23), which represents the sum of such terms, Rps” 3, should be then
recalculated with the replacement

Rys'? — 1.2Rexps'?. (1.24)

The added factor is (0.58)3=1.2, where 0.58 is the filling factor of a random
loose packing of spheres [68], introduced to approximately account for that as the
growing secondary particle compactifies by restructuring, not all its volume will be
crystalline. A fraction will consists of amorphous “bridging regions” between the
nanocrystalline subunits.

At the end of the model computations, inaccuracies due to the approximations
entailed in using Eq. (1.20), and the use of the uniform singlet radii, see Eq. (1.24),
both possibly leading to nonconservation of the total amount of matter, can be partly
compensated for [1], by renormalizing the final distributions so that the formed sec-
ondary particles contain the correct amount of matter. This effect seems not to play
a significant role in the dynamics. Some additional technical issues can be found in
[1,3,5,7,8,12,13].

1.4 Improved Models for Uniform Colloid Growth

The model of Sect. 1.3 was used for a semi-quantitative description (without adjust-
able parameters) of the processes of formation of spherical colloids of metals Au
[1,3,5,7,12, 13, 69] and Ag [12, 13], salt CdS [7, 8], as well as argued to qualita-
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tively explain the synthesis of monodispersed microspheres of Insulin [60]. In this
section, additional elaborations will be outlined which allow to improve the two-
stage model for quantitative agreement with experimental results, explored for CdS
[7, 8], Au [69], and Ag [12, 13]. The CdS spherical colloid particle distribution was
measured for several times during the process and for different protocols of feeding
the solutes into the system, not just for the practically instantaneous supply by a fast
chemical reaction as was done for the two metals. When ions (or atoms/molecules)
are not released as an instantaneous “batch” or otherwise externally supplied, we
have to include in the model the rate equations for their production in chemical re-
actions. This is in itself a rather challenging problem because for many “cookbook™
colloid synthesis processes, experimental identification and more so modeling of
the kinetics of various solute species involved, are not well studied.

Numerical simulations have lead to the conclusion that the key physical proper-
ties of the primary nucleation process: the effective surface tension and equilibrium
concentration, when varied as adjustable parameters, mostly affect the time scales
of the onset of “freezing” of the secondary particle growth, seen in Fig. 1.4. The
use of the measured bulk values for these parameters yields results consistent with
the experimentally observed “freezing” times. The parameters of the kinetics of the
secondary aggregation primarily control the size of the final particles. Sizes numeri-
cally calculated within the “minimal” model [1, 3, 5, 7, 8, 12, 13, 69], while of the
correct order of magnitude, were smaller than the experimentally observed values.
This suggests that the assumed kinetics for the secondary aggregation results in too
many secondary particles which then grow to sizes smaller than those experimen-
tally observed.

Two approaches to improving the model have been considered. The first [5, 12]
argues that for very small “secondary” aggregates, those consisting of one or few
primary particles, the spherical-particle diffusional expressions for the rates, which
are anyway ambiguous for tiny clusters, should be modified. In order to avoid intro-
duction of many adjustable parameters, the rate I';;_,, cf. Eq. (1.23), was multi-
plied by a “bottleneck” factor, f< 1. Indeed, merging of two singlets (and other very
small aggregates) may involve substantial restructuring, thus reducing the rate of
successful formation of a bi-crystalline entity. The two nanocrystals may instead
unbind and diffuse apart, or merge into a single larger nanocrystal, effectively con-
tributing to a new process, I'j |, not in the original model. Data fits [5, 7, 12]
yield values of order 107 or smaller for /. Note that both for the original model
and one just described, numerical simulations require substantial computational re-
sources. As a result, simulation speed-up techniques valid for the kinetics of larger
clusters have been devised [6, 12, 13].

The second approach to improving the model [7, 8, 69], starts with the observa-
tion that the “minimal” model already assumes a bottleneck for particle merger,
because only singlet capture is included; the rates in Eq. (1.23) with both s,>1 and
s5,>1, are set to zero. This corresponds to the experimental observation that larger
particles were never seen to pair-wise “merge” in solution. The conjecture was ad-
opted that the restructuring processes that cause the observed rapid compactification
of the growing secondary particles, mediate the incorporation of primary particles,
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but not of larger aggregates, in the evolving structure. The incorporated particles
mostly retain their crystalline core, to yield the final polycrystalline colloids. The
improved model allows small secondary clusters, up to certain sizes, s_ >1, to
also be dynamically rapidly incorporated into growing aggregates on diffusional
encounters. The model equations now allow s, ,>1 cluster-cluster aggregation with
rates given by Eq. (1.23), but only as long as at least one of the sizes, s, or s, does
not exceed a certain value s, see [7, 8] for details. This sharp cutoff is an approxi-
mation, but it offers the convenience of a single new adjustable parameter. Indeed,
data fits for CdS and Au spherical particles, have yielded quantitative agreement
with experiments, as illustrated Fig. 1.5, for fitted values of s _ranging [7, 8, 69]
from ~ 15 for Au, to ~25 for CdS. These values are intuitively reasonable as defin-
ing “small” aggregates, and they also remind us of a similar concept of the cutoff
value n,, discussed in Sect. 1.2, beyond which atomistic aggregates develop a well
formed “bulk-like” core. Indeed, the available numerical estimate of such a quan-
tity in solution [37], for AgBr nanoaggregates, suggests that n, is comparable to or
somewhat larger than ~18. Finally, the added cluster-cluster aggregation at small
sizes, offers a mechanism for the formation of the initial peak in the secondary-
particle distribution.

The singlet-capture-only, the added bottleneck-factor, and the small-cluster-
aggregation approaches are all modifications of the rates of the diffusional-transport-
driven irreversible-capture expression for the aggregation rate constants, Eq. (1.23).
Allowing for cluster-cluster aggregation has required large-scale numerical effort
and consideration of efficient algorithmic techniques for simulations, not reviewed
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here, including conversion of the discrete-s equations to continuum ones, with the
adaptive-grid (re)discretization both in the time, ¢, and cluster size, s; see [7, 8].

1.5 Shape Selection in Particle Synthesis

Both colloids and nanosize particles, when synthesized according to various “cook-
book” protocols to get uniform products, display a plethora of shapes and morphol-
ogies many of which are useful in applications. The morphology can range from
single crystals to polycrystalline entities, as well as to amorphous or compound
structures. Specifically, there is substantial experimental evidence [22, 23, 40, 49,
52,53, 61, 62, 70-76] for growth of uniform size and shape nonspherical particles
under properly chosen conditions. The challenge of explaining uniformity of shape
and morphology has remained largely unanswered until recently [14]. An exception
have been the “imperfect-oriented attachment” mechanism [77-80]: persistence in
successive nanocrystal attachments has been argued to explain the formation of uni-
form short-chain aggregates, as well as mediate growth of other shapes [18, 80] for
a certain range of aggregate sizes. We observe that for many growth conditions, mi-
croscopic particles are simply not sufficiently large—do not contain enough constit-
uent monomers—to develop shape-destabilizing stable surface morphologies such
as “dendritic instability” of growing side branches, then branches-on-branches, etc.
In an imprecise language we can state that such synthetic particles simply don’t
have enough “phase space” to explore the full range of surface morphological fluc-
tuations.

Several processes and their competition determine the resulting particle structure
and specifically shape. Diffusional transport of matter results in attachment of at-
oms (ions, molecules) to form nanocrystals, or of nanocrystalline building blocks to
grow colloids. These “monomers” can also detach/reattach, as well as move/roll on
the surface. Furthermore, nanoparticles as building blocks, can restructure and even
further grow on-surface by capturing solute species. Modeling all these processes
at once would be a formidable numerical challenge. Therefore, one has to seek
simplifying principles and capture the key mechanism(s) that would in some cases
allow us to reproduce shape selection by tractable numerical modeling. Empirical
experimental evidence [1] available primarily for spherical-colloid synthesis, have
suggested that the building-block nanocrystals eventually get “cemented” in a dense
structure, but can retain their unique crystalline cores. Diffusional transport with at-
tachment without such restructuring would yield a fractal structure [30, 67]. On the
experimental side, quantitative data on the time dependent kinetics have been rather
limited [8, 81]. This represents a problem for modeling, because numerical results
can presently only be compared to the measured distributions of the final particles
and to data obtained from their final-configuration structural analysis.

Particle synthesis processes are usually initiated at large supersaturations leading
to fast kinetics. Shape selection is then not an equilibrium growth, even though the
actual shapes frequently display some of the crystallographic faces of the underly-
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ing material. One of the difficulties in modeling particle shapes numerically [30,
82, 83], has been to describe the establishment and structure of the crystalline (for
nanoparticles) or compact (for colloids) stable “core” on top of which the growth
of the structure then continues. Indeed, as described in Sect. 1.4, the core is formed
during the early, fast growth, which is the least understood stage of the particle
structure emergence in multi-cluster processes. On the other hand, at the later stages
of the growth, the clusters are sufficiently dilute to treat each in isolation, capturing
“monomer” matter from its environment.

In the recently reported [14] kinetic Monte Carlo study, the formed seed was
taken as a compact particle, which was assumed to be approximately spherical and
have already formed a well-defined internal crystalline order without any large,
size-spanning defects. This initial core captures diffusing “atoms” which can only
be attached in positions locally defined by the lattice symmetry of the structure.
This approach is motivated by nanocrystal growth, but can also shed some light on
the formation of those colloids the faces of which follow the underlying material
symmetry. Indeed, it is possible that the main singlet nanocrystal in the seed domi-
nates the emergence of the surface faces. A more likely scenario for such, typically
nonspherical colloids, suggested by recent preliminary experimental observations
[81] based on dark-field and bright-field TEM, for cubic-shaped polycrystalline
neighborite (NaMgF,) particles, is that the leading crystal structure is formed by the
process of the outer shell (outer constituent singlets) of the particle recrystallizing
to become effectively continuous, single-crystal, on top of a polycrystalline core.
Finally, in protein crystallization [84, 85], the growth stage, from ~10% to ~103
molecules per crystal, after the initial small-cluster formation but before the onset of
the really macroscopic growth modes, is also consistent with such a single-ordered-
core approach.

While still requiring substantial numerical resources [14], consideration of par-
ticle growth in this regime has the flexibility of including the processes of atoms
“rolling” on the surface and their detachment/reattachment, by using thermal-type,
(free-)energy-barrier rules. The diffusional transport occurs in the three-dimension-
al (3D) space, without any lattice. However, the “registered” lattice-attachment rule
starting from the seed, prevents the growing, moderate-size clusters from develop-
ing macroscopic (size-spanning) defects and ensures the maintenance of the crystal
symmetry imposed by the core. We can then focus on the emergence of the surface
and shape morphological features. The results [14] have allowed to identify three
regimes of particle growth.

The first regime corresponds to slow growth, for instance, when the concentra-
tion of externally supplied, diffusionally transported building blocks, to be termed
“atoms,” is low. The time scale, 74, of motion—hopping to neighbor sites and de-
tachment/reattachment, which all can be effectively viewed as surface diffusion—
of the on-surface atoms is much smaller than the time scale of the addition of new
monolayers, Thayer The shape of the growing cluster is then close to, but not identical
with the Wulff-construction configuration [86—89]. The second regime is that of
fast growth, Tiyer < T4, and corresponds to the formation of surface instabilities.
The dynamics of the particle shape is then driven by the local diffusional fluxes,
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which are maximal near the highest-curvature “sharp” surface features. Small-scale
random fluctuations of the surface are amplified, and the cluster assumes a shape
of a random clump.

The third regime corresponds to t it Tlayer 1L WAS found [14] that in this nonequi-
librium growth, particles can maintain an even-shaped form with well-defined faces
corresponding to the underlying crystal structure imposed by the seed and atom-at-
tachment rules. This numerically identified shape-selection is the key finding high-
lighted here, and it was only observed for a certain range of particle sizes. There is
indeed the “persistence” effect alluded to earlier, but only for particles which have
a certain measured amount of “atoms” in them. As particles grow beyond such
sizes, growth modes involving bulges, dendritic structures, and other irregularities
can be supported and are realized. This interesting new pattern of shape-selection
in the nonequilibrium growth regime have been explored [14] for the simple cubic
(SC), body-centered cubic (BCC), face-centered cubic (FCC), and hexagonal close-
packed (HCP) crystal lattices. Several possible shapes were found for each sym-
metry, with their selection determined by the growth parameters.

Selective illustrative results [14] are presented here, for the 3D SC lattice. We
first offer comments on the steady-state regime, followed by results for nonequi-
librium growth. Based on preliminary studies, the seed was defined by lattice cells
within a sphere with radius of 15 lattice constants. The seed atoms were fully immo-
bile. The latter assumption was made to save computing time, based on preliminary
observations that the seed rarely evolved much from its original structure. Thus,
only the atoms later adsorbed at the growing structure, underwent the dynamical
motion.

We first outline results for the “steady state” regime (tigyer > 74) for the SC
symmetry. Each atom attached to the cluster can have up to six bonds pointing to
nearest neighbors, described by the set {¢;,} of six lattice displacements of the type
(100). The set of displacements/detachments for surface atoms, {é,,,,} , was defined
in two different ways. Case 4: {e,,,,}4 included both the set {¢;,} and also the
12 next-nearest-neighbor displacements of the type (110), of length /2 ; case B:
{€pmov}z = (€t} - Thus, for variant B, the dynamics of the surface atoms is slower.

Figure 1.6 illustrates the resulting steady-state particle shape for the variant 4
of the SC simulation. We also show a schematic which illustrates the cluster shape
formed with the type (100), (110), (111) lattice planes, which happen to be those
dense-packed, low-index faces that dominate the low-temperature Wulff construc-
tion for the SC lattice [86—88]. The superficial similarity with this equilibrium
shape is misleading. Indeed, our system’s dynamical rules do not correspond to true
thermal equilibration. The resulting shape is thus dependent on the dynamics. For
example, Fig. 1.6 also shows the shape obtained for the same system but with vari-
ant B for the displacements/detachments (a slower surface dynamics). We conclude
that the particle shape is not universal even in the steady state, in the sense expected
[90] of many processes that yield macroscopic behavior in Statistical Mechanics:
The microscopic details of the dynamical rules do matter. In practical terms this
makes it unlikely that particle shapes can be predicted based on arguments such as
minimization of some free-energy like quantity.
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Fig. 1.6 The top particle
exemplifies results of the
steady state SC lattice simu-
lations for variant 4 of the
displacements/detachments
for surface atoms. The shown
particle shape is a cluster of
3.8 X 10° atoms, in a steady
state with a dilute solution
of freely diffusing atoms.
(The white lines were added
for guiding the eye.) Also
shown is the projection of
the cluster shape onto the xy
plane, as well as the shape
formed by lattice planes

of the types (100), (110),
(111) for equilibrium Wulff
construction assuming that
all these faces have equal
interfacial free energies. The
bottom particle exemplifies
the steady state for variant B
of the surface dynamics, and
the projection of this shape
onto the xy plane. The details
and parameter values are
given in [14]

We emphasize that while well-defined particle shapes can be obtained in the
steady-state regime within the present model, this does not offer a predictable and
well-defined particle shape selection mechanisms in practical synthesis situations.
This occurs because the model itself is not fully valid. Indeed, we observed [14]
strong sensitivity of the results to the density of the monomer matter and its redis-
tribution by transport to and from the surrounding medium. Therefore, the isolated-
cluster assumption breaks down. Other clusters (particles) compete for the “atoms”
(solutes) in the dilute solution, and as a result additional growth mechanisms [29]
that involve exchange of matter between clusters (Ostwald ripening) cannot really
be ignored (as is done in our approximate model).

The main difference between the nonequilibrium and steady-state regimes is
that the former corresponds to a fast growth process fully dominated by capture
of singlet matter from a dilute solution. Other processes, such as those involving
exchange of matter with other clusters, or the on-surface diffusion, are slower.
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Fig. 1.7 Examples of nonequilibrium SC lattice cluster shapes (for the kinetics of type 4). The
cubic shape on the left, emerges already at short times, =3 x 10°, persisting for growing clus-
ters, here shown for #=2.5 x 10°, containing 4.5 X 10° atoms, with the cube edge length 77. (The
white lines were added for guiding the eye.) The larger cluster on the right, of spanning size 125,
was grown with different parameter values, and is here shown at time 7 =15.2 x 10, containing
1.8 x 10° atoms. The parameters of the simulations, details of the kinetics, and definition of the
time units, are given in [14]

BCC FCC H

Fig. 1.8 Examples of shapes
obtained in nonequilibrium
growth for BCC, FCC and
HCP lattice symmetries. (The
white lines were added for
guiding the eye)

For nonequilibrium growth, the cluster shapes can be quite different. For exam-
ple, for the SC lattice, a cubic shape, illustrated in Fig. 1.7, was only found in the
nonequilibrium regime [14] with the kinetic transition rates, detailed in [14], for
atom intake vs. surface dynamics corresponding to z, “Tiayer Other, less symmetrical
shapes have also been found, as illustrated in Fig. 1.7. Regular shapes obtained for
nonequilibrium growth with lattice symmetries other than SC, are exemplified in
Fig. 1.8. Several shapes obtained, for different symmetries, are catalogued in [14],
as are examples of unstable growth and other interesting growth modes, further
exploration of which has been limited by the demands on numerical resources re-
quired for simulating large particles.

The present model captures the key ingredients required for well-defined shape
selection in the nonequilibrium growth regime. It avoids formation of macroscopi-
cally persisting defect structures. The dynamics of the growing particle’s faces is
then not controlled by extended defects—which is a well known mechanism [85,
89] that can determine growth modes in nonequilibrium crystallization. The evolv-
ing surface overwhelms small imperfections, at least as long as the particles re-
main not too large, even for colloids that are formed from aggregating nanocrystal-
line subunits. The growing cluster faces result in well-defined particle shapes and
proportions. In fact, the densest-packed, low-index crystal-symmetry faces, which
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dominate the equilibrium crystal shapes, also emerge in this nonequilibrium growth,
but actual shapes, planar faces and other surfaces present, and their proportions are
not the same as in equilibrium.

1.6 Conclusion

We reviewed approaches to modeling particle size and shape selection in colloid
and nanoparticles synthesis. The reviewed theories require numerical simulations
to obtain results to compare with experiments and gain qualitative insight into the
model predictions. The known approaches are presently limited and in most cases
semi-quantitative. Furthermore, most of the experimental data are limited to obser-
vation of the final products, whereas results for time dependent, kinetic processes,
as well as detailed morphological data are needed to advance our understanding of
the fine-particle design, which would benefit diverse applications. Thus, notwith-
standing the recent successes, we consider the status of the theoretical understand-
ing of the kinetics of fine-particle synthesis, and the theory-experiment synergy, as
preliminary. The field is widely open to future research.
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Chapter 2
Preparation of Uniform Drug Particles

Egon Matijevié¢

Abstract A number of commercially available drugs, used in different medical and
pharmaceutical applications, have been prepared as colloid dispersions consisting
of particles uniform in shape and size. In all cases the same compounds could be
obtained in different morphologies, with each particle consisting of smaller sub-
units. Furthermore, it is shown that the drugs molecules can be attached in uniform
layers onto inert cores of desired shape and size. Finally, the drug particles could
be coated with inorganic layers (e.g. alumina or silica) of different thickness, while
keeping the solids fully dispersed.

Keywords Alumina ¢ Barium Naproxenate * Budesonide ¢ Calcium Naproxenate °
Cyclosporine * Danazol « Diatrizoic Acid Ethyl Ester ¢ Ketoprofen ¢ Loratadine
Naproxen « Silica

2.1 Introduction

An ideal drug delivery system is expected to transport a selected medication through
a specific path in a live body (human or animal) to reach an organ and react there
at a desired rate. Under real conditions it is very difficult to achieve such a perfect
result with the active substance, but there are continuous efforts to improve every
single step of the process. It is now generally recognized that the physical state of
the drug is one of many properties needing to be controlled in order to achieve the
required effects in a reproducible manner.

The efficiency of the medication depends not only on its chemical composition, but
also on the method by which the drug is distributed in the body. There are several gener-
al avenues of approach to administer an active substance (drug) to treat an ailment or to
alleviate pain. If the drug is liquid, one can inhale the vapor, or if it is in a solution it can
be delivered as a spray of finely dispersed droplets (acrosols). However, the liquids or
solutions containing the active compound are most commonly taken orally or injected
into veins or muscles at controlled concentrations, pH, ionic strength, etc.
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The prevailing method for taking medication is in the solid state, as pills, de-
signed to dispense the active ingredient at an optimum rate. While this last method
is widely employed, the complexity of the proper formulation of such delivery units
is often not fully appreciated. The drugs differ in their solubility, toxicity, hydro-
phobicity or hydrophilicity, molecular shape, and numerous other properties, affect-
ing their desired effects. Furthermore, the active compound is usually not the only
component of the pill, but incorporated in an inert substrate or coated. The function
of the latter is to protect the drug from the effects of the environment and to control
the rate of its release.

The use of ultrafine particles in drug delivery has shown certain advantages,
because they more readily dissolve and are easily absorbed due to their small size
and, consequently, high specific surface area. Such particles also better resist the
hydrodynamic shear forces after adhesion to various vessel walls in the body. The
present methods for drug delivery focus either on attaching the active molecules
onto inert colloidal particles, or on their incorporation into ultrafine particle or poly-
mer carriers, which are then used to produce pills [1-4]. Such systems may ben-
eficially affect the administration of the active compounds, but they have several
disadvantages. Adsorbing a drug onto colloidal particles, such as latexes, is prone
to phagocytosis, which is the entrapment of foreign materials by cellular species.
The accumulation of particles in various parts of the body may cause infections or
other health problems. The incorporation of nanoparticles or microspheres requires
non-toxic, biodegradable polymers that will be inert when decomposed into the ini-
tial monomeric species. The binding of drugs within these particles can also cause
problems with their release. The preparation procedures for nanoparticles or micro-
spheres, such as emulsion polymerization, use special solvents or reagents, which
may remain in the resulting solids as toxic impurities. Finally, described methods
can increase the required drug dosages since the composite particles consist mainly
of the inert carrier compounds. One major improvement could be achieved by the
preparation of ultrafine pure solid pharmaceutical compounds, which would maxi-
mize the usage of the drug dosage, and possibly lower the latter, without introduc-
tion of foreign materials into the body.

Some of the specific aspects and problems of the drug systems in the solid state
were addressed in an article in C&EN (Chemical & Engineering News, American
Chemical Society 2003, 81, 32) under the title “The Right Stuff- From research and
development to the clinic, getting drug crystals right is full of pitfalls” [5]. One of
the aspects discussed in that review deals with various polymorphic forms of the
same active substance, which exhibit different “bioavailability”, solubility, disso-
lution rate, physical and chemical stability, melting point, filterability, and some
other properties. For example, without giving any details, it was cited that in some
toxicological animal tests the same drug was beneficial when administered in the
crystalline state, but deadly when used amorphous [5].

The polymorphs refer to different arrangements of the same molecules when
in solid state, which can be identified by the X-ray analysis [6]. They may appear
as particles of various shapes, influencing the effectiveness of the drug function.
Furthermore, the stability of different polymorphs may also vary with time, tem-
perature, etc., so that their nature and functionality may change on storage, until a



2 Preparation of Uniform Drug Particles 27

final stable form is established, which then need not be of the highest efficiency.
The existence of multiple polymorphic crystal forms and amorphous solids in drug
materials can, therefore, significantly complicate the formulation development. Ob-
viously, it is desirable to incorporate the drug of the most thermodynamically stable
solid-state form into the dosage so that any transformational processes are unlikely
to occur during the shelf-life of the product [7].

Drug particle morphologies, which are governed by the internal crystal struc-
tures, can also be of importance in the formulation development and manufacturing.
Drugs which crystallize into plates or needles may have poor flow properties, which
present challenges in their blending and compaction. For example, the morphology
of drug particles intended for pulmonary administration as dry powders can signifi-
cantly impact the product performance [8].

The crystal form requires a careful consideration in deciding dosages of poorly
water-soluble drugs, because their oral bioavailability is often dissolution rate lim-
ited. Since different crystal forms of the same drug influence their thermodynamic
solubilities and deliveries, it is essential for the solid-state properties of these com-
pounds to be carefully controlled so that their pharmacokinetic performance does
not change from batch to batch or during the shelf life of the product.

The application of fine particle technology to dosage can play a major role in
improving the drug product performance. For example, the oral bioavailability of
poorly water-soluble drugs can be enhanced by increasing the ratio of the surface
area of the substance to its mass, which increases dissolution rates [9]. This phe-
nomenon is especially true of compounds that have a narrow absorption window in
the gastrointestinal tract.

Some major problems encountered with regard to the particle size of the active
compounds were specifically addressed in several patents [10-14]. For example,
certain polymer forms may enhance the efficiency of treatments, such as in killing
the intracellular micro-organisms. While some of these patents claim uniformity of
drug particles, no micrographs are given to view their shape and to assess the modal
size and size distribution.

The conventional method used in the pharmaceutical industry to produce finely
dispersed drugs consists in reducing the particle size of bulk materials through dry
or wet milling in the presence of surfactants [15—17]. The particle size distribution
of milled solids tends to be rather broad and batch to batch variations can influence
the performance of the final product. Needless to say, it is impossible to control the
particle shape by such treatment of solid drugs.

There is no doubt that much work is being done in the pharmaceutical industry
on the behavior of drugs as dependent on their internal and external states, when de-
livered as solids. However, little published information is available on the subject,
especially with regard to physical properties of active substances. It is obvious that
the first step to evaluate these effects is to have well defined uniform drug particles
in terms of their size, shape, and structure.

A significant number of studies have been reported on “monodispersed” inorganic
materials of simple and composite natures, especially when prepared by precipitation
in homogeneous solutions, as described in two volumes by Sugimoto [18, 19] and in
some review articles [20-22]. As one would expect, the chemical and physical proper-
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ties of the resulting particles depend in a sensitive way on the experimental conditions
(concentration of reactants, pH, temperature, etc). For example, in the precipitation of
a metal oxide in aqueous solutions the cation can be present in a variety of hydrozied
complexes, which may also include the accompanying anion. All these systems are, as
a rule, unstable and change with the usual parameters, but also with some other ones,
such as the age of the reactant media, exposure to light, etc. The reactant solutions of-
ten contain additives (different accompanying ions, mixed solvents, stabilizers, etc.),
all affecting the complexity of the entire system and of the final product.

In contrast, one may expect most physical parameters to affect less the precipita-
tion of pure organic compounds, especially those which do not dissociate. It would
also be reasonable to assume that the shape of the resulting particles may be influ-
enced by steric aspects of the constituent molecules. However, studies reviewed in
this article will show that solids of the same pure molecular organic compounds (in
this case drugs) can be obtained as uniform particles of different morphologies by
the precipitation in solutions by varying some physical parameters, or chemically
inert additives. The reasons for this behavior are still not fully explained.

Thus, it should be of no surprise that manufacturers of pharmaceutical products
have a strong interest in developing a better understanding of the effects of physical
properties of given drugs on their therapeutic and other applications. Obviously, to
achieve this goal it is necessary to produce active substances as uniform particles in
terms of their size, shape, internal structure, etc, so that their medical efficiencies can be
evaluated as a function of the physical parameters. Surprisingly, precious few articles
on dispersions of uniform drug particles are found in the published communications.

2.2 Preparation Methods for Uniform Drug Particles

While some effects of finely dispersed matter in terms of the particle size, shape,
and structure were reported since ancient times, extensive studies of such systems
began in the last century. Obviously, to evaluate optical, magnetic, adsorptive, and
other properties of dispersions as a function of the physical nature of constituent
particles, it was necessary to produce well defined matter of desired morphological
characteristics [18-22]. However, except for polymer latexes, only a few disper-
sions of uniform organic particles have been described in the literature [23-31].
There are several procedures available to obtain “monodispersed” particles in
the micrometer or smaller size range. The simplest would be the aerosol process in
which uniform droplets of a liquid or a solution are first produced in a convenient
generator [32]. Each droplet can function as an individual “reactor” for the produc-
tion of a single particle, either by physical or chemical means. When using solutions
of a pure product, the solvent needs to evaporate, yielding the solid (e.g. drug) in a
finely dispersed state, as was demonstrated on the example of NaCl [33]. Alterna-
tively, the droplet can consist of an unsaturated compound, which on exposure to a
reacting vapor causes the saturation of the bonds, resulting in an active solid particle
of spherical shape, as was done by exposing octadecene droplets to bromine vapor
[34]. The aerosol process offers some significant advantages over other techniques,
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because it can be carried out without any byproducts in a highly clean environment.
The shortcoming is that there have been no efforts to design efficient generators for
the production of uniform droplets of a desired size in large quantities.

From a practical point of view reactions in solutions are preferable avenues to
obtain uniform particles. There are several different ways to achieve such disper-
sions by precipitation. Some cases described in this review, such as the controlled
double jet precipitation (CDJP) technique, were used to generate uniform drug par-
ticles. This technique was first developed to obtain photographic materials [35], but
was later successfully applied in the production of various well-defined inorganic
particles [36—39]. The solutions of reactants are simultaneously injected at a con-
trolled rate and temperature into the suspending liquid (in most cases water), which
may also contain additives (e.g. stabilizers). For better control of the process, agita-
tion can be produced by suspending the CDJP generator in an ultrasonic bath.

Several other avenues of approach were taken to prepare drug particles of dif-
ferent compositions and shapes based on precipitation. The employed procedures
given in more detail are as follows:

1. Forming a sparingly soluble salt of an ionizable drug in an aqueous solution.

2. Precipitating the drug in a solution by changing the pH.

3. Adding a miscible non-solvent to the drug in a solvent (solvent shifting).

4. Vaporizing the more volatile solvent of the drug in a solution of two miscible
liquids, one being a nonsolvent.

In all cases additives (surfactants, polymers) may be admixed to control the size,
shape, and structure of the resulting dispersed solids. A number of uniform drug
particles of different chemical compositions, structures, morphologies, and modal
sizes, obtained by the described procedures are reviewed in sections that follow.

2.3 Precipitation of Sparingly Soluble Salts

2.3.1 Naproxen [40, 41]

Naproxen (CH,0C, ,H,CH(CH,)CO,H) is a non-steroidal anti-inflammatory drug
present in several over-the-counter products [42]. The compound is a carboxylic
acid of the following composition:

CH;4

CHCO,H

CH;0

Naproxen

and the crystal structure reported by Kim et al. [43].
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In principle, finely dispersed particles of an ionizable drug can be obtained by
precipitating a sparingly soluble salt of its active part. If the latter is an anion, the
salt should form with the cation of an added electrolyte. In the specific case in
which the carboxylic group is involved, just changing the pH may also cause the
precipitation of the drug.

Both these approaches were employed in the case of naproxen. The drug can
be obtained in solid state by lowering the pH of the compound in aqueous solu-
tions [40], or by forming a metal carboxylate [41]. Clinical studies showed that
the derived metal salts of naproxen possess the same anti-inflammatory activity
as the free carboxylic acid of naproxen [44]. Particles of sparingly soluble salts,
as well as of insoluble complexes of naproxen with rare earth metals, have been
reported in the literature, but no attempt was made to control their size and mor-
phology. Here it is shown that the double jet precipitation (CDJP) technique can
be used to produce uniform micrometer-size calcium and barium naproxenate
particles.

2.3.1.1 The pH Effect

To obtain uniform particles of naproxen of different morphologies the solid car-
boxylate powder was dissolved in an aqueous solution at pH 12 and subsequently
acidified with HCl in the presence of the stabilizer polyvinylpyrrolidone (PVP, MW
10,000) either at room temperature or at 60°C. At pH>6, only small amounts of
solids were observed.

Figure 2.1 displays naproxen formed at pH 6, which initially consists of rela-
tively uniform spheroidal particles of ~10 wm in diameter (Fig. 2.1a). Under this
condition less than 10% of the dissolved naproxen is precipitated. When the acid
content reaches 0.8—1.25 mol of H* per mole of naproxen, resulting in the pH ~4-5,
the particles are irregular in shape of ~ 1-4 um in size (Fig. 2.1b). A closer examina-
tion of the two micrographs indicates that both kinds of these solids are aggregates
of smaller subunits, which are clearly visualized in Fig. 2.1c. On heating these solu-
tions for up to 12 h at 60°C or ageing them for up to 2 days, the somewhat irregular
precipitates disintegrate into smaller, but rather uniform, rod-like particles ~1 um
long and ~0.3-0.4 um wide, displayed in Fig. 2.1d. Under these conditions, nearly
all of the originally dissolved drug is precipitated. The XRD patterns of the pow-
ders, before and after the pertization of naproxen into the smaller particles, show
these solids to be crystalline.

It is important to emphasize the composite nature of the described naproxen
particles. Indeed, much evidence has become available showing that many, if not
most, synthesized uniform colloids consist of smaller subunits [45—47]. A model
was developed to explain how a large number of small size precursors can yield
uniform colloidal spheres [48, 49].
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Fig. 2.1 Scanning electron micrographs (SEM) of naproxen particles. a Precipitated in a
0.02 mol dm~3 aqueous naproxen solution containing 1 wt% of (PVP), and acidified to pH 6 with
HCI. b Naproxen particles produced at the same conditions as in (a) except at pH 4. ¢ Higher
magnification of particles in (b). d Particles obtained after peptization of the initial dispersion
shown in (b). [40]
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2.3.2 Naproxenate Salts [41]

Naproxenate salts with alkaline earth cations (Ca?* and Ba?*) were precipitated by
mixing aqueous solutions of sodium naproxenate with solutions of calcium or bari-
um salts, either in the absence or in the presence of additives, including surfactants.
The latter were chosen not to form salts with the same cations, but to affect the
morphology of the resulting naproxenate salt particles.

2.3.2.1 Calcium Naproxenate [41]

Calcium naproxenate particles of different shapes were prepared with the CDJP
process by reacting solutions of sodium naproxenate with solutions of calcium
acetate in the absence or in the presence of different stabilizers. In all cases an-
isometric particles were obtained, the shape and uniformity of which depended
on the additives and the method of agitation. Figure 2.2 displays the SEM of Ca-
naproxenate particles precipitated at room temperature in the absence (Fig. 2.2a)
and in the presence of arabic gum (Fig. 2.2b) or Igepal (Fig. 2.2c) [41]. The
sample in Fig. 2.2d is of the same composition as in Fig. 2.2¢, except the reaction
generator was suspended in an ultrasonic bath. Experiments using some other
surfactants (e.g. Tween, Triton-x) yielded irregular particles of less well defined
shapes.

2.3.2.2 Barium Naproxenate [41]

Ba-naproxenate precipitated in the CDJP reactor by mixing solutions of sodium
naproxenate and BaCl,, yielded, as a rule, rather ill defined dispersions. Somewhat
improved particles of different shapes were obtained using the same method in
the presence of certain additives (Triton X-100 and Tween 80), as illustrated in
Fig. 2.3.

It is noteworthy that the so precipitated salts have the same FTIR spectra as the
Na-naproxenate as shown in Fig. 2.4.

The admixing of polyvinylalcohol (PVA) yielded rather uniform crystalline
spheres of high specific surface area, having complex internal structure, shown in
Fig. 2.5. In this case Ba-acetate was employed instead of BaCl,.

2.4 Miscible Solvent/Nonsolvent Systems

As indicated earlier there are, in general, two approaches to produce fine particles
by using miscible liquids, one being a solvent and the other a nonsolvent for the
same drug. In the first approach a nonsolvent is added to the solution of the active
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Fig. 2.2 Scanning electron micrographs (SEM) of calcium naproxenate prepared by adding
25 ¢cm? of both 0.3 mol dm™ sodium naproxenate and calcium acetate solutions into the CDJP
reactor containing 25 ¢cm? of a sodium hydroxide solution at pH~ 8.8 in the absence of an additive
(a) and in the presence of 6 wt% Arabic gum (b), or 2 wt% Igepal CA-897 (¢). The same system
as in (¢) with the CDJP reactor immersed in an ultrasonic bath (d). [41]
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Fig. 2.3 Scanning electron micrographs (SEM) of barium naproxenate particles prepared by
admixing 25 cm’® each of 0.3 mol dm™ naproxen and BaCl, solutions into 25 cm? of sodium
hydroxide solution at pH 10.5, in the CDJP reactor in the presence of 1 wt% Triton X-100 (a), and

1% Tween-80 (b). [41]

Fig. 2.4 FTIR spectra KBr " I
pellets of (a) barium naprox- w ¥
enate prepared in the absence

of a surfactant, and (b) of a
commercial sample of Na~

Nanaproxenate. [41] § A
<
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=
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=
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substance until the solubility limit is exceeded and the solid separates. In the second
method the drug is dissolved in a mixture of the nonsolvent and solvent and then
the latter is slowly removed by appropriate means, such as evaporation. In several
cases both ways were employed to produce drug dispersions yielding particles of
different morphologies.



2 Preparation of Uniform Drug Particles 35

Fig. 2.5 Scanning electron micrographs (SEM) of barium naproxenate particles prepared under
the same conditions as for the sample shown in Fig. 2.3a with the reactor immersed in an ultrasonic
bath in the presence of 1 wt% PVA (MW = 123,000-186,000 (a), and 6% PVA (MW = 13,000—
23,000) (b). Micrographs of (¢) and (d) are of particles shown in (a) and (b) respectively, at higher
magnifications. [41]
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2.4.1 Budesonide [50]

Budesonide (16a,170-butylidenedioxy-11[,21-1,4-diene-3,20-dione) is a hydro-
cortisone steroid used to control asthma and allergies.

CH,0H

cC=—o0 (CHy),—CH;,
H CHjy ' 0
-7 H

H

Budesonide

The drug of the shown structure is soluble in ethanol and acetone, but insoluble
in water, which can be used to produce dispersions of uniform fine particles of dif-
ferent morphologies and modal sizes.

For this purpose two approaches were adopted: (a) precipitation and (b) evapo-
ration. In the first case water is added into the solution of budesonide in ethanol to
cause it to precipitate. In the second method, water is first admixed into the solu-
tion of the drug in ethanol in quantities too low to cause its separation, and then the
alcohol is slowly removed by evaporation.

2.4.1.1 Addition of a Miscible Nonsolvent [50]

The nonsolvent (water) was directly introduced into the ethanol solution of
budesonide in an ultrasonic bath (60 kHz), until the solids started to form, which
occurred after an induction period of a few minutes. The best results in terms of
the morphology and other characteristics of the resulting particles were obtained
with ethanol/aqueous, acetone/aqueous, or acetone/alcane systems. Figure 2.6a il-
lustrates a dispersion obtained by adding in a test tube 4 cm? of water to 2 cm? of a
0.035 mol dm~ budesonide solution in ethanol, while sonicating. After a few sec-
onds the system became turbid, and the process was completed in less than 10 min.

The same kind of experiments were performed with a lower budesonide con-
centration in ethanol, in which case a larger amount of water had to be admixed
to induce precipitation of the drug. A dispersion obtained by mixing 2 cm? of a
0.009 mol dm budesonide solution in ethanol with 15 cm? of water, while sonicat-
ing, is displayed in Fig. 2.6b. Large polydispersed crystals of rectangular shape (up
to ~ 10 um in length and width) were so obtained.

Different stabilizers, soluble in the solvent mixture, can be added to prepare well
dispersed particles of other shapes. For example, Fig. 2.7a illustrates budesonide
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Fig. 2.6 Scanning electron micrographs (SEM) of budesonide crystals prepared by precipitation
while sonicating (a) 0.035 mol dm~3 solution of the drug in ethanol to which were added 4 cm? of
water; and (b) to 2 cm? of 2 0.009 mol dm~3 of the drug in ethanol were added 15 cm? of water. [50]

particles precipitated in ethanol/water solutions containing hydrooxypropyl cellu-
lose (HPC-SL), treated in the same manner as samples shown in Fig. 2.6.

2.4.1.2 Evaporation of Solutions with Mixed Solvents

Colloidal spherical budesonide was obtained by evaporating, either fully or par-
tially, ethanol/water solutions of the drug in the presence of the same stabilizers as
before. The electron micrograph in Fig. 2.7b displays such particles by drying on a
glass slide droplets of the same composition as in Fig. 2.7a. Partial evaporation of
ethanol in the same system produced rather uniform spheres when undisturbed and
so do experiments carried out in larger volumes.

The evaporation of the acetone/aqueous solution system in the absence of a sta-
bilizer yielded a solid film on the glass surface. However, spherical particles were
formed when 1 wt% HPC-SL was added to the solution. Acetone/alcane systems
yielded spheres of narrow size distributions in the micrometer size range.

To increase the quantity of particles and to improve the control of the kinetics of
evaporation, experiments were carried out in a “rotavapor.” Under optimum condi-
tions spherical particles of narrow size distribution could be obtained [50].

It is noteworthy that the XRD spectra of all particles have the same structure,
except those of spheres which are amorphous (Fig. 2.8).
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Fig. 2.7 Scanning electron micrographs (SEM) of budesonide particles; a prepared as in Fig. 2.6a
except 1 cm? of 0.1 wt% of hyohoxypropyl cellubse (HPC-SL) was present in the reacting mixture.
b The same system except each droplet was dried at room temperature. [50]

Fig. 2.8 XRD spectra of
budesonide: (a) raw material,
and of particles illustrated in
Figs. 2.6a (b), 2.7a (c) and
2.8a (d), Fig. 2.7b (e) not
shown here. [50]
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Fig. 2.9 Scanning electron micrographs (SEM) of danazol particles obtained by adding under
magnetic stirring 5 cm? of a 0.1 wt% aqueous solution of Carbowax (a) or Igepal (b) to 1 cm™3 of
0.000 mol dm~3 ethanol solution of the drug. [51]

2.4.2 Danazol [51]

Danazol is a synthetic steroid for the treatment of endometriosis. The compound is
insoluble in water, but soluble in ethanol, methanol, and acetone.

CH; =

Danazol

Unlike the results with other drugs described in this review, the evaporation tech-
nique applied to pure ethanol/water solutions of danazol failed to yield well defined
particles. Instead, rather uniform rodlike crystallites could be obtained by precipita-
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tion in the presence of some additives. In general, 0.1 wt% aqueous surfactant solu-
tions were admixed to stock solutions of danazol in ethanol at room temperature,
while magnetically stirred. As expected, a minimum amount of the miscible non-
solvent was required for the precipitation to take place. However, once this amount
was added, the particles were rapidly formed (in less than 1 min). Continued aging
did not affect either the shape or the size of the resulting solids. The morphology of
the particles could be influenced by the surfactant and by the nonsolvent used. Thus,
in the presence of Carbowax, clusters of thin needles appeared (Fig. 2.9a), while in
the solution of Igepal ribbon-like particles (Fig. 2.9b) were generated [51].

2.4.3 Cyclosporine [52]

Cyclosporine is a member of a family of compounds that possess immunosuppres-
sive activity and is commonly administered following an organ transplant to pre-
vent rejection. The composition of the compound, using the common abbreviation
for the amino acid segments, is as follows:

H,C
CH
HC
N
CH,
ao
HO

~ | /CH_CHs
C

MeVal N— CH —C —— Abu MeGly
CH; (6]
MeLeu MeLeu
MeLeu D-Ala Ala MeLeu Val
CeH11Nj 0y Mol. Wt. 1202.61

Cyclosporine

To produce well defined particles advantage is taken of the much higher solubility
of this drug in ethanol than in water. The commercial product, as received, consisted
of aggregates of ill defined particles, illustrated in Fig. 2.10a. In contrast, rather
uniform dispersions could be obtained by evaporation and precipitation techniques,
using the drug dissolved in ethanol-water mixtures.

At appropriate conditions (given in Fig. 2.10), adding rapidly a sufficient amount
of water to the solution of the drug in ethanol, produced uniform spheres of ~1 um
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Fig. 2.10 Scanning electron micrographs (SEM) of (a) commercial cyclosporine powder, and (b)
particles obtained by rapidly adding in an ultrasonic bath 4 cm? of water (pH 6.5) into 2 cm? of a

0.03 mol dm™3 solution of the drug in ethanol. [52]

in diameter. Similar particles could be obtained at lower cyclosporine concentra-
tions, which required a larger amount of water. One experimental parameter of
importance was the rate of adding the nonsolvent. If the latter was slow, the size
distribution was broader.

Spheres were also produced by the evaporation technique. In this procedure
water (nonsolvent) was slowly added to an ethanol solution of cyclosporine to
yield a mixed solution still below the solubility limit of the drug. A drop of this
solution was placed on a glass slide and then alcohol was allowed to evaporate,
which caused cyclosporine to precipitate. The influences of (a) the initial volume
ratios of alcohol to water, ranging from 10 to 1.6, (b) the added hydroxypropyl
cellulose (HPC-SL), and (c) the presence of NaCl were also investigated [52].
Thus, replacing water with a 1 wt% HPC-SL solution, under otherwise the same
conditions, yielded particles of the same morphology, but somewhat smaller in
size, ranging between 0.25 and 1 um in diameter. The average size could also be
reduced by using aqueous electrolyte solutions in the precipitation experiments.
Such spherical cyclosporine particles were not stable in terms of their physical
characteristics. A powder of spherical particles aged for one month at room tem-
perature transformed into large rectangular units, which were aggregates of the
original spherical subunits.
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2.4.4 Loratadine [51]

Loratadine, of the structural formula:

o) \ / OCH,CH;

T
N

Loratadine

is a long acting antihistamine used to treat symptoms of seasonal allergies, such as
rhinitis (“hay-fever”). This solid is well soluble in many organic solvents, including
methanol, ethanol, 2-propanol, and acetone, but it is insoluble in water. The solubil-
ity in ethanol at 25°C was estimated to exceed several grams in 100 cm? of alcohol.
As received, loratadine powder consisted of rather large (from a few pum to mm in
length) irregular rod-like crystallites, the X-ray diffraction pattern of which is given
in Fig. 2.11.

2.4.4.1 Particles Preparation [51]

Two different methods were used to obtain this drug as uniform particles of differ-
ent morphologies. In the first process precipitates were formed by adding the non-
solvent (either water or aqueous surfactant solutions) to the ethanol solutions of the
drug. The elongated particles so obtained were smaller than those of the commercial
product, albeit more uniform.

In the second method the drug was introduced into the alcohol-water solution in
sufficiently small amounts not to exceed the solubility. Ethanol was then evaporated
using a vacuum pump, to cause solids to separate as colloidal particles. Specifically,
to different volumes (1-50 cm?® of a 0.015 mol dm= loratadine solution in ethanol),
either water or surfactant solutions were added, always in a volume ratio of 2:1
(drug solution/nonsolvent).
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Fig. 2.11 X-ray diffraction
patterns (XRD) of lorata- Loratadine
dine particles: a as received
powder, b precipitated as
elongated particles shown in
Fig. 2.12b and c as spherical
particles shown in Fig. 2.12a.

[51]
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The mixtures were then cooled in an ice/water bath before applying vacuum. The
duration of the treatment varied from 20 min to several hours, which depended on
the volume of the sample.

It was established that the nature of the precipitates was rather sensitive to the ex-
perimental parameters. In order to attain uniform spheres of the drug, an optimized
process was developed as follows. After partial evaporation of the liquid (~40% of
the total volume), the same volume of the nonsolvent was added to the suspension,
and then the evaporation was continued. To ensure that most of the alcohol was
removed from the system, the same procedure had to be repeated at least twice.
During this treatment the temperature of the dispersion fell below 5°C. The micro-
graph in Fig. 2.12a displays a typical example of spherical particles so obtained, the
diameter of which is ~2 pum. It is noteworthy, that this sample shows the same major
X-ray diffraction peaks (Fig. 2.11, pattern c) as the original powder.

Initially 2 cm? samples were used in this study, but scaling up the total reaction
volume to 75 cm?® gave essentially the same product. The rate of evaporation had a
small effect on the characteristics of the particles. However, it was essential that the
entire content of alcohol be removed by evaporation; otherwise, on aging at room
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Fig. 2.12 Scanning electron micrographs (SEM) of loratadine particles: a spheres formed by
vacuum evaporation of ethanol from the solution of the drug in alcohol/water mixture, and b rods
transformed from the spheres shown in (a) by aging the dispersion with some ethanol remaining
in the system. [51]

temperature for several hours, dispersed spheres transformed into a fibrillar struc-
ture, shown in Fig. 2.12b.

Due to their size, spherical particles settled on standing, but could be redispersed
by shaking. Some of the drug particles tended to adhere to the container walls,
which could have been caused by the particle charge.

Hoping to improve the dispersion stability of spherical drug particles, the same
preparation procedure was modified by replacing water with 0.1 wt% of an aque-
ous surfactant solution (Tween, PVP, Arquad, or Aerosol). The so obtained particles
were similar to those illustrated in Fig. 2.12b, yet more stable.

2.5 Composite Drug Particles

Medications in pills are seldom present as single pure substances. Instead, drugs are
either mixed with an inert material, or coated, or both. Additives are often used as
diluents to control the delivery of the active component over a period of time. Fur-
thermore, in many cases the medication is contained in coated pills to protect it from
the effects of the environment, such as humidity or oxidation. The encapsulation
also provides for dosage forms which have sustained delivery properties [53, 54].
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The coating of particles with layers of different compositions may also alter their
surface charge properties and hydration of the pill. For example, a layer of alumina
on the pill would have an isoelectric point at pH ~ 9, while coating with silica would
result in an i.e.p. of ~2. Obviously, such coatings can be used to attach a drug to a
tissue, if so desired, or to prevent the attachment so that the active component can
be delivered elsewhere. For these reasons some of the drug particles described in
this review were coated with medically inert layers of different compositions, or
the drug was used as a coating on inactive uniform cores [55]. In the latter case, by
selecting smaller cores the specific surface area of the exposed active compound
could be substantially increased with lesser amounts of the drug for a more efficient
delivery.

2.5.1 Coating of Inert Nanosize Particles with Drugs [53]

As arule, it is rather difficult to obtain stable nanosize particles of bioactive materi-
als. One method is to attach such drugs onto inert small cores. For example, it was
earlier demonstrated that bioactive molecules, such as amino acids, can be attached
onto uniform metal oxide spheres, i.e. aspartic acid on chromium hydroxide [56].
Such attachments are particularly readily achieved, if a bond can be formed between
a chemical group on the active molecule and a site on the adsorbent particle [57].
Specifically, either naproxen (Sect. 3.1) or ketoprofen, of the composition:

OH

Ketoprofen

were deposited on nanosize alumina particles [Degussa C (DGC) alumina, y-Al,O,,
particle size ~ 13 nm, specific surface area (SSA) 100+ 10 m? g—!, or Nalco alumina
particle size ~8 nm, SSA 550+20 m? g—!'], which yielded stable dispersions in
aqueous and ethanol media [55].

For this purpose the stock solutions of drugs in water were prepared in concen-
trations of 0.05-0.15 mol dm™ at pH~ 11, and then the latter was decreased with
HCI to pH 7.2. Measured volumes of dispersions of alumina, containing known
amounts of solids, were first diluted as needed either with water or with ethanol.
Then stock solutions of different concentrations of naproxen or ketoprofen were
added under stirring to these dispersions to reach the final desired volume. In order
to avoid aggregation of the alumina nanoparticles, their concentration was kept at
0.05 wt%. After equilibration for extended periods of time (several hours) the solids
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Fig. 2.13 Adsorbed amounts
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were separated by centrifugation and dried in vacuum. Alternatively, the dispersions
could be freeze-dried. The so prepared powders were readily redispersed.

Figure 2.13 shows deposition data of the two drugs on finely dispersed alumina
in aqueous and ethanol dispersions, which demonstrate their binding onto the cores.

Electron micrographs in Fig. 2.14 display the alumina particles used as cores and
of the same adsorbent coated with naproxen. The infrared spectra in Fig. 2.15 of
the cores, of naproxen, and of coated cores clearly show that the last is not a simple
combination of individual components.

2.5.2 Coating of Drug Particles with Alumina [53]

It was well documented in the literature that electrostatic attraction alone does not
suffice to produce the binding of solutes onto the surface of solids dispersed in a
liquid (preferably water). In contrast hydrolyzed metal ions readily interact either
with neutral or oppositely charged species on solid surfaces as established in much
detail experimentally [58, 59].

For this reason to coat drugs with alumina, the metal ion needed to be first hy-
drolyzed, which was readily achieved by aging the aqueous solutions of a salt of this
metal at elevated temperatures (e.g. 90°C) for extended periods of time [59, 60]. It
was earlier demonstrated that this simple procedure causes aluminum ion to react
with water yielding positively charged hydrolyzed complexes, which readily adsorb
and/or interact with surface sites of hydrophobic solids. This reaction can either
neutralize the negatively charged ionic groups on the particles or even reverse them
to positive [61-63]. At sufficiently long aging times the hydrolysis of aluminum
ions results in the precipitation of sparingly soluble products, which can also react
with a substrate (e.g. particles) to yield a coating.
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Fig. 2.14 Transmission electron micrographs (TEM) of (a) Nalco alumina and (b) the same alu-

mina coated with naproxen. [55]

Fig. 2.15 ATR-FTIR
spectra of (a¢) DGC alumina,
(b) naproxen, and (c) the
same alumina coated with
naproxen in water. [55]
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Here is described the coating of loratadine and danazol particles with alumina by
the described method [51]. Since the IEP of the drug particle was at pH~4 and that
of aluminum (hydrous) oxide particles at pH~ 8.5, strong electrostatic attraction
may be expected at pH values between those of the cores and of the coating materi-
als. The binding itself is then facilitated by surface interactions (e.g. condensation).
The coating of particles was carried out by adding aluminum salt solutions to the
dispersions of drugs and then increasing the pH with a base. For this purpose the
aluminum ions were partly prehydrolyzed by aging a 0.01 mol dm= aqueous solu-
tion of either aluminum nitrate or aluminum sulfate at 70°C for 50 h. This procedure
was shown previously [59, 60] to enhance the interactions of the formed solute
aluminum complexes with the colloidal drug particles.

2.5.2.1 Coating of Loratadine Particles

In general, to 5 cm? of aqueous dispersions of rodlike loratadine particles (prepared
as described in Sect. 2.4.4.1), containing 0.003 mol dm= (1.9 mg cm~3) solids, were
added 0.5 cm’ of a pretreated (aged) 0.0010 mol dm™ AI(NO,), or 0.0005 mol dm™>
Al,(S0O,); solution, at room temperature, while stirred. After approximately 10 min
the suspensions were neutralized with a dilute NaOH solution (0.01 mol dm~3) to
pH 6-6.5 and kept overnight at room temperature.

A peak characteristic for aluminum by the EDS analysis (Fig. 2.16) of so treated
drug particles clearly indicates a successful coating.

The electrokinetic measurements given in Fig. 2.17 show the dependence of the
{-potential on the pH of loratadine cores (a), and of the coated particles prepared
using hydrolyzed aluminum ions, obtained by aging aqueous solutions of either
AL(S0,); (b), or AI(NO,), (c). There is a significant shift of the isoelectric point
(IEP) of coated particles as compared to that of the pure drug, although the effect
with hydrolyzed aluminum sulfate is less pronounced than that with aluminum ni-
trate. It has been known that the sulfate ion forms complexes with aluminum ion in
aqueous solutions, which in turn affect the {-potential of the particles, i.e. the IEP is
lower than with the hydrolyzed aluminum ion in the presence of nitrate ion.

2.5.2.2 Coating of Danazol Particles [51]

Essentially the same procedure was used in coating danazol. Specifically, to 5 cm?
of an aqueous danazol dispersion of platelets (Sect. 4.2) containing 1.0 mg cm™ of
the drug, were added 0.8 cm™ of a 0.0010 mol dm™ aged Al(SO,), solution and
after 10 min the dispersion was neutralized with a 0.010 mol dm= NaOH solution
to pH 6-6.5, and then kept for 20 h at room temperature.

The SEM micrograph of coated danazol particles (Fig. 2.18a) clearly shows that
a uniform surface layer was formed on the cores, which is substantiated by the EDS
result given in Fig. 2.18b.
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Fig. 2.16 EDS analysis of
rod-like loratadine par-
ticles coated with aluminum
(hydrous) oxide. [51]

Fig. 2.17 Zeta potential as

a function of the pH of (a)
elongated loratadine particles
(shown in Fig. 2.12) (b) the
same particles coated with
aluminum (hydrous) oxide
using an aged A1,(SO,), solu-
tion, and (¢) the same par-
ticles using an aged AI(NO,),
solution, as described in
Sect. 2.5.2.1. [51]
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Fig. 2.18 a SEM of danzol particles coated with aluminum (hydrous) oxide, as described in
Sect. 2.5.2.2, and b the EDS analysis of the same particle. [51]

2.5.3 Coating with Silica [6, 51]

Coating with silica affects the particles in two general ways. As cited before, the
isoelectric point of silica is much lower, while the degree of hydration is increased.
Both of these properties have an effect on the performance of the modified medica-
tion. For this reason two of the studied drugs, loratadine and danazol, and a finely
dispersed X-ray diagnostic images agent (ethylester of diatrizoic acid, EEDA) were
coated with silica layers.

Since loratadine and danazol are soluble in alcohol, the well-known methods for
particle coating with silica based on tetracthylorthosilicate, (TEOS) [65-67] could
not be employed. Instead, an alcohol-free method based on sodium silicate solu-
tions, was used to coat the particles with silica.

2.5.3.1 Coating of Loratadine Particles [51]

An “active” silicic acid solution was prepared using a cationic exchanger following
a procedure described by Iler [64]. Accordingly, an aqueous solution of Na,SiO,
was mixed with the beads of the cationic exchange resin Amberlite as follows. The
original sodium silicate liquid was diluted with water in the weight ratio 1:9. To
20 c¢cm? of this solution, 3 g of the resin were added and the mixture was agitated
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Fig. 2.19 a SEM of spherical loratadine particles coated with a silica layer, when 0.08 g of
“active” silicic acid was added to 1 g of the dispersion (described in Sect. 2.4.4) and b the EDS
analysis of the same particles. [51]

until the pH reached 9.5. The resin was then removed by filtration. The final active
silicic acid solution contained ~2.9 wt% SiO,.

To produce silica shells on spherical loratadine particles (shown in Fig. 2.19) the
“active” silicic acid, in amounts ranging from 0.04 to 0.12 g, was added to 5 cm™
of the aqueous dispersion containing ~7 mg cm™ of the drug in water. The resulting
mixture was then kept for different periods of time (up to several days) at room tem-
perature, although the presence of silica on the particles could be already detected
2 h after combining the reactants.

One example of such coated loratadine spheres is displayed in Fig. 2.19a, while
the presence of the coating was corroborated by the EDS analysis, as shown in
Fig. 2.19b. Little effect was observed when different amounts of the “active silicic
acid” or larger amounts of the drug (3 g) were used in the same system. Dispersions
of coated loratadine were more stable than those of bare particles; i.e., the former
could be easily redispersed in water by shaking.

Electrokinetic measurements revealed that the {-potentials of coated particles at
pH 5.5 and 7.0 were 20 mV more negative than those of the cores, due to the pres-
ence of the silica shell.

2.5.3.2 Coating of Danazol Particles [51]

Somewhat different “active” silicic acid was prepared from the sodium silicate
solution (3.25 SiO,:Na,O, H,0), by diluting the original liquid with water in the
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Fig. 2.20 SEM of danazol
particles coated with silica
layer.

Fig. 2.21 Zeta potential as
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weight ratio 1-9. To 20 cm™ of this solution were added 3 g of the Amberlite ion
exchange resin under agitation until pH 9.5 was reached. After removing the resin
the active silicic acid contained ~2.9 wt% SiO, [67].

To coat danazol particles, 5 cm™ of the dispersion containing 1 mg cm™ of sol-
ids, prepared as described in Sect. 4.2, and the “active” silica solution, were aged
for 20 h at room temperature.

The electron micrograph in Fig. 2.20 illustrates such danazol particles coated
with a silica layer. The presence of the shell is further substantiated by the electro-
kinetic data in Fig. 2.21 which show coated particles to be more negatively charged
than the cores over the entire pH range. The curve of {-potential for coated particles
yields the isoelectric point of ~2, which is typical for silica.
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Fig. 2.22 Zeta potential of
rod-like EEDA particles as a
function of the pH (a), and
(b) the same particles coated
with silica. [6]
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2.5.3.3 Coating of EEDA [6]

In the final example nanoparticles of diatrizoic agent (ethyl ester of diatrizoic acid,

EEDA) of the composition:

0 (0} CHj
N/ N CH2/
0
I |
/O
cHy \T I|\I cH,
H H

which is as an X-ray contrast agent for computer topography images of the blood
pool and lymphatic systems [68].

While this compound was available as finely dispersed particles of different, but
uniform shapes only those consisting of rods were coated with silica, using an ac-
tive silica coating solution (3.25 SiO,:Na,O, H,0) described earlier [51].

Electrokinetic data in Fig. 2.22 clearly show that the particles were encapsulated
by silica over the entire pH range studied.
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Chapter 3
Biomedical Applications of Metal Oxide
Nanoparticles

Silvana Andreescu, Maryna Ornatska, Joseph S. Erlichman,
Ana Estevez and J. C. Leiter

Abstract Metal oxide nanoparticles have a unique structure, interesting and
unusual redox and catalytic properties, high surface area, good mechanical stability
and are biocompatible. For these reasons, metal oxide nanoparticles have attracted
considerable interest in the field of biomedical therapeutics, bio-imaging and bio-
sensing. This chapter discusses properties and biomedical applications of selected
nanometer size metal oxides. These materials have become important components
in medical implants, cancer diagnosis and therapy and in neurochemical monitor-
ing. For example, titania is the material of choice in medical implants; it provides an
excellent biocompatible surface for cell attachment and proliferation. Ceria-based
nanoparticles, on the other hand, have recently received a great deal of attention
because of their redox, auto-catalytic and antioxidant properties. Several other
metal oxides have been used as gas sensing nanoprobes for cell labeling and separa-
tion, as contrast agents for magnetic resonance imaging (MRI) and as carriers for
targeted drug delivery. New and emerging applications of nanoceria as neuroprotec-
tive agents possessing antioxidant/free radical scavenging properties are emerging
in the biomedical field, and ceria-based nanoparticles may be used as therapeutic
agents in the treatment of medical diseases related to reactive oxygen species, such
as spinal cord repair, stroke and degenerative retinal disorders. Issues related to bio-
compatibility and toxicity of these nanoparticles for in vivo biomedical applications
remain to be fully explored.

Keywords Metal oxide nanoparticles * Biomedical applications ¢ Surface
functionalization ¢ Interaction of nanoparticles with proteins * Cells and tissues
Nanoparticle toxicity * Oxidative stress

3.1 Introduction

In recent years, numerous types of metal oxides in particulate, film or composite
forms have become key components in catalysis, solid oxide fuel cells and sensing
devices [5-9]. More recently, metal oxides nanoparticles (NPs) have been used in a
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variety of biomedical applications due to the high surface area and enhanced magnet-
ic and catalytic activity [10, 11]. Interestingly, the biomedically useful characteristics
of these NPs cannot be predicted by the bulk properties of the corresponding mac-
roscopic size material. The most widely used NPs are magnetic iron oxide (Fe,0,),
titania (TiO,), zirconia (ZrO,) and more recently ceria (CeO,). These materials have
interesting catalytic, antioxidant and bactericidal activities, mechanical stability and
biocompatibility, making them amenable for a variety of disparate biomedical appli-
cations such as therapeutic and bio-imaging agents, components in medical implants,
drug delivery systems and probes for neurochemical monitoring [12—17]. For exam-
ple, titania is the material of choice in medical implants because it provides a biocom-
patible surface for cell attachment and proliferation [18, 19]. Magnetic iron oxides
have been intensively used in cell labeling and separation, in magnetic resonance
imaging (MRI) and in targeted drug delivery. Ceria has recently received a great deal
of attention due to its catalytic and antioxidant capacity [20—22]. Many of the useful
properties of metal oxides are dictated by the morphological and physico-chemical
characteristics of these particles, but their chemical properties vary broadly depend-
ing on the preparation method and processing used in the manufacturing process.
Many research papers and reviews covering the synthesis and characterization of
various metal oxides have been published [23-34]. Advances in colloid chemistry
have enabled synthesis of a variety of nanometer size metal oxides [35], and a wide
array of metal oxides of various sizes and compositions are commercially available.
Significant progress has been made in the control of chemical composition, size, size
distribution and shape [36—42]. It is now possible to obtain uniform particles with
controlled shapes other than simple spheres [24, 43]. By varying the precursor, re-
ductant, solvent, dispersant and the experimental conditions (e.g. pH, temperature),
it is possible to alter the morphology and physico-chemical properties [44]. The fi-
nal particle size depends on the nucleation rate, the fraction of the atoms involved
in the formation of the nuclei and the extent of the aggregation. Both aqueous and
non-aqueous synthetic approaches have been reported [29-33, 35, 45]. Production
of well-dispersed uniform metal oxides by precipitation in aqueous solutions has
been achieved by a very elegant procedure called “forced hydrolysis” developed by
the senior editor of this book [34]. The polarity of the solvent and the stabilizer also
affects size, charge and shape. The stabilizers are usually large molecules containing
functional groups that can attach to the particle surface thereby controlling particle
solubility, assembly behavior and morphology. Natural polymers like gelatin, dextrin
and polysaccharides, synthetic polymers like polyvinyl alcohol and polyacrylamides
and organic molecules with large alkyl chains can be used as stabilizers. While such
additives improve the ability to generate stable dispersions, these coatings may
change the behavior of the NPs in a biological media, induce toxicity or affect the
primary biomedically useful properties of the NPs. One way to avoid the use of
surfactants and produce high-purity biocompatible NPs is to use solvents that act
both as reactant and dispersing agent in a ‘surfactant-free’ synthesis [29-33, 35, 45].
In this case, the solvent can act as a ‘capping’ agent binding to the particle surface
to prevent agglomeration. Many biomedical applications of metal oxides involve
surface modification with biocompatible coatings, fluorescence tags or biological
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molecules (e.g. antibodies, receptors) for targeted biological response and imaging
purposes [46, 47]. Uniform surface modification with precise control of the number
of functionalities on the NPs surface is an important and challenging task.

Application of the NPs in the biomedical field relies on the interactions between
NPs with proteins, cells and tissues. By virtue of their small size, NPs can interact
and enter biological systems through various routes; they can gain access to cellular
and tissue locations (for example, mitochondria and the central nervous system) that
are not accessible to larger size particles [5, 48]. Whether NPs cross cellular mem-
branes and the blood-brain barrier, interact with cells, organs and tissues, accumu-
late at different locations in the body, remain inert or interfere with normal physi-
ological processes, will determine their behavior, fate and transport in biological
systems [13, 49-51]. In vivo biomedical applications require NPs with high purity,
polydispersity and high stability, and these properties depend on the size, shape,
charge and surface coverage of each NP and, in biological media, on the entry sites
and size of the biological target encountered by each NP [14, 52, 53].

The interaction of metal oxides with proteins, cells and tissues is strongly related
with the biological material’s surface chemistry because the particles will first “see”
the surface of the biological target [54—63]. Thus, NP characteristics like surface
charge, surface coating, surface area, particle reactivity, composition, aggregation
and dissolution may all affect cellular uptake, in vivo reactivity, toxicity and dis-
tribution across tissues [6, 14, 60, 64—67]. Interfacial processes at the boundary
between the inorganic material and the surrounding biological environment are
complex and surface specific [63]. Studies of these interactions involve, in addi-
tion to material-specific research, investigations of protein adsorption, orientation
and structure at the interface [68], biophysical and biological studies at cell and
tissue levels as well as in vivo experiments in animal models. A multidisciplinary
approach, involving knowledge from material chemistry, biology, biochemistry and
medicine is needed to study and understand the fundamental processes associated
with these complex systems.

This chapter focuses on the most widely used metal oxides, their interaction
with cells and tissue in relation to the physico-chemical properties, biocompatibility
and cytotoxic response in model biological systems and selected biomedical ap-
plications. The last section of this chapter is dedicated to biomedical applications
of antioxindant NPs with special emphasis on the use of cerium oxide to mitigate
oxidative stress in diseases related to reactive oxygen species.

3.2 Metal Oxide Nanoparticles: Research Needs
and Opportunities in the Biomedical Field

A broad range of metal oxide NPs have been investigated in the biomedical field.
Table 3.1 summarizes the most widely used metal oxides, their primary characteris-
tics and examples of biomedical applications. Further research is needed to engineer
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Table 3.1 Examples of metal oxides types, properties and potential applications

Oxides Types Properties Biomedical Ref
applications
Iron oxides  Fe,0,, Fe,0,, Fe,;S,, Magnetism Molecular labels  [4, 15, 70-74]
MeO-Fe,O, where  Catalytic properties ~ Imaging
M =Ni, Co, Zn,... Drug delivery/
etc) MRI
Biomagnetic
separations
TiO, Single crystalline Photocatalytic Biomedical [18, 75-78]
metal oxide; Wide activity implants
band gap semicon- Biocompatibility Photocatalytic
ductor; Common damage
forms are rutile and Neurochemical
anatase monitoring
Promoter for cell
adhesion
ZnO, MnO, Used mainly in com-  Catalytic properties  Antibacterial [79]
ZrO, posite films Anti-inflammatory and anti-
action inflammatory
agents
CeO, Present in two oxida-  Catalytic proper- Neuroprotective  [12, 20, 21,
tion states Ce*/ ties antioxidant/ agents 80-84]

Ce radical scavenging
properties

Biocompatibility

the surface and morphology of the NPs to tailor their physico-chemical properties
to specific applications. Synthesis and modification of the NPs should improve bio-
compatibility and accessibility to target cells and tissue locations while conserving
their biologically useful properties. For any given biomedical application, particles
should first be characterized and their physico-chemical properties (surface com-
position, charge, nature of the coating, hydrophilicity, etc.) determined. Optimizing
the synthetic procedure and a systematic investigation of the engineering variables
that affect the dimensional, physical and chemical properties is important for the
rational design of NPs with controllable structure and surface proterties [69]. How-
ever, obtaining NPs with predictable structure, size, composition and functionality,
and a well-defined biological response, biodistribution and pharmacokinetic char-
acteristics is a challenging task.

Structural design requirements can vary considerable depending on the final ap-
plication of the NPs. The size of the particles can be tailored to accumulate or per-
meate intracellular or extracellular compartments, depending on whether they are
used in biosensing applications diagnosis or tumor targeting or for drug delivery
purposes. Their surface can be modified to facilitate transport and accumulation
at a specific location. For example, restricted permeation with high accumulation
in tumors in vivo was observed with 100 nm particles while 20 nm particles were
found to rapidly diffuse throughout the tumor matrix [69]. Other questions that
must be addressed include: How particle design can be optimized toward a specific
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application (e.g. increased therapeutic efficiency, controlled delivery, optimized di-
agnostic)? Can this be predicted? Is this related to surface reactivity, surface charge
or NP composition? How NPs interact with biological systems? What is the mecha-
nism of cellular and tissue uptake? Is it possible to control in vivo response through
systematic modifications of the NPs surface? Can in vitro studies be used to predict
in vivo behavior? How are these particles cleared once they accumulate in vivo? In
the following sections we discuss these challenges for the most widely used metal
oxides in relation to the material characteristics of the target tissue and provide ex-
amples of specific biomedical applications.

3.3 Surface Modification of Metal Oxide NPs:
Biocompatibility and Surface Properties

While native NPs can have the desired properties in terms of size, shape and de-
gree of dispersity, they might lack biocompatibility. Most biomedical applications
involve NPs that have been surface-modified with biocompatible layers to provide
chemical functionalities, prevent aggregation, avoid non-specific protein adsorp-
tion and minimize toxic effects in physiological conditions. Surface coating can be
achieved post-synthesis or during synthesis (in situ synthesis or one-pot synthesis)
in a single step reaction in the presence of biocompatible matrices such as poly-
meric hydrogels [4]. In the post-synthesis route, the coating materials are added
to the already formed particles using chemical grafting, ligand exchange [85], or
by surface-entrapment via hydrophobic and electrostatic interactions. In the in-situ
synthesis, coating materials are added in the same reaction solution with the metal
oxide precursors; the coating is formed simultaneously with the particles. Examples
of surface modifications and NP stabilization procedures include chemical graft-
ing of various organic functionalities [26] and addition of silica [73], gold [85] or
polymeric [26, 86—89] shells onto the particle surface to form a core-shell structure.
Examples of general functionalization strategies are shown in Fig. 3.1 for iron oxide
NPs [1].

The outer shell in the core-shell structures can be engineered to carry multiple
functions (Fig. 3.2 ): drug carrier, anchoring point for biomolecules (antibodies,
receptors, proteins) or imaging agents (fluorophores and radionuclides), provide
stability and enhanced biocompatibility and improve intracellular behavior [46].
Such multifunctional NPs can serve as imaging agents, therapeutic carriers (e.g.
drug loaded magnetic particles) or the particle itself can be the drug.

To allow attachment of fluorophores or biomolecules, surface reactive groups
such as carboxylic, amino and hydroxyl groups are first introduced. One of the most
widely used methods is based on 1-ethyl-3(3-dimethylaminopropyl)carbodiimide
(EDC) or a combination of EDC with N-hydroxy-succinimide (NHS) to produce
stable carboxylic or amine-functionalized NPs [2]. Figure 3.3 shows an example of
the chemical functionalization procedure for NPs with covalently bound chitosan
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Fig. 3.3 Chemical modification of the NPs surface with the biopolymer chitosan, using the car-
bodiimide/NHS procedure. Chitosan binding takes place with the amide linkage formation between
the carboxylic group on the NPs surface and the amino group of the chitosan. (Reproduced with
permission from Lopez-Crus et al., J. Mater. Chem., 2009, 19, 6870-6876 [2])

biopolymer via the EDC/NHS chemistry [2]. Glutaraldehyde is another bifunctional
reagent commonly used to attach functional labels. Glutaraldehyde binds at one end
to amino groups of the NPs and at the other end to the amino groups of biomol-
ecules via a Schiff reaction.

Natural or synthetic polymeric macromolecules have been used most frequent-
ly as NPs coatings for biomedical applications. These polymers can add neutral,
charged, hydrophilic or amphiphilic properties onto the NPs surface. Their main
function is to stabilize NPs, prevent aggregation, enhance biocompatibility and
facilitate cellular uptake. Commonly used polymers include poly(ethylene glycol)
(PEG; also known as polyethylene oxide, PEO), dextran, poly-lactic acid, poly-
acrylic acid, hyaluronic acid, polyethylene imine (PEI), polyvinyl alcohol (PVA),
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Fig. 3.4 Chemical structure of most commonly used polymers as nanoparticle coating materi-
als: polyvinyl alcohol (PVA), poly(ethylene glycol) (PEG), polyethylene imine (PEI), alginate,
chitosan and dextran

polyacrylic acid (PAA), alginate and chitosan and its derivatives (their chemical
structures are shown in Fig. 3.4) [26, 86]. PEG is a hydrophilic, water soluble non-
toxic FDA-approved synthetic polymer that increases biocompatibility, enhances
blood circulation time and improves resistance to non-specific protein adsorption
[87-89]. PEG coated iron oxide NPs showed excellent solubility and stability in
aqueous solutions and physiological conditions [75]. Dextran is a glucose-derived
biodegradable polysaccharide that improves biocompatibility and provides NPs
with hydroxyl functionalities. Chitosan is a non-toxic hydrophilic cationic poly-
saccharide commonly used in pharmaceutical formulations and in NPs used as
drug delivery vehicles [90]. When used as a coating material, chitosan adds amino
groups to the NP surface. Chitosan can be either adsorbed or covalently linked to
the NP surface as shown in Fig. 3.3 [2]. Chitosan coated iron oxide NPs are stable
in biological buffers over a wide pH range. Alginate is another polysaccharide with
multiple carboxyl functionalities that produces highly stabile alginate coated NPs.
PEI is a synthetic cationic polymer that forms cationic complexes with NPs and
enhances cell entry via endocytosis [91]. PVA is a hydrophilic biocompatible poly-
mer commonly used to prevent NPs aggregation. PAA is used to produce carboxyl
functionalized NPs [86]. An important variable in the functionalization procedure is
the polymer length. By selecting and optimizing the length and size of the coating
material, it is possible to modulate in vivo effects including cellular uptake, drug
delivery efficiency and toxicity [91]. The length of the PEO copolymer coating
NPs was, for example, inversely correlated with toxicity. NPs functionalized with
polymeric chains less than or equal to 0.75 kDa were the most toxic, and NPs coated
with chains equal to or longer than 15 kDa were the least toxic [92].

Surface modified NPs and the quality of the coating can be determined by mea-
suring the particle charge (zeta potential deduced from measurements of electro-
phoretic mobility), particle size distribution (dynamic light scattering), size of the
crystal using transmission electron microscopy (TEM) and X-Ray diffraction. Fou-
rier Transform Infrared Spectroscopy and x-ray photoelectron (XPS) spectra can
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be used to probe the presence of functional groups [73, 86]. Further improvements
in surface modification techniques are needed for successful in vivo use of NPs.
Specifically, enhancing coating efficiency while ensuring biocompatibility, control-
ling the number and location of functionalities and achieving high reproducibility
during synthesis are several important objectives that need to be addressed in future
research activities.

3.4 Interaction of Metal Oxide NPs
with Biological Systems

The interaction between the NPs and the biological entities (proteins, cells, tissue)
occurs first at the particle surface. Therefore the composition, charge, morphology
and the available surface area are important parameters. The following sections
cover aspects of the interaction between NPs and proteins, cells and tissue and the
effect of physico-chemical parameters.

3.4.1 Interaction of Nanoparticles with Proteins

In a physiological environment, proteins with affinity for the NP surface attach
and cover the particle, forming a “protein corona” [93, 94]. Such interactions are
complex due to the large surface area available, the variability between different
NPs of various compositions and coatings and the wide number and composition of
natural proteins present in biological systems. The factors controlling formation of
the “protein corona” are poorly understood. Further study is required to determine
how binding constants, affinity and stoichiometry affect the formation of the protein
coat. Assessing the lifetime of protein-NPs complexes, the association/dissociation
kinetics and the competition between the various proteins for the NP surface is
also needed. These are important studies since the nature of the protein coat may
dictate the fate and transport of the NPs within cells and tissues, the biodistribution
and clearance within the body and the biological response to the NPs [14, 95, 96].
Greater understanding of the factors involved in the creation of the protein coat
may also provide insight into the design of NPs with improved drug delivery and
diagnostic functions.

Both the amount and the type of protein bound onto the surface influence the
transport and biodistribution of the NPs, and these are closely linked with the
surface properties of the inorganic particles. Studies of NPs with plasma proteins
have been carried out after incubation of the NPs with plasma followed by isola-
tion of the protein-NPs complex in conditions that mimic the bloodstream [3, 95].
Centrifugation, microfiltration, size exclusion chromatography, affinity chroma-
tography, magnetic separation or a combination of these methods have been used
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Fig. 3.5 Protein binding and macrophage uptake for PEG modified and unmodified NPs and
transmission electron microscopy (TEM) demonstrating differential accumulation of the particles
inside cells: PEGylated particles bind less protein and are not taken up by macrophages. (Repro-
duced with permission from the ACS (Dobrovolskaia et al., Mol Pharm., 2008) [3])

to separate the protein-NPs complex from the biological fluid. The amount of total
protein bound to the NP can be quantified using proteomic approaches, e.g. so-
dium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE), Western Blot,
Mass Spectrometry (MS), High Performance Liquid Chromatography (HPLC),
capillary electrophoresis, protein microarray as well as Isothermal Titration Calo-
rimetry (ITC) and Surface Plasmon Resonance (SPR). Size and surface properties
of the NPs, rather than the bulk characteristics, were found to affect the protein
adsorption pattern and determine the composition of the adsorbed protein layer
when NPs were exposed to human serum [93, 97]. When the particle is larger than
the protein, multiple proteins bind to each particle and form extended aggregates.
On the other hand, when the protein is larger than the particle, multiple particles
bind each protein [98]. There are only a few examples of studies of particle-protein
complex in a relevant biological environment [93, 126] and only some of these
have explored the interaction between metal oxide NPs and proteins [94, 99].
As determined by ultracentrifugation, SDS-PAGE, gel electrophoresis and MS,
metal oxide NPs of TiO,, ZnO and SiO, bound a wide variety of plasma proteins
[99]. Different shapes of TiO, nanostructures (nanospheres, nanorods and nano-
tubes) had different protein binding patterns; nanospheres bound more proteins
than the other structures. The metal oxide NPs-protein complex reached equilib-
rium within a few minutes of incubation and agglomeration of the NPs had a large
effect on protein binding [99]. One way to prevent protein binding is to functional-
ize the particles with a biocompatible PEG layer to create a sterically protective
shell around each NP. This procedure changed the interaction of the NPs with
plasma proteins and enhanced particle circulation in the blood. Figure 3.5 shows
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an example of the uptake by macrophages of protected and unprotected particles
(citrate stabilized gold NPs); note that PEG-coated particles are not taken up as
effectively [3].

3.4.2 Interaction of Nanoparticles with Cells and Tissues

NPs may alter multiple signals in the cell environment determining cell fate and
development [100]. The first biologically important interaction after exposure to
NPs is the rapid adsorption of proteins. The type, amount and conformation [101,
102] of the adsorbed proteins regulate cellular adherence, cell migration, prolifera-
tion, and differentiation [94, 103]. NPs can alter membranes, change gene expres-
sion, disrupt mitochondrial function, form reactive oxygen species (ROS), and de-
crease cell viability. Yet, the mechanisms by which extra-cellular compounds are
recognized by and/or gain entry into target cells are not fully investigated [104].
Presumably, surface chemistry determines cellular binding of NPs, and these non-
specific interactions with plasma proteins are likely the main factors responsible
for NPs binding to endothelial cell surface [96]. Moderate levels of intracellular
iron oxide NPs were found to affect neural cell functioning [48]. Moreover, NPs
(e.g. ceria) can either scavenge reactive oxygen species (ROS) or actually enhance
ROS formation, depending on the conditions [105]. On the other hand, the toxicity
of copper NPs [106, 107] was associated with mitochondrial failure, ketogenesis,
fatty acid beta-oxidation and glycolysis, while the toxicity of TiO, NPs was attrib-
uted to changes in the cell surface, membrane breakage and oxidative stress [108].

Cellular uptake of NPs may occur by pinocytosis, non-specific or receptor-
mediated endocytosis or phagocytosis. Attachment and entry of NPs into cells is
determined, like binding to proteins, by factors like electrostatic and hydrophobic
interactions, specific chemical interactions as well as particle size [67, 91, 109].
The attachment of the particles to the cell membrane seems to be most affected by
their surface charge. Patil et al. showed that cells accumulate NPs to a greater ex-
tent when the surface charges on the particles are negative demonstrating that elec-
trostatic interactions are important determinants of protein adsorption and cellular
uptake [110]. Cell membranes possess large negatively charged domains, which
should repel negatively charged NPs. However, Wilhelm et al. [111]. suggested
that the negatively charged particles bind at cationic sites that form clusters on
the cell surface because of their repulsive interactions with the negatively charged
domains of the cell surface. In addition, the NPs, already bound on the cell surface,
present a reduced charge density that may favor adsorption of other free particles.
Thus, the high cellular uptake of negatively charged NPs is related first to the
non-specific adsorption on the cell membrane and second to the formation of NP
clusters [110].
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3.5 Main Types of Metal Oxide Nanoparticles
with Potential Use in Biomedicine

Most biomedical applications of metal oxide NPs involve magnetic iron oxide NPs
as molecular labels and titania as components of biomedical implants. Other par-
ticles, like ceria, have only recently been considered as potential candidates in the
biomedical arena. This section provides an overview of the most promising and
widely used NPs in biomedicine.

3.5.1 Magnetic Iron Oxide Nanoparticles

Magnetic iron oxide (Fe,0, and Fe,0,) NPs have attracted considerable interest in
the biomedical field for cell labeling and separation, magnetic resonance imaging
(MRI), targeted drug delivery, bio-imaging, hyperthermia and biosensing [4, 15,
70-74, 112—114]. Such applications require well-dispersed, chemically stable, uni-
form particles with high magnetization values and sizes smaller than 100 nm. Vari-
ous forms and sizes of magnetic iron oxide NPs are available and can be purchased
from several companies, or they can be prepared using established synthetic pro-
cedures [1, 113, 115], recently reviewed in detail [25, 26, 46]. Hydrolytic synthetic
routes and thermal decomposition methods are most common. For most biomedi-
cal applications, particles are functionalized with biocompatible coatings [4, 46].
Most iron oxide NPs currently in pre-clinical or clinical testing are dextran coated.
Surface coatings (e.g. thickness, hydrophobicity, presence of ligands) and size can
affect relaxivity of magnetic NPs (the efficiency with which a contrast agent can ac-
celerate the proton relaxation rate) [112, 116—119]. Relaxation rates increase as the
size of the NP increased, but increasing coating thickness decreased relaxivity [47].
The magnetism can also be affected by adding dopants (Fe?* is replaced by transi-
tion metals M?>* (M = Mn, Ni, Co)) [114]. However, enhanced MR capabilities of
doped structures may be associated with enhanced toxicity in vivo do to the release
of the dopant (toxic species like Ni, Co, etc.).

Highly magnetized NPs are used as contrast agents for molecular and cellular
imaging in MRI [47, 120]. Such applications require transport and accumulation
of the contrast agent to the target site for disease detection [121]. PEG and dex-
tran functionalized particles have been used frequently for this purpose. Forma-
tion of nanoscale aggregates of superparamagnetic NPs with sizes ranging from
60—-150 nm increased the efficiency of NP contrast agents due to enhanced re-
laxivity. Higher detection sensitivity can be obtained by immobilizing specific li-
gands (e.g. antibodies, receptors) with high affinity towards the molecular targets
to facilitate preferential accumulation of the NPs at the desired anatomical location
[87]. Further attachment of fluorophores onto the NPs surface provided, in addi-
tion to magnetic resonance, fluorescence imaging capabilities [4]. Immuno and
fluorescently labeled (e.g. Cy5, FITC, Texas Red) iron oxide NPs maintained both
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Fig. 3.6 A nanocomposite of magnetic iron oxide NPs carrying anticancer drugs and targeting
ligands in a silica sol-gel matrix used as drug delivery vehicle. The particles were internalized by
pancreatic cancer cells as seen by the fluorescence images. (Reproduced with permission from
Liong et al. ACS Nano, 2, 2008, 889-896 [4])

immunoreactivity (and/or fluoresce) and magnetic properties. NPs with multiple
functionalities are usually at least 20-30 nm in size. Most particles used in molecu-
lar imaging are between 30 and 100 nm (NPs larger than 40 nm are called small
particle iron oxide—SPIO, and particles smaller then 40 nm are called ultra-small
particle iron oxide—USPIO). Larger particles will not enter cells and will be taken
up by macrophages and the reticulo-endothelial system [87]. Small particles less
than 40 nm diameter can be easily taken up by endocytosis [63, 121] and have a
longer blood circulation times [87, 113]. The same particles used for diagnosis can
also be engineered to deliver drugs [73]. Loading drugs onto a mesoporous silica
matrix loaded with magnetic iron oxide and functionalized with a phosphonate
coating is an example of a drug delivery NP; these particles crossed the cellular
membrane and were internalized by pancreatic cancer cells (Fig. 3.6) [4]. Magneti-
cally targeted drug-delivery systems have received a great deal of attention since
the location and properties of NPs can be controlled or manipulated by an external
magnetic field.

Surface-functionalized superparamagnetic NPs were used for in vivo imaging
and as nanoprobes for studying molecular interactions in living cells. Multifunc-
tional iron oxide nanospheres with fluorescence, magnetic and bio-targeting prop-
erties were used for visual cell sorting and manipulation of apoptotic cells [122].
Clinical applications of iron oxide NPs include imaging of the liver, gastrointestinal
tract, metastatic lymph nodes, uterine neoplasms, ischemia-associated inflamma-
tion in stroke lesions, atherosclerosis, multiple sclerosis, kidney disease, infection
and brain tumors and to study cerebra myocardial or renal perfusion [112]. Such
applications have been described in detail in several recent reviews [25, 46, 112,
114, 123].

The cellular response and toxicological effects of magnetic iron oxide NPs have
been studied in vitro and in vivo [92, 124], and different cellular responses were
observed for coated and noncoated NPs. Modifying magnetic NPs with polymers
like dextran, chitosan and PAA was found to influence cell proliferation and cell vi-
ability to a small extent. In one study, internalization of the NPs by cells adversely
affected cell behavior, and this was dependent on particle coating [125]. Dextran
coated NPs induced alterations in cell behavior and morphology that were differ-
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ent from the reaction to bare NPs. In another study, toxicity of polyethylene oxide
(PEO) functionalized magnetic NPs in in vitro cellular assays varied depending
on the molecular weight of the polymer—shorter polymer chains induced greater
toxicity [92]. NP uptake by the cells varied with the cell type [126]. In general,
magnetic NPs were characterized by low toxicity. Iron oxide NPs are believed to be
biodegradable; the iron is released and then metabolized through normal biochemi-
cal pathway [126, 127]. Nonetheless, iron NPs may induce release of ROS and
increase oxidative stress.

3.5.2 Titania

Titania (TiO,) is the most investigated and well characterized single crystalline
metal oxide. The most common forms are anatase and rutile. Most applications
of TiO, are in catalysis and photocatalysis, photovoltaic cells, as dielectric gate
materials, and in photo-assisted degradation of organic molecules. Biomedical ap-
plications include bone implants, UV blockers for skin protection and as support for
promoting cell adhesion. Nano-TiO, of different forms and shapes such as spheres,
wires and hollow spheres, and high surface area nanostructured TiO, thin films
have been produced and many are commercially available [75]. The surface sci-
ence, electronic structure, and properties of TiO, have been reviewed by Diebold,
2003 [128]. Several reports discussed synthesis of uniform TiO, NPs with desirable
surface functionalities [129—131] and discussed their applications in the biomedi-
cal field [131, 132]. The mechanical and physical properties of TiO, NPs can vary
depending on the preparation method. Titania powders and films can be obtained
by sol-gel processes via a colloidal or an alkoxide route [18], heat and chemical
treatment and by electrochemical methods [76, 130]. Electrochemical methods
are mainly used to form uniform titania film coatings and have the advantage of
controlling film thickness by varying the electrochemical deposition parameters.
Other types of structures, such as nano-shells with a Ag core and a titania shell,
were fabricated using a layer-by-layer assembly technique and a negatively charged
polyacrylic acid polymer [75]. Nano-shells with a 10-30 nm diameter were used
to produce bioactive coatings with tunable permeability and sieving functions for
dopamine and ascorbic acid for use in neurochemical monitoring. The films were
compatible with nervous tissue and allowed selective detection of dopamine, an
important neurotransmitter, in the presence of ascorbic acid [75]. Under physiologi-
cal conditions, the negative charge of the TiO, NPs facilitated permeation of posi-
tively changed dopamine while restricting the access of ascorbic acid, a negatively
charged compound and a major interfering compound in biological systems. The
TiO,-polyelectrolyte assembly was compatible with nerve cells (PC12 cells) and
could be used in implantable neurological devices for in-vivo monitoring of brain
activity. Similar core-shell structures with a ZrO, shell and an average diameter of
~35 nm and a shell thickness of 2-3 nm were prepared [133]. Recently, we have
demonstrated that incorporation of titania, in combination with ceria NPs in enzyme
sensors facilitates detection of low levels of dopamine in vivo (detection limits of
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1 nM) in the brain of anesthetized rats [ 134—136]. Both ceria and titania have poten-
tial uses in bioanalytical sensors for monitoring analytes of biomedical importance
(dopamine, glucose, glutamate, hydrogen peroxide, ROS. etc) [134-136]. Such
systems might be useful in neuroscience research involving studies of the role of
neurotransmitters on disorders like stroke, epilepsy, Alzheimer and Parkinson, and
other biomedical conditions.

Biocompatibility, good mechanical stability and self-cleaning properties under
UV exposure are all valuable characteristics of TiO,. Electrochemically deposited
titania films on stainless steel substrates provide a protective, biocompatible layer in
biomedical implants [76]. Sol-gel derived titania with controlled porosity and com-
position promote protein adsorption and improve tissue attachment of implants in
vitro and in vivo [77, 78]. The deposition of a titania film on medical implants facili-
tates strong bonding of the implant to the surrounding tissue through the formation
of a calcium phosphate layer onto the surface of the implant [18]. Both anatase and
rutile were tested for this purpose and no significant difference in tissue responses
were found between the two forms of titania [78, 137]. Cell attachment on titania
surfaces was comparable to attachment on glass. The titania coating can also be en-
gineered to deliver drugs at the implantation site using titania nanotubes [137]. The
strong protein adsorption and bone-bonding characteristics of titania are related to
the existence of surface hydroxyl groups, and protein adsorption can be improved
by changing the chemical composition and oxide structure of the implant surface
(e.g. doping with ions like Ca, F, P and Mg) [131]. A study of the influence of the
nanostructured morphology and anions present in TiO, oxide layers on cell adhe-
sion and proliferation demonstrated that cells are mainly influenced by adsorbed
anions rather than the morphology of the surface [19]. Adsorption of proteins onto
these metal oxide surfaces is also essential in studying mechanisms taking place be-
tween biological entities and medical implants. The reactions at the Ti-OH surface
are related to the surface charge, which can be made either positively or negatively
charged, depending on the environmental pH.

Evaluation of in vivo toxicity is needed prior to biomedical use. Several papers
have reported cytotoxicity studies of titania nanostructures using in vivo and in
vitro models [138]. Some results indicated the occurrence of oxidative stress and
inflammatory responses after administration of titania NPs [ 138, 139], but few toxic
effects were observed following low doses of anatase titania NPs of 5 nm diam-
eter [139, 140]. However, caution must be taken in drawing conclusions from early
nanotoxicology studies [141] due to the large number of uncontrolled experimental
variables, and the variability among biological models and the different types of
titania nanostructures. Toxicity considerations of metal oxide NPs are discussed in
Sect. 3.7 in this chapter.

3.5.3 Ceria

Cerium oxide or ceria (CeO,) and doped CeO, films have received significant atten-
tion as a result of interesting catalytic and free radical scavenging properties, which
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make them attractive for multiple applications in biology, medicine [82, 142], bio-
sensing [134—136, 143, 144] environmental remediation [142] and catalysis [144,
145]. Cerium is a lanthanide element with a fluoride-like crystalline structure. Ce-
rium can exist in two oxidation states: Ce* or Ce*. Under a redox environment,
these two states may be interchanged [12]. Changes in the oxidation state can occur
as a result of factors such as temperature, pH, presence of reactive species and
partial pressure of oxygen [20, 146—148]. The many useful catalytic properties of
ceria have been attributed to the presence of highly mobile lattice oxygen present at
its surface and a large diffusion coefficient for the oxygen vacancies [149], which
facilitates the conversion Ce** to Ce** and thus, allows oxygen to be released or
stored in the crystalline structure of cerium oxide.

2Ce0; < Cey03+1/2 0,

In addition to pure ceria, mixed ceria-based metal oxides exhibit increased oxy-
gen vacancies due to the formation of defective lattice structures, resulting in new
materials with enhanced physico-chemical properties and greater catalytic activity
[150]. The structure of cerium oxide may be modified by mixing or doping ceria
with other rare-earth or transition metal oxides [151, 152]. For example, binary and
tertiary mixtures of cerium oxide and zirconia (ZrQO,), yttria (Y,0,) or titania (TiO,)
have been made [150, 151, 153—155]. In these doped materials, the local oxygen
environment is modified and more efficient redox processes are permitted. Most
studies attribute the enhanced oxygen mobility of mixed and doped oxides to defec-
tive crystal structures with an increased number of oxygen “vacancies” and their
thermodynamic equilibrium [151]. Procedures for preparing homogenous mixtures
of metal oxides with increased oxygen vacancies have also been reported [21, 156,
157] for CeO, mixed with ZrO,, TiO,, YO, [151], and CeO, doped with Sm, Gd, Y,
Yb, Pt [158, 159]. Surface modifications of the ceria NPs can prevent aggregation,
minimize protein adsorption and improve biocompatibility [21, 110], and nanoceria
synthesized in dextran and PEG was shown to promote cell proliferation and in-
crease cell viability [21].

Recently, NPs of CeO, with high Ce**/Ce** ratios were shown to mimic super-
oxide dismutase activity [20]. In another report polymer coated ceria had intrinsic
‘oxidase-like activity’ at acidic pH values; this was dependent on the size of the NPs
and the thickness of the polymer layer [80, 155, 160]. The regenerative ‘enzyme-
like activity’ of ceria involved a reversible oxidation/reduction cycle, indicating that
ceria NPs may have value as therapeutic agents in the treatment of medical diseases
related to reactive oxygen species (ROS) [83, 84, 155]. These include utilization in
spinal cord repair as neuroprotective agents [82, 142], promotion of cell survival
in oxidative conditions [80, 81] and scavenging reactive molecules in the eye to
prevent or delay degenerative retinal disorders [81]. When cells were exposed to
H,0,, a source of reactive oxygen molecules, ceria-based NPs reduced oxidative
damage by over 60% [82, 142]. Similar effects were reported with yttria [80]. The
antioxidant radical scavenging properties of nanoceria may detoxify reactive oxy-
gen species by one or more of the following mechanisms [21]:
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Ce’t + OH® — Ce*t + OH™

Ce*t + 0, =2 Ce*t + 0,

Ce*t + 40H™ — Ce(OH),

Ce*t +30H" — Ce(OH);

These processes take place at the surface of the metal oxide and are affected by
conditions such as pH and temperature [21]. It is important to synthesize nanoceria
for biomedical applications in “biologically relevant” media that are compatible
with cells and tissue, while still conserving the unique redox properties of these
particles. There have been very few studies of the redox and antioxidant capacity
of doped or mixed oxides, and few studies to elucidate the reaction mechanisms in
biological relevant conditions [80, 155]. The next section discusses applications of
ceria as scavengers of free radicals and their use in the treatment of oxidative-stress
related diseases.

3.6 Ceria Based Therapies for Oxidative
Stress-related Diseases

3.6.1 Free Radicals and Biological Consequences
of Oxidative Stress

Free radicals are highly reactive molecules that strip electrons from other com-
pounds to compensate for an unpaired electron in an outer orbital shell. They are
formed by a variety of both normal and pathological biological process. For exam-
ple, mitochondria generate free radicals as part of a normal series of steps in which
carbon based fuels (glucose, fats and proteins) are oxidized by oxygen. Moreover,
because of their intense chemical reactivity, free radicals tend to enter into chemical
reactions that generate additional free radicals with lower chemical reactivity; this
cascade of free radicals may actually contribute to normal cell signaling mecha-
nisms. However, free radicals are also generated during many pathological pro-
cesses, such as inflammation, ischemia and reperfusion. In addition, humans are
exposed to free radicals in the environment as a result of pollutants and by exposure
to ultraviolet light.

Cells and organisms possess intrinsic mechanisms to regulate the levels of free
radicals. These detoxifying processes consist of enzymes that convert free radi-
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cals to less toxic substances in the presence of appropriate substrates, or chemical
compounds that may donate an electron to the free radical to reduce its reactivity.
However, the production of free radicals either endogenously or from exogenous
sources can easily exceed the capacity of these protective mechanisms to detoxify
free radicals and lead to oxidative stress. In living cells, targets of the damaging
effects of excess free radicals include molecules indispensable for normal function
such as proteins, lipids and DNA. As such, oxidative stress plays a role in aging as
well as a variety of disease states.

The hypothesis that free radicals and oxidative stress are part of the normal aging
process was initially put forth by Harman in 1956 [161] as the ‘free radical theory
of aging’. That oxidants contribute to aging is now widely accepted [162], and there
is overwhelming support for this idea from both in vivo and in vitro studies. For
example, long term exposure to free radical scavengers/antioxidants is neuroprotec-
tive and increases life-span in a variety of model systems [163—166]. The increase
in oxidative stress with aging can be attributed to an increase in oxidant load, de-
crease in antioxidant capacity and decreased ability to repair oxidative damage over
time [167-169].

Oxidative stress also plays a prominent role in the pathology of age-related neu-
rological disorders including Alzheimer’s disease, Parkinson’s Disease, cerebrovas-
cular disease and stroke (recently reviewed) [170-175]. In stroke, reactive oxygen
species (ROS) derived from various sources accumulate both during ischemia and
during the reperfusion period [176, 177]. This ischemic/oxidative stress can ulti-
mately contribute to cell death via necrotic or apoptotic pathways [173, 178—181].
Large vessel ischemic stroke (due to a clot or atherosclerosis) can lead to the loss
of 1.9 million neurons and 13.8 billion synapses per minute, equivalent to what is
lost in 3.1 weeks of aging [182]. The dramatic death of brain cells is due to the fast
onset of cellular events, termed the ischemic cascade, that contributes to the demise
of brain cells; bioenergetic failure leads to loss of ionic homeostasis, excitotoxic-
ity, oxidative stress and eventually cell death via necrotic or apoptotic mechanisms
[183]. Reactive oxygen species, including superoxide anion (O,*"), hydrogen perox-
ide (H,0,), hydroxyl radical (HO*"), nitric oxide (NO) and peroxynitrite (ONOO")
accumulate during the ischemic period and induce oxidative damage. This damage
is worsened when blood flow is restored during the reperfusion period [179, 180,
184—187]. Sources of ROS during ischemia/reperfusion include the mitochondria
and calcium-dependent enzymes such as cyclooxygenase, xanthine oxidase and ni-
tric oxide synthase [187]. The involvement of NO in ischemia has received consid-
erable attention because of the myriad deleterious effects associated both with NO
and its byproduct, peroxynitrite (ONOO").

NO normally plays an important physiological role in neurotransmission and
the regulation of cerebral blood flow, but elevated concentrations of NO exacer-
bate tissue damage under pathophysiological conditions such as stroke. Follow-
ing brain ischemia, NO levels in the ischemic region increase into the micromolar
range within 20 min in vivo and remain elevated for up to 48 h [188]. Elevated
intracellular Ca®* resulting from glutamate excitotoxicity may lead to increased ac-
tivation of nitric oxide synthase (NOS) and higher concentrations of both NO and
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peroxynitrite [189—196]. Decreasing the activity of NOS following ischemia using
NOS antagonists ameliorates neuronal injury following severe hypoxia or ischemia
in animal models, brain slices and cultured neurons [197-201]. NOS knockouts
have smaller infarct volumes and fewer neurologic deficits compared to their wild
type littermates following acute, focal ischemia [202—-205]. In addition, NO donors
administered after 12-24 h following ischemic insult exacerbate injury [206]. It
has been suggested that nitrosative damage resulting from peroxynitrite (ONOO ~)
formation secondarily activates caspases, poly(ADP-ribose) polymerase (PARP-1),
and the translocation of apoptosis inducing factor (AIF) into the nucleus, resulting
in programmed cell death [203, 204, 206-218].

Peroxynitrite is both an oxidant and a nitrating agent and is formed by the reac-
tion of NO and superoxide anion. Unlike other strong oxidants, peroxynitrite reacts
selectively with biological targets. The major protein modification following the
reaction of peroxynitrite with proteins is the nitrosylation of tyrosine residues (3-ni-
trotyrosine) [219]. Endogenous tyrosine nitration is derived from enzymatically
produced NO, although NO itself is not a nitrating agent. Under pathophysiologi-
cal conditions, it appears that CO, is a catalyst for peroxynitrite-mediated nitration
of tyrosine residues by nitrosocarbonate. While nitrosocarbonate degrades more
quickly than peroxynitrite, it can attack a wider number of substrates. Furthermore
the nitrosocarbonate-peroxynitrite interaction appears to enhance protein nitration,
one of the most destructive aspects of peroxynitrite [219, 220]. Peroxynitrite can
also react with thiol groups, and the nitrosylation of cysteine residues is an impor-
tant signaling mechanism and is involved in the regulation of enzymatic activity
analogous to the process of phosphorylation [219-222]. Given the wealth of data
supporting a deleterious role of NO-mediated nitrosative damage following isch-
emic-reperfusion injury, interventions that reduce nitrosylation are currently being
investigated as therapeutic targets.

3.6.2 Use of Ceria Nanoparticles to Mitigate Oxidative Stress

To date, there has been a paucity of antioxidant agents with proven efficacy in the
treatment of neurological diseases. For example, vitamin E (alpha tocopherol), vi-
tamin C (ascorbic acid) and carotenoids have been tested in a variety of ‘oxidant
injury’ diseases, but none (with the possible exception of Vitamin E use as a pre-
ventative therapy in atherosclerotic heart disease) has proven successful [223, 224]
These agents have failed for a variety of reasons including their limited antioxidant
capacity and difficulty penetrating the blood brain barrier (they have difficulty gain-
ing access to the site of free radical formation in the brain). Additionally, in many
cases the production of free radicals occurs rapidly and early in the disease process,
and administration of antioxidant agents after the initial ischemic/hypoxic injury is
ineffective.

A potential new therapy for the treatment of oxidative stress diseases is the use
of ceria NPs [225]. The best-known mechanism underlying the action of these NPs
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is thought to originate from their dual oxidation state [21, 22, 83, 84, 149] and their
ability to reversibly bind oxygen and shift reversibly between Ce*" and Ce?* states
under oxidizing and reducing conditions. The loss of oxygen and the reduction of
Ce** to Ce** are accompanied by the creation of oxygen vacancies in the NPs’ lat-
tice. The unique antioxidant properties of ceria NPs derive from the kinetics and
thermodynamics of the redox processes on the NPs surface. These processes can
be enhanced if cerium oxide is in contact with noble metals which can facilitate the
transfer of oxygen from the bulk material to the surface and vice-versa [147, 148].

3.6.3 Biological Models Used to Study the Antioxidant Effects
of Ceria NPs

Because of their potent free radical scavenging properties, ceria NPs have been
used to mitigate oxidative stress in various biological systems [80, 81, 163, 226].
In vitro, ceria NPs are able to rescue HT22 cells from oxidative stress-induced cell
death [142] and protect normal human breast cells from radiation-induced apoptotic
cell death [81] and oxidative damage to the retina following intraocular injection
of ceria NPs in rats [227]. Treatment of rat neurons with nanoceria increased the
lifespan in culture and reduced the cell injury induced by hydrogen peroxide or UV
light in vitro [228]. In a recent study, Niu et al. showed that ceria NPs decreased
both NO and peroxynitrite formation in a murine model of ischemic cardiomyopa-
thy [229]. Other potential biological uses of nanoceria have emerged from studies
showing protection of primary cultures from the detrimental effects of radiation
therapy [142], prevention of retinal degeneration induced by intracellular peroxides
[230] and neuroprotection to spinal cord neurons [163]. Further studies have used
either neuronal or mixed neuronal/glial cultures to investigate the scavenging abili-
ties of ceria to a single ROS species [163, 230].

Cell culture systems represent a relatively defined microenvironment where the
presence of a vascular compartment is not a confounding variable. And, as out-
lined above, the use of immortalized cell lines or primary cell cultures has shed
considerable light on the protective effects of CeO, NPs after a variety of insults
that increase ROS production including UV light, H,O,, irradiation and glutamate-
induced excitotoxicity. One disadvantage of these systems, however, is that the
regional organization and neuronal connectivity are lost as are the relationships
of these cellular elements to the extracellular matrix. For example, results from
recent studies suggest that many extracellular matrix proteins (e.g. integrins, MAP
kinases) contribute to cell signaling and play an active role in shaping neuronal-
glial output in the brain [231, 232].

In contrast to cell culture systems, brain slices (both acute and organotypic)
provide the advantage of maintaining cell stoichiometry and much of the regional
connectivity [201, 233, 234], thus preserving the circuitry between neurons and
glia and their relationship to the extracellular matrix. The first studies on hippo-
campal organotypic (cultured) slices assessed their physiological relevance using
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Fig. 3.7 Low power, CCD
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acute slices as comparison [179, 184, 201, 233-235] (Fig. 3.7) and confirmed
that synaptic activity as well as chemical signaling is maintained. Cultured slices
thus allow the functional analysis of the properties of the nervous tissue and rep-
resent a widely accepted experimental model used extensively in molecular biol-
ogy, electron microscopy, imaging, electrophysiology and immunohistochemi-
cal studies. The use of more intact preparations, such as brain slices, is likely
a more suitable intermediate model for examining the cellular effects of ceria
nanoparticles before they are tested in intact, living animals. Using organotypic
brain slices prepared from CD1 mice, we found that treatment with ceria NPs
ameliorates ischemic injury in the hippocampus [314] (Fig. 3.8), a region of the
brain particularly vulnerable to the effects of oxygen and glucose deprivation as-
sociated with stroke.



78 S. Andreescu et al.

3.7 Toxicity Considerations of Metal Oxide Nanoparticles
for In Vivo Biomedical Use

While many engineered nanomaterials are commonly used in commercial prod-
ucts and industrial processed, interactions of NPs with biological processes such
as transport mechanisms, kinetic properties, toxicity and accumulation in living
organisms as well as their environmental and health effects are largely unknown,
although these issues have recently become a significant concern [16, 236-238].
Concerted efforts to understand the behavior of nanomaterials in biological systems
and study their possible interactions with living organisms have been promoted at
a global scale [239]. In the following sections we discuss the in vivo and in vitro
toxicity of metal oxide NPs relevant to biomedical applications.

3.7.1 Effect of Physico-Chemical Properties

Various types of metal oxide nanostructures (e.g. ZnO, CuO, TiO,) show varying
degrees of cytotoxic effects which are not observed with larger particles of the bulk
material [240-242]. Recent studies focus on assessment of health effects of NPs
after respiratory, gastrointestinal and dermal exposure using mice [10, 243], cell
culture [240, 244, 245], bacteria or crustaceans [246], freshwater alga [241] and ze-
brafish [247-263]. While research is growing, mechanisms of developmental toxic-
ity remain largely unexplored [248]; understanding the translocation, accumulation
and retention pathways of NPs in vital target sites need more systematic studies
[264]. Recent research has stressed the need to develop a “predictive toxicological
paradigm” for the assessment of nanomaterial toxicity to define which aspects of
each material’s physicochemical properties “leads to molecular or cellular injury
and (the assessment) also has to be valid in terms of disease pathogenesis in whole
organisms” [57, 265-267]. The mechanisms toxicity of NPs are complex [268] and
may be a result of:

* Nanomaterial size: NPs less than 100 nm can enter cells by receptor mediated
endocytosis [97]; NPs less than 40 nm can enter the cell nucleus; and NPs less
than 35 nm can pass the blood brain barrier [243, 269-272]

» Material solubility, which varies with particle composition and species [241,
268, 273]

» Aggregation, which results in larger entities ranging from several hundred nm to
several um [241]

» Production of oxidant species: NPs in contact with biological materials (cells or
tissues) can trigger production of ROS [274-277], which can further damage the
cells through oxidative stress [240, 241, 246]

» Reactivity due to the metabolic alkalosis or intracellular dissolution [10, 268,
276]
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* Increased mobility across cell membranes: NPs may be able to cross cell mem-
branes [278]. However, studies have shown that NPs do not necessarily have to
enter the cells to produce toxic effects [246]

» Surface coating: coating and physicochemical properties (hydrophobicity and
surface charge) [279, 280].

Several studies have shown a direct relationship between the structure of NPs
and their impact on biological systems [263, 281]. For example, Au NPs—tradition-
ally an inert material as a bulk compound—show significant biological reactivity
in mammalian cells. In some studies, Au NPs have shown reduced toxic effects
despite their uptake into the cells by endocytosis [282, 283]. However, when the
particles were functionalized with cationic side chains, they were toxic [284]. The
aggregation state and surface charge are other important factors that determine cel-
lular uptake and NP’s adsorption on cellular membrane. The surface coatings for the
‘same’ type of material may depend on synthesis and/or processing used [285, 286].
It is also important to correlate the material’s biophysical characteristics with in
vivo and in vitro assays and establish a “life cycle” of the behavior and transport of
NPs in biological systems starting from the material processing to cellular uptake,
tissue response and clearance.

3.7.2 In Vivo and In Vitro Toxicity Studies of Metal
Oxides Nanoparticles

As with any therapeutic agent that is being evaluated for potential use in humans,
toxicological studies are important to assess health risks and deleterious side ef-
fects. Carbon-based materials, such as fullerenes (buckeyballs) and single-walled
nanotubes (SWNTs), have been the most extensively characterized nanostructures
in this regard. The major toxicological concern with these nanomaterials is their
pro-oxidant effects [287] and the ease with which they are transported across cell
membranes and localize to mitochondria. Toxicity of these compounds varies ac-
cording to tissue/cell types, but generally, cytotoxic effects emerge in a dose- and
time-dependent manner for all of the carbon-based nanoparticles tested; cells
can only withstand short-term exposure to low concentrations of these particles
(<10 mg/ml). A few direct comparison studies reported that SWNTs have greater
toxicity than other carbon nanoparticles [288—290]. Several hypotheses have been
put forward to explain this observation. One is related to the manufacturing process;
the synthesis of SWNTs requires the use of metal catalysts, which can be toxic
themselves. Particle aggregation has also been suggested as a factor in the cytotox-
icity of NPs. Studies on multi-wall nanotubes have yielded results similar to those
of SWNTs—they cause significant cytotoxicity.

Several cytotoxic studies of metal oxide NPs have been reported recently [242,
291-295]. When comparing the toxicity of nano and micro-meter particles of
several metal oxides (Fe,0,, Fe,O,, TiO, and CuO) in A549 human cell lines, it
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was found that CuO NPs were more toxic than microM sized CuO particles. The
CuO NPs caused significant mitochrondrial damage [242]. In the same study, TiO,
caused more damage to DNA and the iron oxides NPs showed low toxicity and no
differences among different size particles. Toxicity of TiO,, Al,O, and carbon nano-
tubes toward two strains of bacteria was dependent on their chemical composition,
size, surface charge and shape, but also on the bacterial strain [204]. Exposure time,
dose and the type of treated cells are other factors that determine in vitro cytotoxic
effects [293]. Solubility strongly influenced the cytotoxic effect as well [294]. NPs
with very low solubility can be persistent within the biological system and induce
long-term effects on the organism. In a study of nanosize zinc oxide, investigators
tried to establish whether in vitro assays can be used to predict lung damage fol-
lowing inhalational exposure in vivo. In vivo studies in rats showed short-term lung
inflammatory or cytotoxic responses while in vitro cell culture exposure produced
minor responses only at high doses [292]. Thus, cell culture methods did not accu-
rately predict the in vivo exposure response [296]. Nonetheless, in vifro assays may
provide a simple, ready available cytotoxic test [294], but the value of such testing
is not fully established.

The toxicological assessment of ceria-based NPs has lagged considerably be-
hind that of the carbon-based structures. The majority of studies of ceria NPs have
been performed using in vitro preparations. In contrast to the carbon-based forms,
ceria NPs are relatively non-toxic and had few deleterious effects on cell cultures
prepared from spinal motor neurons [297], retina [298] and immortalized cell lines.
These cells withstood high concentrations of ceria NPs without adverse effects. It
should be noted, however, that there are some cell types for which this generaliza-
tion does not apply. For example, immortalized, human bronchial epithelial cells
(BEAS-2B) exposed to ceria NPs show reduced viability in some studies [299],
though not all studies [300]. Bronchial epithelial cells may be inherently more sen-
sitive to NPs—a matter needing further investigation.

Zebrafish provide a vertebrate model system to test the route of exposure and
to identify levels of toxicity of NPs [247-263]. Zebrafish have a full complement
of organ systems that are similar in structure and physiology to other vertebrate
systems [301]. Recent work has focused on study of toxicity and effects of ceria
NPs in vivo in zebrafish embryos. In these studies, ceria NPs accumulated to a great
extent in the digestive system; yet developmental defects were not observed. By
comparison, exposure to different sizes nickel NPs induced developmental defects
including thinning of the epithelial barrier, and at higher concentrations, skeletal
muscle fiber separation [249]. It is possible that the antioxidant activity of ceria
[21, 22] is preventing tissue inflammation while protecting against the release of
reactive oxygen species. We have also examined the behavior of iron oxide NPs
and their interactions with embryos [302]. Figure 3.9 shows Fe,O, NPs that attach
strongly to the chorion. The chorion is an accellular envelope of intercrossing layers
protecting the embryos during development [263]. The channels of the chorion are
~0.6 um diameter; thus the chorion should not prevent the diffusion of the 10 nm
particles. The fact that the particles attach to the chorion indicates the presence of
specific and non-specific interactions. An effect of surface coating is evident; when
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Fig. 3.9 Embryos within the chorion exposed to Au@Fe,0, a and Fe,0, b NPs showing strong
attachment of the Fe,0,

Fig. 3.10 Transmis-

sion Electron Micrograph

of cerium nanoparticles
localized to mitochondria
(arrows) and neurofilaments
in the rat cortex overlying the
hippocampus

we compared the Fe,O, with the Au coated Fe,O, NPs (Fig. 3.9), the coated Fe,O,
did not attach to the chorion, suggesting the occurrence of a different type of surface
specific interaction from the uncoated particles.

Few studies have examined the cellular distribution of NPs. Using an organo-
typic brain slice culture system we found that cerium NPs co-localize extensively
with lipid/myelin membranes, mitochondria and neurofilaments (Fig. 3.10). This
cellular association with mitochondria is interesting since mitochondria are the prin-
ciple source of cellular free radical production and neurofilaments are responsible
for shuttling mitochondria to regions of the cell that are ATP depleted. Moreover,
their concentration in lipid membranes may reduce the extent of lipid peroxida-
tion associated with increased ROS production. Thus, ceria appear to be optimally
situated to scavenge free radicals near the source of production. These preliminary
studies suggest that although ceria NPs localize to mitochondria, the toxic effects
similar to those seen with carbon-based nanomaterials are not observed.
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It is important to take into consideration that changes in the size, chemical com-
position, surface structure, solubility, and shape may influence the biological effects
of NPs since these factors can alter protein binding and cellular uptake. NP binding
to proteins may generate complexes that are more mobile and can enter tissue sites
that are normally inaccessible by free particles. The application of dextran surface
coatings to ceria NPs alters the surface charge and can prevent aggregation, mini-
mize protein adsorption, improve biocompatibility and increase cellular uptake and
circulation time in vivo. Different biocompatible surface coatings, such dextran,
PEG, polysorbate and chitosan, can be used to vary the surface charge of the NPs
[303, 304]; dextran yields NPs with negative surface charge, whereas the applica-
tion of chitosan results in a positive surface charge. Nanoceria samples having posi-
tive zeta potential were found to adsorb more BSA while the samples with negative
zeta potential showed little or no protein adsorption. The cellular uptake studies
showed preferential uptake of the negatively charged NPs [110].

Ceria NPs of small sizes (5-10 nm) relative to many proteins, permit NPs to tra-
verse both vascular and cellular compartments and as result, NPs have been inves-
tigated as vehicles for drug delivery to the brain [305]. Recently, Yokel et al. 2009
[306] examined the biodistribution of uncoated, 30 nm ceria NPs in rats following
1.v. infusion. Infusions were delivered to the rats via tail vein between 0.5-7.5 h, and
the doses ranged from 50750 mg/kg. The doses used in this study were far greater
than those used in any previous studies. Administering such large doses makes sense
given their interest in determining the biodistribution and toxicology of the ceria
NPs. Importantly, few behavioral changes were noted aside from a slight tachypnea
and an increase in chewing and licking demonstrated by some animals during infu-
sion. No adverse effects were noted following the administration of the NPs, and
none of the animals died prior to the end of the experiment. Up to 20 h following the
infusions, the majority of ceria was distributed either in the liver or the spleen; less
than 0.1% was located in the brain. TEM analysis revealed few ceria particles in the
brain, and these particles appeared to be restricted to astrocytes. The integrity of the
blood-brain barrier was intact. This localization of ceria principally in the liver and
spleen may have been due to the relative ease with which these particular particles
agglomerated in vivo. The only marker for oxidative stress in the brain was HNE
staining, a product of lipid peroxidation of polyunsaturated omega-6 acyl groups in
the hippocampus 20 h post infusion. The highly reactive HNE can bind to proteins,
inducing both conformational and functional changes [307-310]. Given the lack of
ceria in the brain, it is possible that these markers of lipid peroxidation where in-
duced by the production of pro-inflammatory cytokines that secondarily crossed the
blood brain barrier [311-313] The results of this study suggest that short-term, sys-
temic administration of ceria showed little toxicity with very large doses. The lack of
cerium entry into the brain noted in this study suggests that the physical and chemi-
cal (i.e. size, shape, surface charge and propensity for agglomeration) features of
the ceria are critical factors in delivering NPs to the brain. We have found that ceria
particles agglomeration approaching 50 nm greatly reduces the mobility of the NPs
into the intracellular space in brain tissue. Using biocompatible cell surface coatings
(e.g. dextran, PEG) increase dispersion and decrease agglomeration and facilitate
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cellular uptake of the NPs. As work progresses in this area and the therapeutic win-
dow for ceria is established, the benefits associated with the antioxidant capacities
of the ceria NPs will need to be balanced against the deleterious pro-oxidant effects.
Studies such as Yokel’s [306] are an important and necessary first step in delimiting
the physiological effects of NPs and determining their potential therapeutic value in
treating conditions leading to oxidative tissue injury.

3.8 Conclusions

Metal oxide NPs have already had a major impact in the biomedical field. The
biomedically beneficial uses of metal oxide NPs derive from their biophysical
properties, which are often unique to the nanoparticulate forms of the metal ox-
ides—Ilarger forms of these metal oxides do not have such interesting biological
properties. The important properties of metal oxide NPs range from the surface po-
rosity of TiO, nanoparticles, which enhance tissue binding, to the enzyme mimetic
properties of CeO, nanoparticles either with or without doping by other transitional
metals. Although a great deal has already been learned about these NPs, studies of
the chemistry, bioavailability and especially toxicology are only in their infancy. It
is abundantly clear that metal oxide NPs have tremendous promise as biomedically
useful materials, and many interesting uses of these substances remain to be ex-
plored. Before the full potential of metal oxide nanoparticles can be realized, there
must be more extensive and thorough studies of the toxicity of these NPs. At the
present time, metal oxide nanoparticles do not seem to be particularly toxic at low
levels. However, this facet of these materials is the least well studied aspect of their
chemistry, and this deficiency must be rectified before metal oxide NPs can be used
widely in human biomedical applications.
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Chapter 4
Biomedical Applications of Gold Nanoparticles

Tapan K. Sau and Dan V. Goia

Abstract Due to their unique physical and chemical properties, gold nanoparticles
are poised to play an important role in this exciting and dynamic field. This article
discusses the properties of colloidal gold nanoparticles and how they are exploited
in the most notable applications in bioimaging, biosensing, diagnostics, drug deliv-
ery, and other therapies. The most important methods used for preparing colloidal
gold and some of the strategies used in tailoring the properties of the nanoparticles
to specific biomedical applications are also reviewed.

4.1 Introduction

Applications of nanoparticles in diagnosis, treatment, and monitoring of biological
systems are slowly coalescing into a new field, often referred to as ‘nanomedicine’
[1]. Materials with nanoscale dimensions are of great interest in biomedical ap-
plications because their size is comparable to, or smaller than, that of many impor-
tant biological entities such as genes (2 nm wide and 10-100 nm long), proteins
(5-50 nm), viruses (20—450 nm), or cells (10-100 pwm) [2]. These tiny particles can
access otherwise unreachable regions of the organism and engage in interactions
at molecular level or deliver a therapeutic load. For these reasons, it is widely ac-
cepted that systems incorporating either inorganic or organic nanoparticles have the
potential to change dramatically the landscape of the biomedical field. A confirma-
tion of this prediction is the large body of research focused on the development of
nanoparticles and nano-structures for bio-sensing, diagnostics, drug delivery, and
therapeutic purposes. Indeed, hundreds of nanomaterials-based imaging and diag-
nostic devices and a similar number of drug delivery systems are already in pre-
clinical, clinical, or commercial development stage [3] and their number increases
rapidly each year.

Due to their unique physical and chemical properties, gold nanoparticles are
poised to play an important role in this exciting and dynamic field. This article dis-
cusses the properties of colloidal gold nanoparticles and how they are exploited in
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the most notable applications in bioimaging, biosensing, diagnostics, drug delivery,
and other therapies. The most important methods used for preparing colloidal gold
and some of the strategies used in tailoring the properties of the nanoparticles to
specific biomedical applications are also reviewed.

4.2 Historical Background

Due to its esthetically-pleasing qualities, resistance to corrosion, and rarity, gold
has been viewed since ancient times as the most valuable metal. These character-
istics led to its extensive use in jewelry, art, decorations, and especially as money.
In different forms, gold has also a long history of uses for therapeutic purposes.
People in ancient India, Egypt, and China believed in the curative powers of gold
for treating various diseases such as smallpox, skin ulcers, syphilis, and measles
[4-7]. Chrysotherapy, or the use of gold complexes for treating arthritis, is also
known for long time [8, 9]. We do not know for sure if gold colloids were used
during those times to treat diseases and, if they were, we do not have any infor-
mation about how they might have been prepared. We do know, however, that
the optical properties of colloidal gold were widely used already in antiquity for
decorative applications, which included stains and cosmetic ointments. Given the
good skin tolerance, which was for sure noticed in the later case, it is reasonable
to assume that old societies have attempted to use dispersions of colloidal gold
for various external and, possibly, internal therapies. The work of Faraday in the
mid-nineteen century has dramatically improved the understanding of the scien-
tific aspects related to the preparation and properties of gold sols. In 1857, he was
the first to suggest that the colored stable gold colloids contain the metal in finely
divided state [10]. He further concluded that the burgundy red color of gold sols
was the result of the interaction of light with the dispersed gold particles. Consid-
ering that the particulate nature of colloidal gold was experimentally substanti-
ated only a century later (1942) by Thiessen [11], these insights are a testimony of
Faraday’s genius. His work laid the foundations for the theoretical and practical
discoveries of the early twentieth century in the field of colloid science and paved
the way for the use of gold colloids in bio-medical applications. Indeed, color
reactions between colloidal gold particles and proteins present in cerebrospinal
fluid or blood serum were documented already in 1920s and 1930s [12, 13] and
in 1939 Kausche and Ruska reported the effect of colloidal gold adsorption on
tobacco mosaic viruses [14]. Harford et al. in 1957 and Feldherr and Marschall
5 years later reported the use of colloidal gold as an electron-dense tracer in
cellular uptake and microinjection experiments [15]. In the same decade it was
discovered that attaching gold particles to proteins hardly affects their activities
[16]. Later, the invention of immunogold staining procedure by Faulk and Taylor
in 1971 confirmed the potential of colloidal gold nanoparticles in biological ap-
plications [17, 18]. Gold particles containing radioactive isotope !?’Au have been
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Fig. 4.1 Schematic illustrating various applications of gold nanoparticles in the bio-medical field

used recently for the treatment of liver cancer and sarcoma [16, 19]. Gold bulk
or complexes have been widely used in the biomedical field as well. Gold metal
is incorporated in medical devices like pacemakers, gold plated stents [20, 21],
middle ear gold implants [22, 23], and gold alloys in dental restoration [24, 25].
Finally, several organo-gold complexes with promising antimicrobial, antitumor,
antimalarial, and anti-HIV activities have been also reported [6, 8, 9].

As this short overview clearly indicates, the medical and biological use of gold
nanoparticles is widespread and their applications are multiplying rapidly. The fol-
lowing section surveys the properties of colloidal gold which makes them suitable
for applications in the bio-medical field.

4.3 Properties of Colloidal Gold Relevant
for Biomedical Applications

The unique properties of gold nanoparticles exploited in the bio-medical field de-
pend on the size, shape, morphology, surface chemistry, and electrical charge. The
ability to tailor these features as well as the biocompatibility of colloidal gold is
central to all biomedical applications (Fig. 4.1).
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Fig. 4.2 When light impinges on a metal nanoparticle with a size much smaller than the wave-
length of the incident radiation (d<<X), it induces a dipole (indicated by ‘+” and ‘- signs) due to
the oscillation of the conduction electrons across the metallic nanoparticle. The dipole oscillates in
phase with the electric field of the incoming electromagnetic wave. The resonant coherent oscil-
lation of the conduction electrons in the metal nanoparticle causes absorption of radiation energy
generating the so-called localized surface plasmon resonance (LSPR). Top schematic shows coher-
ent dipolar oscillation of the conduction electrons for spherical/isometric nanopar
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4.3.1 Tunable Localized Surface Plasmon Resonance (LSPR)

Both bulk and colloidal gold show fascinating optical properties. The pleasing yel-
low color of bulk gold is caused by the electronic transition from the filled 5d band
to the Fermi level. Relativistic/kinematical effects in gold result in a smaller gap
between the full 54 band and the Fermi level of the half-filled 6s band than the cor-
responding gap for non-relativistic set of orbitals. Spin-orbit couplings also play an
important role in the optical properties observed [26]. Similar transitions occur in
other metals as well. In silver, for example, the gap between 4d and 5s is wider and
the transition occurs in the ultraviolet region [27, 28]. Nanometer sized gold par-
ticles exhibit characteristic colors when interact with light [29]. UV—visible-NIR
light impinging on an interface between a metal and a dielectric can excite collec-
tive oscillations of the electrons in the conduction band. These oscillations, called
surface plasmons, are localized in the case of nanoparticles (Fig. 4.2). The optical
properties of colloidal gold in the UV—visible-NIR spectral range are mainly de-
termined by the localized surface plasmon resonances (LSPR) observable in their
extinction/absorption spectra [30]. Associated with the LSPR are strongly enhanced
and highly localized electromagnetic fields surrounding the nanoparticles that give
rise to the ‘local field enhancement’ [31]. The peak wavelength, width, and intensity
of the LSPR and the enhanced local field in the vicinity of the gold nanoparticles
depend on the particle size, shape, composition, surface charge, surface-adsorbed
species, refractive index of surrounding medium, and interparticle interactions [29,
32]. The typical wavelengths of LSPR for spherical gold nanoparticles lie in the
visible spectrum around 530 nm [33]. In the case of isometric/spherical nanopar-
ticles the LSPR can be tuned by simply changing their size. However, at larger
sizes the plasmon band is significantly broadened due to radiation damping [34,
35]. A more elegant tuning of the LSPR, which avoids significant peak broadening,
can be achieved by changing the geometry of the nanoparticle. For example, the
LSPR is red-shifted all the way in the near infrared region (800—1200 nm) for nano-
rods, nanoshells, nanobox/nanocages, nanoprisms, or nanostars. The extinction in
the NIR region is an extremely useful property for in vivo optical applications as
this wavelength domain is an effective ‘biological window’ (‘tissue transparency
window’ or ‘water window”). Since NIR radiation can penetrate body tissues with
minimum loss due to hemoglobin and water absorption, it provides an opportunity
for light-guided effects in deep tissues [31, 36-38]. The LSPRs of non-spherical
gold nanoparticles such as rods, disks, triangular prisms, etc. typically split into
distinctive dipole and quadrupole plasmon modes due to their anisotropy [32, 39,
40]. Because of the changes in the optical properties, the gold nanoparticles can be
used for labeling with sources of different wavelengths [41—43].

ticles (a) and rod-shaped metal nanoparticle oriented transversely (b) and longitudinally (c) to the
incident radiation. (d) Depicts the resulting absorption spectra for gold nanospheres and nanorods.
(Eustis and El-Sayed, Chem. Soc. Rev., 2006, 35, 209-217. Copyright © 2006, Royal Society of
Chemistry)
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Table 4.1 SPR wavelengths and refractive index sensitivities (in RIU) of gold nanoparticles of
different sizes and shapes. (Adopted from Chen et al., Langmuir 2008, 24, 5233. Copyright © 2008
American Chemical Society)

Au Length Diameter Aspect Plasmon Index sensi- Figure of
nanoparticles (nm)? (nm)® ratio® wavelength tivity (nm/  merit
(nm)? RIU)®
Nanospheres 15 (1) 527 44 (3) 0.6
Nnanocubes 44 (2) 538 83 (2) 1.5
Branched 80 (14) 1141 703 (19) 0.8
nanoparticles

Nanorods 40 (6) 17 (2) 2.4(0.3) 653 195 (7) 2.6
Nanorods 55(7) 16 (2) 3.4(0.5) 728 224 (4) 2.1
Nanorods 74 (6) 17 (2) 4.6 (0.8) 846 288 (8) 1.7
Nanobipyramids 27 (4) 19 (7) 1.5(0.3) 645 150 (5) 1.7
Nanobipyramids 50 (6) 18 (1) 2.7(0.2) 735 212 (6) 2.8
Nanobipyramids 103 (7) 26 (2) 3.9(0.2) 886 392 (7) 4.2
Nanobipyramids 189 (9) 40 (2) 4.7(0.2) 1096 540 (6) 4.5

The numbers in the parentheses are standard deviations.

2 The length for nanocubes is the edge length; for branched nanoparticle it is the distance from
the center of the particle to the tip of the branch.

b The diameter for nanobipyramid is the central width.

¢ The ratio between the length and the diameter.

4 Values for Au nanoparticles dispersed in aqueous solutions.

¢ For nanobranches it is the value for the longer-wavelength plasmon peak; for nanorods and
nanobipyramids it is value for the longitudinal plasmon resonance peaks.

The LSPR dependence on the external refractive index and the plasmon cou-
pling due to interparticle interactions are very important in sensing applications
[44, 45]. The sensitivity of LSPR to changes in the refractive index depends on
particle morphology [46—48]. Between the longitudinal and transversal resonance
modes, the former responds more strongly to the change in the refractive index of
the dispersion medium. For this reason, in the case of the nanorods the sensitiv-
ity increases with the aspect ratio of the particles [49-51]. The refractive index
sensitivity becomes also more pronounced as the wavelength of LSPR increases
[49]. Single particle spectroscopy investigations clearly show the interrelationship
between particle morphology and the sensitivity to the change in local refractive in-
dex of the surrounding medium [52, 53]. The LSPR generally undergoes a red shift
as the local refractive index increases [52]. The magnitude of the red shift per unit
of refractive index varies with the particle geometry (Table 4.1) [48]. According to
Chen et al., the sensitivities increase when gold nanoparticles become elongated or
their apexes become sharper. Thus, spherical gold nanoparticles exhibit the smallest
refractive index sensitivity [44 nm/refractive index unit (RIU)] whereas anisotropic
gold nanoparticles exhibit the largest index sensitivity (703 nm/RIU). LSPR sensi-
tivity to the refractive index makes gold nanoparticles promising materials for con-
structing biomolecular sensors. Typically, for these applications gold nanoparticles
are first modified with selective binding agents such as receptor proteins, DNA, or
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immunoreagents. Adsorption or attachment of biomolecular recognition agents to
the nanoparticle surface results in a change in the local refractive index with a cor-
responding shift in the LSPR signal. Such LSPR shifts can be monitored easily by
spectroscopic techniques. This principle has been utilized to detect small quantities
of bio-molecules [54-56].

Interparticle coupling of individual particle plasmons results in the red-shift of
the LSPR band [57, 58]. Aggregation of the nanoparticles can be induced by spe-
cific molecular recognition events, where the bio-molecules act as bridges connect-
ing the nanoparticles [57]. Self- and induced-aggregation of biofunctionalized gold
nanoparticles have been used to study DNA hybridization and other selective bio-
molecular recognitions and to develop colorimetric assays in which the particles are
used as detection probes [59-61]. Gold nanoparticle-based colorimetric methods
can detect ~ 10 fmol of an oligonucleotide, which is approximately 50 times more
sensitive than the conventional fluorescence based sandwich hybridization detec-
tion method. By monitoring the LSPR one can extract information regarding the
local environment and interparticle distance, while also providing avenues for fast
and sensitive detection of target analytes. This enables construction of sensitive
colorimetric sensors for various applications.

4.3.2 Large Absorption and Scattering Cross-Sections

The plasmon resonant particles (e.g., Au, Ag nanoparticles) can replace or comple-
ment the colorimetric, fluorescent, or radioactive labels that are routinely used in
immunoassays and cellular imaging [62—66]. These particles have very high scatter-
ing cross-sections compared to the commonly used labels. For example, the elastic
light scattering cross-section of a ~80 nm plasmon resonant particle is equivalent
to that of 500,000 individual fluorescein molecules and is > 10°-fold larger than that
of typical semiconductor quantum dots [64, 67]. The non-blinking and high photo-
stability characteristics of these ultra-bright plasmon resonant particles allows for
them to be individually identified and counted. The result is a dramatic reduction in
the detection limit of the method, which allows for the development of ultrasensi-
tive assays based on single-target molecule detection.

4.3.3 Localized Enhanced Electromagnetic Field

Plasmon resonant particles are surrounded by strongly enhanced and highly local-
ized electromagnetic fields when excited at their LSPRs. These fields are the direct
result of the polarization associated with the collective electron oscillation in the
metal particles [29, 32]. For example, a ~20-fold enhancement in the electric field
has been estimated near a 50 nm gold nanoparticle [68]. The local field enhance-
ment factor depends on the particle shape. The field enhancement at the tip of a
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spheroid is more than the one created by a sphere of similar dimensions [69-72].
Other factors, such as surface-induced relaxation (surface scattering) and radiative
decay (radiation damping) effects, can decrease the enhancement and cause a sig-
nificant broadening of the plasmon band of metal nanoparticles [69]. A narrow and
long lasting plasmon band is beneficial for all applications that rely on a local field
enhancement [73]. For example, the effective SERS cross section [74] and third or-
der susceptibility of metal nanoparticles [75] are proportional to the fourth power of
the inverse of the homogeneous linewidth of the plasmon band. Interparticle inter-
actions and the coupling of individual particle plasmon bands give rise to strongly
localized and enhanced electromagnetic fields (also called ‘hot-spots’) at the junc-
tions between aggregated plasmon resonant particles [76]. As Raman scattering in-
tensity is approximately proportional to the fourth power of the local electric field
enhancement, even a modest increase in the latter near the metal particle leads to a
substantial increase of Raman scattering intensities. As a result, signals from single
molecules located in these ‘hot-spots’ can be detected [77—79]. However, it is dif-
ficult to create such hot-spots in a complex and dynamic environment such as a cell
or a cellular membrane and placing the analyte molecules in those hot-spots present
a challenge. In order to take advantage of Raman imaging in such complex systems,
the use of gold nanostars has been proposed. Gold nanostars consist of a spherical
core and a few sharp-tipped arms pointing outward. The local field enhancements
have been predicted to be on the order of 10? in the vicinity of their tips [80, 81].
The potential of using SERS effects associated with nanostars, either isolated or
connected to other metal surfaces, has been already reported [82, 83].

Due to the enhanced local fields, a molecule residing on or near a plasmon reso-
nant nanoparticle experiences a light intensity far stronger than the intensity of the
incident light [84]. Like SERS, the optical local field enhancement provides the
basis for other applications in molecular detection, sensing, nanophotonic devices
via surface-enhanced fluorescence (SEF), two photon photoluminescence (TPPL),
and other nonlinear optical processes. Surface enhanced spectroscopic techniques
(like SERS and SEF), which rely on the local field enhancement, can strongly en-
hance the spectral intensity of cellular chemical constituents near the particles and
serve as tools for ultra-sensitive monitoring of the intracellular distribution of vari-
ous species and events. Colloidal nanoparticles of gold (and silver) are particularly
attractive as SERS and SEF substrates, as the localized surface plasmon resonance
wavelengths of these particles can be tuned over a broad range in the UV—visible—
NIR region [85-87].

Fluorescence has been widely used as signal transduction tool for imaging and
single molecule studies of biological systems as well as for detection of trace levels
of analytes. Metal nanoparticles have been found both to quench or enhance fluores-
cence intensity of a fluorophore [76, 84, 88-92]. The particle-mediated quenching
or enhancement is determined by several factors including the type of interactions
between fluorophores and metal surfaces, the location of the fluorophore around
the particle, the orientation of its dipole moment relative to the particle surface,
and the particle-fluorophore distance [76, 89-94]. Forster resonant energy transfer
(FRET) at the surface plasmon absorption of the metal particle results in quench-
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ing. FRET has been widely used to measure short distances between sites or bio-
molecules due to its 1/# distance dependence [63—65]. When energetically excited
donors and acceptors are present in proximity of subwavelength metal particles, the
rates of energy transfer increase at distances up to 70 nm, which is ~ 10-fold larger
than typical Forster distance [63, 64]. Fluorescence enhancement occurs through
the increase of the strength of the incident light field, which increases the rate of
excitation and the radiative decay rate of the fluorophore [90]. An appropriate prox-
imity and orientation of fluorophores to metal particles modifies the photonic mode
density around the fluorophore and leads, under favorable circumstances, to a ra-
diative rate outranging the rate of losses [90, 93]. The quenching or enhancement
of the fluorescence, or changing the lifetime of a fluorophore is also dependent on
the geometry of the metal particles [85, 95, 96]. Fluorescence is either enhanced or
quenched depending if the fluorophore molecular transition dipole is enhanced or
canceled by the corresponding image dipole induced in the metal [95]. When a fluo-
rophore transition moment is oriented perpendicular to the surface of an ellipsoid,
depending on the aspect ratio, a radiative rate enhancement by a factor of thousand
or greater can be obtained [95]. Li et al. have demonstrated that sufficiently long
gold nanorods (aspect ratio>13) exhibit intense fluorescence [87]. The emission
observed in nanorods of different aspect ratios is a function of local field enhance-
ment factors and is greater in the spectral vicinity of the longitudinally polarized
surface plasmon resonance [97-99]. Gold nanorods, under pulsed laser excitation,
emit a two photon photoluminescence (TPPL) many times brighter than the TPPL
from single dye molecules [100, 101]. The strong TPPL is thought to arise from the
plasmon-enhanced two photon absorption cross-section due to coupling of weak
electronic transitions in the metal [101, 102]. Two photon photoluminescence has
been recently used as a nonlinear optical imaging mode. It has also been reported
that small gold nanoparticles emit fluorescence upon photoexcitation, thus enabling
their visualization with fluorescence microscopy [103, 104].

4.3.4 Surface Functionalization and Biocompatibility

Despite the high oxidation potential and the ‘noble’ character of gold, the nanopar-
ticles of this metal can bind readily to a wide range of molecules with functional
groups that have high affinity for the gold surface. Sulfur containing compounds
(e.g., thiols, disulfides), organic phosphates, amines, PEG, etc. are some of the most
well known surface modifiers. In order to interact specifically with a biological
target, a bioactive and selective interface is created by coating the nanoparticles
with a broad range of biomolecules such as amino acids, proteins, DNA oligonucle-
otides, peptides, etc [105-112]. The applied coating makes the nanoparticles bio-
compatible and imparts colloidal stability in both water and physiological media.
In addition, modification of the particle surface by suitable (bio)molecules provides
desired characteristics for the intended applications. For example, probability of
the interaction between nanoparticles and the immune system can be substantially
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Fig. 4.3 Schematic of formation of thiol-capped gold nanoparticles by the Brust-Schiffrin reaction
and a mixed monolayer of gold nanoparticles using the Murray place-exchange reaction. (Kim et
al., Nanoscale 2009, 1, 61-67. Copyright © 2009 Royal Society of Chemistry)

reduced by coating the nanoparticle with a layer of a PEG (poly-ethyleneglycol) or
liposomes [1, 113, 114]. The adsorbed layer also offers a possibility for introducing
further functional diversity and attaching a range of other molecules to the particle
surface by using bioconjugate techniques [115-117] or electrostatic interactions
(e.g., layer-by-layer deposition of polyelectrolytes) [118—120]. The surface mol-
ecules can also be replaced by other molecules of interest [e.g., polyethylene glycol
(PEG)] via a ligand exchange reaction [121]. Place-exchange reactions of thiols on
gold nanoparticle surfaces with glutathione have been used for the release of drugs
in the intracellular space (Fig. 4.3) [122, 123]. Surface of gold nanoparticles has
also been modified by encapsulating gold nanoparticles into a silica shell [124]. The
wide variety of functionalized gold nanoparticles that can be produced by different
methods widens the breadth of their applications in developing bioassays, stud-
ies of biomolecular interactions, and other biomedical applications. Surface modi-
fied gold nanoparticles sometimes have dimensions similar to biomolecules and
therefore these bio-conjugated nanoparticles can be used as tools for handling and
manipulating biological components and for probing mechanisms of biological pro-
cesses [125, 126]. In addition to binding ability to a range of biomolecules, another
important property of gold nanoparticles is their biocompatibility. In biological ap-
plications, cells and tissues are exposed to the gold nanoparticles for extended peri-
ods of time. Well dispersed gold nanoparticles are nontoxic or at least well tolerated
by the cellular environment [112, 127-132].

The surface of gold nanoparticles has been modified with antibodies and oth-
er molecules to achieve tumor specific delivery and cell membrane penetration
(Fig. 4.4) [133—135]. Subsequently, these nanoparticles have been used for thera-
peutic purposes. At their LSPRs, gold nanoparticles of certain shapes show pho-
ton capture cross-sections four to five orders of magnitude greater than those of
photothermal dyes. Aided by large absorption cross-section and poor light emitting
ability, gold nanoparticles can efficiently convert absorbed light into heat via non-

Fig. 4.4 Examples of detection and delivery strategies. a Schematic diagram of the two main
approaches to label-based biomolecules detection: (a) direct method; (b) indirect method. b Sche-
matic diagram showing the use of a gold nanoparticle as a label and possible detection tools. ¢ Gold
nanoparticles as a multimodal drug delivery system. Hydrophobic drug molecules are attached
to gold nanoparticles via cleavable linkers. The payloads can be controllably released by either
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radiative electron relaxation dynamics, known as photothermal effect [136-141].
The magnitude of heat generated will depend on the particle size and geometry.
Therefore, gold nanoparticles can be used as nanometric heat sources and probes
for changing the local temperature [136, 142—144]. Heat induced changes in the
surrounding medium can be useful for photothermal imaging [145-147] and drug
release from polymer capsules inside living cells [148—151]. Photothermal therapy
is another important application of the photothermal effect of gold nanoparticles
[152, 153]. In photothermal therapy, suitably functionalized gold nanoparticles are
first incorporated into the target tissue/cells (i.e. tumors) and then irradiated by short
laser pulses. The energy absorbed is transferred to the target resulting in its destruc-
tion by thermal denaturation/coagulation, mechanical stress caused by microbubble
formation, or acoustic shock wave generation [154, 155]. Theoretical calculations
have shown that silica core-gold nanoshells (core diameter 50—-100 nm, shell thick-
ness 3—8 nm) and gold nanorods [aspect ratio (15-20 nm)/(50—70 nm)] are more ef-
ficient photothermal labels and sensitizers than single gold spheres with equivalent
volume [156]. Gold nanoparticles of other morphologies such as nanocages and
nanoshells have also been tested for their photothermal therapeutic properties [38,
157]. Alternatively, gold-coated magnetic nanoparticles can be heated up by apply-
ing an external alternating magnetic field. In this case, the transfer of energy occurs
from the external field to the nanoparticles through hysteresis [158—161]. Thus,
gold nanoparticles and gold-coated magnetic nanoparticles can generate sufficient
heat to cause either irreversible cellular destruction of tumors or just a moderate
degree of tissue warming resulting in enhanced chemo- and radio-therapeutic ef-
fects [139].

4.4 Biological and Medical Applications of Colloidal Gold
4.4.1 Bioimaging/Labeling

High electron density, characteristic high absorption/scattering in the visible-NIR
region of the electromagnetic spectrum, and the ability to scatter and emit second-
ary electrons are some attributes which enable facile visualization/detection of gold
nanoparticles by a variety of techniques like microscopy, photometry, and flow cy-
tometry. As a result, gold nanoparticles can be used in biosensing, cellular and mo-
lecular imaging, and diagnostics [67, 162, 163]. The various types of sensors exploit
the optical properties (light absorption, scattering, fluorescence, reflectance, Raman
scattering, and refractive index) of either bulk gold or individual nanoparticles.
Gold nanoparticles have been used for long time as contrast agents in cellular or
molecular imaging [67, 162]. The technique permits the characterization and mea-
surement of biological processes at the cellular and/or molecular level [164]. The
contrast agents directed and accumulated at the target/organ provide signals based
on which different cells and sub-cellular organelles can be visualized through colo-
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rimetric methods. Exogenous contrast agents used to differentiate and visualize cel-
lular and tissue components include lanthanide chelates [165], organic fluorophores
[165], Q-dots [166—169], magnetic nanoparticles [ 170—172], and gold nanoparticles
[145, 173—178]. Lanthanide chelates show nonselective localization in the extra-
vascular space [165]. Organic fluorophores are prone to photobleaching and are
characterized by low quantum yields and a broad emission window [166, 167].
Q-dots are often associated with cytotoxicity [179-181]. Gold nanoparticles seem
to be ideal contrast agents for bioimaging as they are stable under observation, bind
strongly to the target without affecting the target activity appreciably, and can be
distinguished easily from the surroundings. Large nanoparticles will not enter the
cells by endocytosis, because a size of ~150 nm represents the upper limit for pas-
sage through caveolae [182]. For this reason, nanoparticles with a size between 30
and 150 nm are the most suitable for use in molecular imaging [182]. In this range
the scattered light from gold metallic nanoparticles is so intense that it enables im-
aging the location of individual particles with conventional optical microscopy like
dark field microscopy (DFM) [175, 183—187]. Other optical imaging techniques,
such as photothermal imaging [145-147], optical coherence tomography (OCT)
[37, 188-192], photoacoustic imaging [193—199], and two-photon photolumines-
cence (TPPL) microscopy [101, 200-204], use gold nanoparticles as contrasting
agents as well. Gold nanoparticles have also been used in electron microscopy (im-
munostaining) [10, 18], magnetic resonance imaging (MRI) [205, 206], and X-ray
imaging (X-ray computed tomography) [170, 207-209]. Techniques such as immu-
nostaining and single particle tracking are used for visualizing sub-cellular compo-
nents/structures, whereas X-ray computed tomography (X-ray CT) and MRI can be
employed for imaging whole cells/organs.

4.4.1.1 Optical Imaging

Dark-field microscopy (DFM) is an important technique for imaging of plasmon
resonant nanoparticles and gold nanoparticles are one of the most promising con-
trast agents for such studies [175, 183—187]. The light scattering of gold nanopar-
ticles after appropriate bioconjugation can be used to distinguish between noncan-
cerous and cancerous cells [183]. In the case of intracellular imaging, detection
of low concentrations of plasmon resonant particles by this technique is difficult
due to a strong background signal. Two-photon luminescence (TPPL) microscopy
is an alternative imaging option, which can deal with the problem of tissue au-
to-fluorescence and can provide three dimensional spatial resolution. Since gold
nanoparticles can sustain surface plasmon resonance with little damping after the
photon excitation, they can efficiently emit two-photon luminescence [73]. TPPL
of gold nanoparticles has been used to image the location of these particles both in
vitro and in vivo [101, 200-204]. As TPPL excitation falls in the ‘biological win-
dow’ (NIR), the low power densities required for imaging do not damage biologi-
cal tissues. The imaging performance of other noninvasive imaging techniques,
such as OCT [37, 188—192, 210] and photoacoustic tomography (PAT) [193-198],
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have also been improved by using gold nanoparticles as exogenous contrast agents.
OCT, which detects the depth of reflections of a low coherence light source di-
rected into a tissue, can produce real-time high resolution (typically 1-15 um) im-
ages of biological tissues [202]. In photoacoustic imaging, heat generated by the
absorption of light (via nonradiative decay) in a sample produces pressure waves
(and hence sound) in the surrounding gas, which are detected by ultrasonic trans-
ducers [203]. As sound can easily penetrate tissues, this technique offers deep tis-
sue 3D imaging. An additional feature of photoacoustic imaging is that it detects
only signals from the regions where antibody-modified gold nanoparticles accu-
mulate on the receptor-dense outer cell surface and not from isolated colloidal gold
nanoparticles [211]. This is based on the fact that the LSPR wavelength of aggre-
gated gold nanoparticles shifts more towards red than that for dispersed colloidal
gold nanoparticles. When a wavelength higher than that of the plasmon resonance
of individual gold particles is used for excitation, gold nanoparticles randomly
distributed on the cell surface due to nonspecific adsorption will not produce a
photoacoustic signal. In contrast, the aggregates of the nanoparticles would have
a pronounced one.

4.4.1.2 Immunostaining

Gold nanoparticles provide high contrast in transmission electron microscopy
(TEM) due to the high atomic weight of the element [10]. Faulk and Taylor re-
ported the ‘immunocolloid method’ for the electron microscope as early as 1971
[18, 212]. Since then, colloidal gold nanoparticles have been the labels of choice
for the visualization of cellular and extra-cellular components via in-situ hybrid-
ization, immunogold, lectin-gold, and enzyme-gold labeling. In immunostaining,
cells are typically fixed and permeabilized first. Immunostaining is also possible
without immobilization and permeabilization, in which case only certain domains
on the surface of the cell can be labeled. The labeling of specific molecules or cell
compartments is done by guided molecular recognition after modification of the
nanoparticles with specific antibodies. Antibody-modified gold nanoparticles bind
to the target containing the antigen. These molecules or cell compartments cannot
be well visualized without labeling due to the lack of contrast among each other.
The molecules or cell compartments are labeled with an excess of gold nanopar-
ticles in order to provide high contrast. Due to higher lateral resolution of electron
microscopy, individual receptors on the labeled target can be located by visual-
izing the attached gold nanoparticles with TEM or scanning electron microscope
(SEM) [213-215]. Nie et al. have shown that an excellent alternative to rolling
circle amplification (RCA) labeling of the cleaved DNA products (that involves
fluorescence microscopy) is tagging with gold nanoparticles followed by imaging
with a SEM [213]. In addition to the high contrast and lateral resolution provided
by the gold nanoparticles, the latter do not undergo photobleaching upon irradiation
like fluorescent labels. Recently, Lin et al. have reported synthesis of ultra-small
water-soluble fluorescent gold nanoclusters that have a decent quantum yield, high
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colloidal stability, and can be readily conjugated with biological molecules for spe-
cific staining of cells [216].

4.4.1.3 X-ray Computed Tomography (X-ray CT)

X-ray computed tomography is a noninvasive diagnostic method which visualizes
differences in sample density due to X-ray attenuation and generates three-dimen-
sional images of the tissue [207]. It can be used for investigations deep inside the
body due to the great penetration power of X-rays. As tissues absorb X-rays, radi-
opaque contrast agents are required to enhance the degree of contrast between nor-
mal and diseased tissues. Often organic dyes like Ultravist (iopromide) containing
iodine are used as contrast agent in X-ray CT [170, 207, 208]. A number of limita-
tions is associated with the use of iodine-based contrast agents, the most significant
being the limited imaging period due to short residence in the bloodstream, rapid
renal excretion, and renal toxicity [207-209, 217, 218]. Also, these agents cannot
provide sufficient image contrast between smaller vessels and the surrounding tis-
sue because of the fast plasma clearance and rapid diffusion of the contrast agents
into the extravascular space. This makes visualization of intraparenchymal vessels
quite challenging [208]. The efficacy of the colloidal gold nanoparticles as X-ray
contrast materials has been investigated in several studies. The higher atomic num-
ber of gold (Au: 79 vs. I: 53) and higher absorption coefficient (Au: 5.16 cm? g™' vs.
I: 1.94 cm? ¢! at 100 keV) provide greater contrast per unit weight [207, 208]. Fur-
thermore, the higher k-edge of gold (80.7 vs. 33 keV for iodine) is better matched
with the peak intensity of the energy spectrum produced during current CT scanning
methods (80—-140 keV). Thus, gold can absorb a greater fraction of the energy spec-
trum than iodine and reduces interference from bone and soft tissue absorptions and
radiation dose. Hainfeld et al. reported that, when used as a CT contrast agent, gold
nanoparticles (1.9 nm in diameter, ~50 kDa) showed enhanced CT contrast of the
vasculature, kidneys, and tumor in mice [207]. Cai et al. showed enhanced efficacy
of colloidal gold nanoparticles as a blood-pool imaging agent for X-ray CT [208].
Blood-pool agents should have limited or no leak across normal capillaries, which
would allow their diffusion in the intravascular space.

Prior to being introduced into the blood circulation, gold nanoparticles are first
conjugated with suitable ligands or antibodies to provide specific binding capabili-
ties at the designated organ. Suitably surface-modified gold nanoparticles not only
can be delivered to desired sites at detectable concentrations (unlike iodine) but also
stay longer in the blood permitting extended imaging times and providing contrast
for resolving the structure of the organ. Kim et al. tested in vivo application of poly-
ethylene gycol (PEG)-coated gold nanoparticles as CT contrast agents for angiogra-
phy and hepatoma detection [209]. The blood circulation time of PEG-coated gold
nanoparticles in mice (without apparent loss of contrast) was ~4 h compared to only
~10 min for Ultravist. In vitro X-ray absorption coefficient measurements indicated
that, at equal concentration, the attenuation of PEG-coated gold nanoparticles was
5.7 times more than Ultravist. Recently, Jackson et al. evaluated iopromide and gold



116 T. K. Sau and D. V. Goia

nanoparticles for contrast enhancement at various X-ray tube potentials in an im-
aging phantom [219]. According to these authors, at the highest energies typically
available in computed tomography, significant improvement in contrast enhance-
ment was obtained when gold nanoparticles were used.

4.4.1.4 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is another noninvasive diagnostic tool used to
obtain functional and anatomic information with high spatial and temporal resolu-
tion. MRI records the changes in magnetization of nuclear spins, such as hydrogen
protons ('H), in the presence of a large external magnetic field and radiowaves
[205]. Protons under different environments in human body relax at different
rates. Differences in proton relaxation rates in the presence of a large external
magnetic field and radiowaves translate into contrasting anatomical images [205].
The signal intensity from a particular tissue arises from the local values of spin-
lattice (longitudinal) relaxation rate (1/7,) and spin-spin (transverse) relaxation
rate (1/T,) of the proton spins (7| being the longitudinal relaxation time and 7, the
transverse relaxation time). Protons having shorter 7 will relax rapidly to their
equilibrium state. The result is a higher net electromagnetic signal giving rise to
positive contrast enhancement in MRI (known as 7'-weighted MRI). On the other
hand, a faster transverse relaxation (shorter 7)) results in rapid dephasing of indi-
vidual spins, which leads to reduced signal intensity or negative contrast enhance-
ment (known as 7)-weighted MRI). The MRI image contrast can be enhanced by
decreasing the longitudinal and transverse relaxation times of the proton [220,
221] by the use of (contrast) agents that have the ability to shorten relaxation
times. Gadolinium-chelates [165,221,222] or superparamagnetic iron oxides
[206, 220] are often used as contrast enhancing agents. Paramagnetic Gd** ions in
gadolinium-chelates (positive contrast agents) affect 7, whereas superparamag-
netic iron oxides (negative contrast agents) due to their large magnetization short-
en T, relaxation times. However, rapid renal clearance of Gd-chelates impairs its
imaging application [205]. In order to improve the retention, Gd-chelates have
been conjugated to gold nanoparticles [205]. Gold nanoparticles have been used
as delivery vehicles to convey multiple Gd-complexes into selective cellular tar-
gets. Gold nanoparticle/Gd-chelate conjugates have been found not only to retain
the intrinsic contrasting property of Gd(III) but also to provide enhanced contrast
compared to Gd-chelate alone [205]. Gold-shell superparamagnetic nanoparticles
have unique optical and magnetic properties which are promising for diagnostics
and therapies [206]. Gold-shell magnetic nanoparticles consist of a magnetic core
(composed of magnetic materials such as magnetite, Fe,O,, maghemite, y-Fe,O,,
Co, Ni) coated with gold. The gold shell offers enhanced stability, unique optical
signature, and desirable surface chemistry while reducing the toxicity of the core
materials. The magnetic core provides a high T, relaxation time. The relaxivity
value in MRI is the measure of how much the magnetic particle can change the
relaxation time of the water proton. The higher the relaxation time, the better the
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contrast obtained in MRI. The magnetic core in core—shell structures also provides
an opportunity for directing the nanoparticles to the target site using an external
magnetic field and for the therapeutic heating in the presence of an alternating
magnetic field.

4.4.1.5 Phagokinetic Tracks Imaging

Gold nanoparticles have also been used in ‘phagokinetic tracks imaging’ [223-226].
In ‘phagokinetic tracking’ the cell movement on a substrate covered with a layer of
colloidal gold nanoparticles is imaged. It works like a cloud chamber. While migrat-
ing along the substrate, cells pick up gold nanoparticles from the deposited layer
leaving behind a nanoparticle-free trail on the substrate. The ‘phagokinetic tracks’
of mother cells, as well as daughter cells after cell division, can be viewed by dark
field light microscopy, SEM, or TEM.

4.4.2 Biosensing

Gold nanoparticles are being extensively used in many biosensing applications [46,
50, 227-231]. Their use has provided excellent sensitivity, in some cases even the
detection of single molecular binding events. Studies of biomolecular interactions
are essential for the understanding of cell physiology and disease progression. Bi-
osensing is extremely useful in biological and medical research for determining
blood glucose levels, detection of bacteria, viruses, biological toxins, biowarfare
agents, pollutants, and pesticides in the environment, monitoring pathogens in the
food, and so on [232-236]. A biosensor provides selective quantitative or semi-
quantitative analytical information using a biological recognition element [237].
Biological molecules such as antibodies, carbohydrates, nucleic acids, enzymes,
etc. are employed as biological recognition elements [232, 238].

4.4.2.1 Optical

It has been discussed earlier that the opto-electronic properties (such as LSPR, en-
hanced local field, etc.) of gold nanoparticles, dispersed in liquids, surface-con-
fined, or singly isolated, are affected in various ways upon receptor/analyte binding
[239]. Thus, gold nanoparticles can function as efficient opto-electronic transducers
to quantify biospecific interactions. When various colorimetric and spectroscopic
methods are employed, changes in the optical properties of gold nanoparticles can
provide information regarding the receptor/analyte binding, the quantity of analyte
molecules present in the sample, and/or the course of a biological event [232]. For
example, Mirkin and co-workers employed mercaptoalkyloligonucleotide-modi-
fied gold nanoparticles as probes for a colorimetric determination of polynucle-
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Fig. 4.5 Gold nanoparticle probes for the detection of nucleic acid targets. A mixture of gold
nanoparticles with surface-immobilized non-complementary DNA sequences (a, b) appears red
in color and has a strong absorbance at 520 nm. When a complementary DNA sequence (a’b’)
is added to the solution, the particles are reversibly aggregated causing a red shift in the surface
plasmon absorbance to 574 nm, thus, appearing purple or blue in color (fop right). Heating the
aggregates above the melting temperature of the DNA strands reverses the aggregation and the
color returns to red. The transition is very sharp as demonstrated by the plot (bottom left). A small
sample aliquot can be placed on the surface of a reverse-phase TLC plate to monitor the degree
of hybridization as a function of temperature (bottom right). (Adopted from Thaxton et al., Clin.
Chim. Acta 2006, 363, 120—126. Copyright © 2005 Elsevier B.V.)

otides [59]. As each gold nanoparticle carries several oligonucleotides, oligonu-
cleotide-modified gold nanoparticle probes generate cross-linked aggregates upon
hybridization with a complementary oligonucleotide target, leading to color change
(Fig. 4.5). The difference in the transition temperatures of the nanoparticle aggre-
gates determined colorimetrically were used to differentiate between matched and
mismatched DNA duplex. This method is capable of quantitative detection of DNA
sequences at very low concentrations [240]. Later, noncross-linking target DNA
hybridization with DNA-functionalized gold nanoparticles has been developed for
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rapid colorimetric sensing of DNA hybridization events. This approach is capable
of detecting terminal single-base-pair mismatches and can be eventually employed
for reliable genetic diagnosis [233, 241, 242].

Protein—protein interactions and protein folding—unfolding play key roles in
structural and functional organization of living cells and are very important in bi-
ology. Gold nanoparticles have been used in sensing events like protein aggrega-
tion, protein folding, and protein—protein interaction [243-247]. For example, Tsai
et al. reported a competitive colorimetric assay based on gold nanoparticles for
sensitive detection of protein—protein interactions in solution. The method allows
direct visualization without the need for protein labeling or the aid of instruments
[248]. Chah et al. have reported an inexpensive method for studying reversible con-
formational changes of proteins in solution by using gold nanoparticles [243]. In
this study it was shown that the protein cytochrome ¢ bound to gold nanoparticles
unfolds at low pH and refolds at high pH. This is accompanied by a concomitant re-
versible color change in solution. The red-to-blue color change results from particle
aggregation that occurs when the protein unfolds. The color reverts from blue to red
as the protein refolds and the particles peptize. In a similar approach, Ghoshmoulick
et al. employed the pH dependent shifts in the gold nanoparticle plasmon resonance
to track protein structural changes induced by glycation [245]. Bhattacharya et al.
reported a simple colorimetric method for studying protein conformation and dem-
onstrated its effectiveness for both nonheme and heme proteins [247]. Protein vari-
ants with defects in folding (caused by subunit misassembly or mutation) could also
be classified using this method, which has possible application in hemoglobinopa-
thy (e.g., thalassemia carrier detection). Other researchers have developed sensitive
colorimetric biosensors based on the enzymatic cleavage of nucleic acids/proteins
on well-dispersed gold nanoparticles [249, 250]. Zhao et al. claim that this biosens-
ing system can be adapted to other enzymes or substrates for detection of analytes
such as small molecules, proteases, and protease inhibitors [250]. Leuvering et al.
reported a new immunoassay method, called the sol particle immunoassay (SPIA)
[251, 252]. In the SPIA, solutions of a gold-containing marker are mixed with the
sample of interest in a reaction vessel, and the color change (from red to blue or
gray) caused by the aggregation of gold particles due to the biospecific reaction on
the particle surface is monitored visually or spectrophotometrically. This method
has been used to detect human chorionic gonadotropin in the urine in pregnancy
[253, 254], cystatin C (an endogenous marker for the filtration ability of kidney
glomeruli [255]), and anti-protein A [256, 257].

Proteins possessing carbohydrate-binding domains are known as lectins. Carbo-
hydrate—protein interactions are worth-studying because they play important roles
in many cellular processes, including cell-cell communication, proliferation, dif-
ferentiation, and inflammation caused by bacteria and viruses. Carbohydrate-encap-
sulated gold nanoparticles have been employed in the detection of the interactions
between the lectin and the gold surface and for the evaluation of the ligand-density
effects [238, 258, 259]. Chen et al. developed a method where carbohydrate-encap-
sulated gold nanoparticles could be used as efficient affinity probes for separation
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and enrichment of target proteins from a mixture at the femtomole level [260].
Aslan et al. developed a plasmonic-type glucose sensing platform that could po-
tentially be used to monitor UM to mM glucose levels in physiological fluids, such
as tears, blood, and urine [261-263]. Monitoring of glucose concentrations is of
paramount interest in the management of diabetes. Glucose oxidase immobilized-
gold nanoparticles have been used as glucose sensors with enhanced sensitivity and
stability [264]. Using the light scattering properties of gold nanoparticles Liu et al.
developed a one-step homogeneous immunoassay for the detection of a prostate
cancer biomarker, free-PSA (prostate specific antigen), in a concentration range
from 0.1 to 10 ng/mL [265].

Molecular recognition of streptavidin and biotin has been routinely used for
various proof-of-concept studies of the bio-recognition phenomenon with respect
to protein—-DNA, protein—ligand, protein—peptide, and protein—protein interactions.
A clear understanding of these interactions is essential for the design of new drugs
and ligands for proteins and nucleic acids. Biotin, a water-soluble B-complex vita-
min, is commonly found in many cosmetic and health products for hair and skin. It
binds very strongly to streptavidin, a tetrameric protein. The high affinity of strep-
tavidin—biotin interactions has been exploited for several applications in immunol-
ogy and histochemistry [266—272]. Change in LSPR properties of biotin-conju-
gated gold nanoparticles have been extensively used to study biotin—streptavidin
interactions [54, 273-279]. Spectral changes induced by changes in the refractive
index in the vicinity of individual gold nanparticles due to target binding have been
utilized for label-free (multiplex) biosensing [276, 280-282]. Recently, very sensi-
tive single gold nanoparticle-based biosensors have been developed based on this
concept. For example, Nusz et al. reported a single-gold nanorod LSPR biosensor
for the binding of streptavidin to biotin where the lowest streptavidin concentration
that was experimentally measured was 1 nM [282]. This concentration level was
substantially lower than that detected with biotinylated single gold nanospheres
[54, 282, 283].

Along the same lines, it is worthwhile mentioning other interesting applications
of gold nanoparticles. For example, Sonnichsen et al. demonstrated that in addition
to the detection of analytes, the color changes arising from gold particles in close
proximity can also be used to measure lengths on the nanometer scale and detect
conformation changes in molecules (Fig. 4.6) [58]. The same group reported that
gold nanorods could be exploited for the study of rotational motion in biomolecules
[284]. Using image correlation techniques, Murphy and co-workers demonstrated
the use of optical patterns produced by resonant Rayleigh scattering gold nanorods
as markers for studying local deformations of stretchable polymers [285]. They
proposed that modified gold nanorods could be used for examining mechanical ef-
fects in biological tissues. Recently, Selhuber-Unkel et al. have shown that gold
nanorods can be used as efficient optical handles in nanoscale experiments [286].
These authors anticipated that gold nanorods could be employed as force sensors in
future in-vitro and in-vivo studies as well as force transducers in single-molecule
experiments.
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Fig. 4.6 Molecular plas-
monic ruler. a Schematic
illustration of principle of
transmission dark-field
microscopy (fop left corner)
and nanoparticle functional-
ization and immobilization.
b Lefi: dark-field images

of single gold nanopar-
ticles (green); middle: gold
nanoparticle pairs (optical
and TEM images); right:
scattering spectra of single
and pairs of gold nanopar-
ticles. ¢ Representative
spectral shift between a gold
nanoparticle pair connected
with single-stranded DNA ~—
(red) and double-stranded L2]
DNA (blue). d Spectral
position as a function of time
after the addition of comple-
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4.4.2.2 Gold Stains

Gold nanoparticles have been used as replacement for fluorophores or dyes in
ELISA-type assays. In this case, the analyte is immobilized on an immunofunc-
tionalized surface via simple adsorption or specific binding (e.g., capture antibody).
The surface of gold nanoparticles is conjugated with analyte-specific antibodies
that bind the metal particles to the surface [287, 288]. Sometimes a ‘silver enhance-
ment’ procedure has been employed to amplify the signal [289]. This approach has
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been used for the detection of target DNA sequences with complementary DNA
[290-292], detection of proteins, etc [293-296].

4.4.2.3 SERS and Fluorescence

As discussed earlier, due to enhanced local field at LSPR, Raman scattering of some
analyte molecules is dramatically enhanced when the molecules are located near a
gold nanoparticle. As a result, surface-enhanced (resonance) Raman scattering, or
SE(R)RS, can be used under some conditions as a powerful tool for ultrasensitive
chemical analysis down to the single-molecule or single particle level [82, 297].
This method can simultaneously detect a single molecule and examine its chemical
structure. The nanoparticles are modified with ligands that can specifically bind to
the analyte, thereby bringing the analyte near the gold surface and increasing its
Raman signal [298]. Though the use of Raman probes is a relatively new approach
for the detection and examination of complex biomolecules, investigations of the
potential of SERS for DNA/RNA detection, identification of proteins, and detection
of protein—ligand interactions are already well underway [293, 299-305].
Fluorescence has been widely used as signal transduction tool for the detection
of trace levels of analytes and for single-molecule imaging in biological systems
[306]. Metal nanoparticles can quench or enhance fluorescence intensity of a fluo-
rophore [84, 90, 307]. Factors such as the position dependent interactions between
fluorophores and metallic surfaces, orientation of its dipole moment relative to the
particle surface, and particle-fluorophore distance determine whether there will be
quenching or enhancement of fluorescence [84, 90, 93, 94]. Quenching may oc-
cur through nanoparticle surface energy transfer (NSET) or fluorescence resonance
energy transfer (FRET). FRET is a dipole—dipole interaction mechanism in which
a donor fluorophore in its excited state transfers (radiationless) its energy to an ac-
ceptor. Due to the 1/ distance dependence, FRET has been widely used to measure
distances between sites or biomolecules [63—65]. The quenching based on NSET has
some advantages over FRET. For example, in addition to an extremely low signal
to background ratio, it can handle simultaneous fluorescence quenching of multiple
fluorescent sources with different energies. NSET-based gold nanoprobes have been
used to detect single mismatch of DNA sequences, measure the activity of proteases
with high sensitivity, estimate the level of protein glycosylation, etc [308, 309].
Recently, Lee et al. used fluorescein-hyaluronic acid conjugated gold nanoparticles
as probes for real-time monitoring of the generation of intracellular reactive oxygen
species (ROS) in live cells via NSET [310, 311]. Excess ROS generation in various
pathogenic processes has been known as an early indicator of cellular disorders and
cytotoxic events [312—-314]. The gold nanoparticle-induced quenching property has
also been utilized by Wang et al. for biomolecular sensing [57]. Similarly, Selvaraj
and Alagar used the gold nanoparticle-induced quenching property for the detection
of antileukemic fluorescent drug 5-fluorouracil (5FU) [315]. The colloidal gold-
5FU complex was also reported to show antibacterial and antifungal activity against
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Micrococcus luteus, Staphylococcus aureus, Pseudomonas aeruginosa, Escherich-
ia coli, Aspergillus fumigatus, and Aspergillus niger.

4.4.2.4 Electrochemical Biosensors

Electrochemical biosensors play an important role in biosensor research [316-318].
An electrochemical transducer is used in all biosensors. The gold nanoparticle-
based electrochemical biosensors are made by coupling biological recognition ele-
ments with gold nanoparticle-modified electrochemical transducers. Gold nanopar-
ticles can be deposited onto the transducer surface using electrochemical methods
or by physical attachment procedures. More frequently, nanostructure composites
consisting of gold nanoparticles embedded in conductive polymers and silica gels
are used as sensing materials for such applications. These composites often contain
biological reagents to provide biomolecular recognition sites. The introduction of
the gold nanoparticles to an electrode offers increased roughness and a larger sur-
face area that leads to higher currents and increased binding for biomolecules. Fur-
thermore, the curvature of small gold particles allows closer contact of the particle
with the redox sites of the enzyme facilitating electron transport. Gold nanoparticle-
modified electrodes have been often used for sensing molecules like NADH, hy-
drogen peroxide, oxygen, etc. that are involved in redox processes in biochemical
systems [319-328]. In addition to the development of (redox) enzyme electrodes,
the gold nanoparticle-based electrochemical approach has also been used for the
design of DNA and immunological sensors [329-333].

4.4.3 Drug Delivery and Therapeutics

When administered orally or intravenously, therapeutic drugs disperse in the entire
body. The primary aim of the targeted drug delivery is to deliver the therapeutics
more effectively to the site of interest. Other aims include enhancing bioavailability
and retention, controlled release of drugs, extending the period of drug circulation
in the body, and minimizing side effects [334]. In order to achieve site-specific drug
delivery while avoiding drug interaction with surrounding normal cells, targeting
utilizes molecular and cellular changes within diseased tissues under pathophysi-
ological conditions [335, 336]. As nanoparticles can be engineered in various ways
to achieve their enhanced availability at the targeted site, nanoparticle platforms are
being extensively used to control the accumulation of drug molecules or therapeu-
tic agents into the targeted site. Nanoparticles with sizes (<~100 nm) and shapes
that allow them to pass through capillaries and penetrate cells have been designed
and prepared [335, 337-344]. Upon suitable surface modification, these particles
can circulate for long times in the body undetected by the immune system before
reaching the targeted site [345-347]. The unique optical, magnetic, and electrical
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properties of nanoparticles allows to track their intracellular transport and localiza-
tion [183, 348].

4.4.3.1 Drug Delivery

Due to their facile surface conjugation chemistry, size, and shape-tunable optical
properties, gold nanoparticles constitute excellent vectors for targeted drug delivery
(Fig. 4.7) [349, 350]. They can be used not only for carrying drug molecules, but
also for controlled site- and time-specific release of drugs triggered by specific
external stimuli (Fig. 4.8). Molecules with high target binding affinities are grafted
onto the gold nanoparticles. Targeting molecules could be proteins, peptides, nucle-
ic acid aptamers, or other organic molecules (e.g., folic acid, paclitaxel) [175, 179,
344,350-352]. Drug molecules and secondary coating molecules (such as PEG and
BSA) ensure the binding to the surface of specific cells and their cellular uptake
while minimizing nonspecific adsorption to tissues or to each other [345-347, 353].
Drug molecules can be either attached to nanoparticle or entrapped in surrounding
coating layers [335, 354].

Nanoparticle-based targeting techniques can be ‘passive’ or ‘active’. ‘Passive
targeting’ takes advantage of the difference in the permeability, size-specific filtra-
tion, and retention of drug-loaded nanoparticles between the desired target and the
surrounding normal organs/tissues. In diseased tissues, the enhanced permeation
and retention effect is facilitated by the highly leaky nature of tumor vasculatures
and poor lymphatic drainage of the interstitial fluid surrounding the tumor [355—
358]. In ‘active targeting’, surfaces of gold nanoparticles are modified with a suit-
able ligand, peptide or antibody which can specifically bind to the receptors on the
tissue of interest [1, 38, 351].
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Gold nanoparticles modified with transferrin [359], anti-EGFR (epidermal
growth factor receptor) antibodies or tumor necrosis factor-o. (TNF-av) [16, 344]
have been employed to target cancer cells. TNF-o, which overexpresses in solid
tumors [16] and mediates hemorrhagic necrosis in tumors [344, 352, 360], are em-
ployed for cancer therapy. Linking TNF-o to the surfaces of gold nanoparticles of
sizes ranging between 20 and 100 nm have brought preferential accumulation of
TNF-gold nanoparticle conjugates in the tumor vasculature and reduced systemic
toxicity in comparison with native unconjugated TNF [16, 361, 362]. Aurimune™, a
chemotherapy agent which is undergoing clinical trials for the treatment of melano-
ma, colorectal cancer, and urinary tract cancer, contains TNF-o grafted 33-nm col-
loidal gold nanoparticles [344, 352]. Like TNF-0., epidermal growth factor receptor
(EGFR) is overexpressed in several types of cancers [363-369]. EGFR-enriched
cancer cells can be targeted by anti-EGFR antibody and anti-EGFR antibody grafted
gold nanoparticles have been used successfully to target cancer cells [178, 179, 370,
371]. Patra et al. reported that the delivery of cetuximab as a targeting agent and
gemcitabine as an anticancer drug using a gold nanoparticle-based transport system
results in significant inhibition of pancreatic tumor cell proliferation [371].

Since it stores genetic information, the cell nucleus is an important target in
therapeutics. Recent research has demonstrated that it is possible to bypass the im-
permeable nature of the plasma and nuclear membranes by utilizing suitably modi-
fied gold nanoparticles. A number of nuclear membrane-penetrating peptides, such
as Simian virus nuclear localization peptides [127, 183, 372], HIV 1 Tat-protein-
derived peptides [351], etc. [127, 133, 347, 353, 373, 374] have been grafted onto
surfaces of gold nanoparticles to be delivered into the cell nuclei. Joshi et al. re-
ported an insulin delivery method by using amino acid-modified gold nanoparticles
that can bind insulin via hydrogen bonds. This appears to be a promising approach
for the development of a nonparenteral delivery system for insulin to replace sub-
cutaneous administration [375].

A number of small molecules, such as folic acid, methotrexate, paclitaxel, cou-
marin isocyanate, mercaptopurine, etc., have been attached to gold nanoparticles to
be delivered to tumor tissues. In these cases, often ‘passive targeting’ occurs [335].
Folate receptor is overexpressed in a number of human cancers such as the prostate,
kidney, lung, ovary, breast cancers, etc [376-378]. Folic acid grafted gold nanopar-
ticles can selectively target folate receptor-positive tumors [376, 377, 379-381].
Conjugation of a number of chemotherapeutic agents (e.g., methotrexate, pacli-
taxel) to gold nanoparticles has been reported to improve the drug efficacy in com-
parison with free forms of these agents [344, 382—384]. Similar results have been
observed upon conjugation of antileukemic and antiinflammatory drugs 6-mer-
captopurine and its riboside derivative to gold nanoparticles [385]. Furthermore,
6-mercaptopurine-gold nanoparticle conjugates have also shown enhanced antibac-
terial and antifungal activities [315]. Li et al. reported similar enhancement effect
of gold nanoparticles in drug delivery and as biomarkers of drug-resistant cancer
cells [386]. Shenoy et al. have reported that a significant enhancement of emission
intensity can be obtained by linking coumarin (a small fluorescent molecule) to
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PEG-functionalized gold nanoparticles through a carbamate bond. The resulting
conjugates have been employed as cellular probes as well as delivery agents [387].

4.4.3.2 Hyperthermal Therapy

Localized heating by using infrared lamps, lasers, or ultrasound has been used in
therapeutic medicine for the treatment of cancer and other conditions [388]. Hyper-
thermic properties of gold or gold-coated magnetic nanoparticles are being explored
for highly localized and controlled destruction/treatment of targets varying in size
from a few nanometer to tens of microns (from bacteria to cancer cells) [38, 139,
152,153, 175, 179, 389-392]. Hyperthermal therapy is a promising, relatively sim-
ple to perform, and less invasive therapeutic procedure. In this therapeutic mode,
it is not only possible to access intracellular targets but also to achieve without
surgical intervention the destruction of tumors that are embedded in vital regions.
Gold nanoparticles have been conjugated to antibodies or viral vectors [393] for
selective and efficient targeting. For example, Huang et al. have demonstrated that
anti-EGFR conjugated gold-nanorods can destroy EGFR-positive cells at half the
energy required to kill EGFR-negative cells [175]. Similarly, gold nanospheres and
nanoshells have been used for the treatment of breast cancer and other cell lines
[153, 174, 370, 394-398]. Compared to gold nanospheres, gold nanoshells (gold-
on-silica), nanorods, and nanocages have been shown as promising candidates for
simultaneous imaging and photothermal therapy [31, 153, 175, 399—405]. The hy-
perthermal property of gold nanoparticles has been also used for the treatment of
parasite infections. For example, Pissuwan et al. reported the destruction of more
than 80% T. gondii tachyzoites by photothermal effects of gold nanorods conju-
gated with an antibody selective for Toxoplasma gondii [406]. Sometimes X-ray
radiation has been used for localized heat generation. Enhanced absorption of X-ray
radiation at the interface between materials of high and low atomic numbers leads
to a localized generation of heat. Hainfeld et al. used this concept to destroy murine
tumors in mice [128]. Gold nanoparticles have been used to enhance radiotherapy
in prostate cancer as well [407].

Photothermal properties of gold nanoparticles have been used for controlled
drug delivery. Controlled drug delivery systems represent advanced systems that
can release the payload at a predetermined time or in a predetermined sequence of
pulses in response to external controlled stimuli [408]. Controlled drug delivery
systems can overcome many of the hurdles of conventional drug delivery systems
thereby increasing drug efficacy and decreasing toxicity. Gold nanoparticles have
been used for photo-activated drug-release when the drug payload is encapsulated
in a temperature-sensitive polymer shell surrounding the gold nanoparticles [118,
119, 409—412]. Takahashi et al. have demonstrated that gold nanorods can be used
as carriers for a photo-triggered gene delivery [413]. They have used 1064 nm-laser
irradiation to trigger the release of plasmid DNA from PC-nanorod-DNA complex-
es via morphological transformation of gold nanorods into spherical nanoparticles.
Similarly, Kitagawa et al. have demonstrated the controlled release of myoglobin
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protein from myoglobin—gold nanorod complexes by the near IR (pulsed) laser ir-
radiation [414].

Some of the recently published examples of therapies include applications of
gold nanoparticles to detection and control of microorganisms, enhanced activity
of antibiotics, and so on [415-419]. Dykman et al. studied the capacity of colloidal
gold for enhancing immune response in laboratory animals [420]. Immunization
of the animals with colloidal gold conjugates with haptens or complete antigens
induced the production of highly active antibodies. Nie et al. demonstrated that the
antioxidant-functionalized gold nanoparticles can enhance radical scavenging ac-
tivity of the vitamin E-derived antioxidant [421]. This can be a step forward in the
direction of developing new strategy for design of artificial antioxidants.

4.5 Synthesis of Colloidal Gold Nanoparticles

Although colloidal gold nanoparticles have been used for many centuries, the first
scientific approach for their preparation was documented only in the nineteenth
century by Faraday [422]. Later, many other methods yielding gold nanoparticles
with varying degree of monodispersity have been reported. More recently, advances
in the preparation of colloidal gold nanoparticles with well controlled size, shape,
and structure have fuelled a rush for innovative applications in many fields of tech-
nology and medicine.

The most frequently used route for the preparation of colloidal gold involve the
reduction in solutions of gold compounds (particularly tetrachloroauric acid) via
dedicated reducing agents, electrodeposition, or radiation assisted techniques (e.g.,
pulse or laser radiolysis, UV, and ultrasonic irradiation,) [4, 423—430]. Organic and
inorganic compounds, such as formaldehyde, sodium citrate, ascorbic acid, (mono-
and poly-hydroxy) alcohols, sodium borohydride, hydrazine, hydroxyl amine, etc.
have been used for supplying the electrons needed in the reduction process. Recent-
ly, methods relying on microorganisms, fungi, and plant extracts as reductants have
also been reported [431-439]. The biological routes, which may have been likely
used by early societies, have great potential today as well because they are simple,
cost-efficient, and environment-friendly.

Despite significant recent progresses in the synthesis of metallic particles in gen-
eral and gold particles in particular, there are still relatively few preparative methods
available to generate gold colloids suitable for biomedical applications. One reason
is that very few methods capable to synthesize gold nanoparticles with well con-
trolled size and shape are available. Also, many reported systems involve reactants
and additives which make the surface of the gold nanoparticles unsuitable for medi-
cal and biological applications. Molecules with functional groups containing sulfur
and phosphorous, for example, may be attached too strongly to the metal surface
and cannot be easily displaced. This may prevent the particles to interact with the
biological substrates/targets of interest or limit the ability to functionalize their sur-
face so that they can fulfill their intended role. The unique needs of the biomedical
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applications and their rapid multiplication will likely give new impetus to the efforts
to develop gold nanoparticles with improved properties.

4.5.1 Synthesis of Spherical Gold Nanoparticles

Most preparation methods reported in the literature tend to yield gold nanoparticles
with a broad particle size distribution. However, a few synthesis strategies have been
developed that allow for the preparation of nearly monodispersed gold nanoparti-
cles [440—442]. One of the most widely used route is the Turkevich—Frens method
[440, 441]. The Turkevich—Frens method involves the reduction of tetrachloroauric
acid with sodium citrate. An aqueous solution of HAuCl, (typically ~1.0 mM) is
first heated to reflux under stirring followed by the addition of a freshly prepared
aqueous trisodium citrate solution containing up to 40 M stoichiometric excess.
The gold ions are reduced in ~25 min as indicated by the change in the color of the
solution from yellow to deep purple and then dark red. The excess citrate molecules
act as a stabilizer. The negatively-charged citrate ions adsorb on the gold nanopar-
ticles and provide a sufficiently high surface charge (—45 to —50 mV) to prevent
the aggregation of gold nanoparticles due to electrostatic repulsion. This method
produces nearly monodispersed spherical gold nanoparticles in the 10-20 nm diam-
eter range. By varying the gold-to-citrate ratio, larger colloidal gold nanoparticles
(diameters between 40 and 120 nm) can be also produced. However, the larger gold
particles tend to be more polydisperse. Chitosan-capped gold nanoparticles can be
prepared by a modified Turkevich process in which trisodium citrate is replaced
by monosodium glutamate [443]. Polysaccharides, such as heparin, chitosan, dex-
tran, etc., have been used both as reducing and stabilizing agents for preparing gold
glyco-nanoparticles in aqueous solution [126, 261, 444]. Goia and Matijevic have
developed a method for the preparation of larger sized nearly monodispersed gold
sols [442]. This method involves the reaction of a concentrated HAuCl, solution by
isoascorbic acid in the presence of gum Arabic as colloid stabilizer. By this method,
uniform gold particles ranging in modal diameter from 60 nm to 5 um can be pro-
duced. The same authors have prepared concentrated dispersions of modispersed
gold particles with diameters ranging from 15 to 40 nm by reducing aqueous solu-
tions of HAuCl, with diethylaminodextran (Fig. 4.9) [445].

Another approach to prepare gold nanoparticles with a narrow particle size
distribution is the so-called ‘seed-mediated’ synthesis [424, 446]. Small gold
particles are first produced by reducing gold ions with a strong reducing agent
(e.g., sodium borohydride). These particles are then added to ‘growth solutions’
where they act as seeds for further gold deposition. The ‘growth solutions’ con-
tain Au’* ions, a reducing agent, and often a stabilizing agent. The reducing agent
used in the ‘growth solution’ is a relatively weak reducing agent (e.g., ascorbic
acid, hydroxylamine, etc). The reducing agent is chosen such that the reduction
of Au** ions occurs only after the addition of seed particles. A weak reducing
agent in this step allows only the diffusional growth of pre-existing seed par-
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Fig. 4.9 Highly dispersed uniform spherical gold nanoparticles: a 35 nm and b 18 nm

ticles [447—451]. The final size of the particles depends mainly on the size of the
‘seeds’ and the amount of the precursor ions subsequently reduced [452]. Gold
nanoparticles in the 30-150 nm range with narrow size distributions (relative
standard deviation <10%) have been prepared by this method [452, 453]. The
‘seed-mediated’ synthesis protocol has been also used to prepare isomorphous
particles [424].

Several less known routes have been used to prepare size-controlled gold
nanoparticles. For example, reduction in the restricted space provided by the drop-
lets of the dispersed phase in microemulsions has been reported to produce nearly
monodispersed gold nanoparticles [455]. Refluxing a polydispersed colloidal sus-
pension (i.e., digestive ripening) in a solvent containing ligands, such as alkanethi-
ols, amines, phosphines, silanes, and halides, was used to convert a polydispersed
colloidal suspension of gold into a monodispersed sol [456].

Brust et al. have developed an important synthesis protocol that results in alkyl-
thiol-stabilized gold nanoparticles of controlled size and diameters ranging from
1 to 3 nm [457]. In this method, a gold salt (typically AuCl,") is first transferred
into an organic solvent (toluene) using tetraoctylammonium bromide as the phase-
transfer reagent and is reduced by NaBH, in the presence of alkylthiol. A rapid addi-
tion of the reducing agent or larger thiol/gold molar ratio gives a smaller core (gold
particle) sizes. Later, Brust and coworkers extended this synthesis to a single phase
system [458]. The original method of Brust et al. has been later modified to provide
water-soluble surface functionality [121, 238, 459, 460].

4.5.2 Synthesis of Non-Spherical Gold Nanoparticles

There are several other particles of intriguing shapes (nanoshells, nanorods, nano-
cages, etc.), which have shown great potentials in the biomedical field [187, 404,
461]. The optical properties of these particles can be tuned over a wide range. Nano-
rods can also be used in two-photon luminescence and second harmonic genera-
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tion [46]. Nanocages have emerged as a novel class of biocompatible vectors with
potential applications in drug delivery, tissue imaging, and photothermal therapy
[188, 404].

4.5.2.1 Synthesis of Gold Nanoshells

The number of applications of gold nanoshells in biomedical applications has in-
creased rapidly in recent years [ 153, 174, 461-463]. Gold nanoshells consist usually
of a thin gold shell encapsulating a dielectric core. Silica (or sometimes polystyrene
or gold sulfide) is the most frequently used dielectric core. The spectral properties
of these particles can be tuned by varying the relative dimensions of the core and
the shell. By using this protocol, gold nanoshells with optical resonances extending
from the visible to approximately 3 um in the infrared region have been prepared
[461]. In a typical synthesis [464—467], silica nanoparticles are first synthesized by
using the Stober method. The silica surface is next functionalized with a bifunction-
al molecule (e.g., 3-aminopropyltrimethoxysilane) that can bind to preformed gold
nanoparticles through one of the functional groups (typically the amino group). The
small gold particles (1-2 nm) are usually formed by reducing HAuCl, with alkaline
tetrakis(hydroxymethyl)phosphonium chloride (THPC). These gold particles attach
to the surface functionalized silica and act as seeds that facilitate further nucleation
of clusters/particles, which ultimately form a continuous metal shell upon further
addition of gold. Kah et al. reported a single-step process to form the precursor seed
particles [468]. They first precipitated gold oxide on the silica surface. The gold
nanoparticles subsequently generated on the surface in the reduction step provided
the seeds for the formation of the shell.

Gold can also be deposited by various methods onto magnetic core nanoparticles
[469—471]. Gold nanoshells can be formed either directly on the surface of the mag-
netic nanoparticles or on a silica layer previously deposited onto their surface. In the
synthesis of gold nanoshells on silica-embedded magnetic nanoparticles, the latter
are obtained by the Stober method. The deposition of the gold nanoshells follows
the usual functionalization of silica surface and subsequent attachment and growth
of small gold seed particles [472].

4.5.2.2 Synthesis of Gold Nanorods

Gold nanorods have been used in various bio-analytical and biomedical applica-
tions. They offer superior NIR absorption and scattering at much smaller particle
sizes compared to nanospheres and nanoshells [31]. Gold nanorods of a higher as-
pect ratio and a smaller effective radius are the best photoabsorbing nanoparticles,
whereas the highest scattering contrast (for imaging applications) can be obtained
from nanorods of high aspect ratio and a larger effective radius [31]. Existing meth-
ods for synthesizing gold nanorods with high aspect ratio are characterized typically
by poor yields [423, 424]. Short gold nanorods (20-100 nm long), which are very
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interesting from biomedical applications point of view as well, can be prepared with
higher yields by using a small quantity of silver via the seed-mediated or non-seed-
mediated approach [473—475]. In a typical synthesis, 4.75 mL of 0.10 M CTAB,
0.200 mL of 0.01 M HAuCl,:3H,0, and 0.030 mL of 0.01 M AgNO, solutions
are added in this order to a test tube and gently mixed by inversion. The resulting
solution becomes colorless following the addition of 0.032 mL of 0.10 M ascorbic
acid solution. Next, a small quantity of gold seed solution (e.g., 0.010 mL) is added
and the reaction mixture is gently mixed for 10 s and then left undisturbed. The rod
development takes about one and half hour and the particles can be used after ~3 h.
Variable quantities of seed solution can be used to change the aspect ratio of the
rods. Short gold nanorods of different aspect ratio can also be prepared by varying
the amount of silver nitrate for a given amount of gold [473].

4.5.2.3 Synthesis of Gold Nanocages

Nanocages are nanostructures that possess hollow interiors and porous walls [210].
Synthesis of gold nanocages uses the principle of galvanic displacement. Typically,
these particles are obtained by adding HAuCl, to a dispersion of preformed silver
nanocubes. The electrochemical potential difference between the gold and silver
drives the displacement reaction. Gold ions are reduced and deposited on the sur-
face of the silver nanoparticles. At the same time, metallic silver from the cores is
oxidized and dissolved in the external solution leading to the formation of hollow
and porous gold structures. By changing the amount of HAuCl, added to the sus-
pension of silver nanocubes, the LSPR of nanocages can be tuned into the biologi-
cal near-infrared window. Xia and co-workers later reported that the use of a wet
etchant other than HAuCl, (e.g., based on Fe(NO,), or NH,OH) allows better con-
trol of the wall thickness and porosity of the resultant nanocages [476].
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Chapter 5
Biomedical Applications of Magnetic Particles

Evgeny Katz and Marcos Pita

Abstract Magnetic particles of nano- and micro-size functionalized with various
biomolecules were synthesized and extensively used for many bioanalytical and
biomedical applications. Different biosensors, including immunosensors and DNA
sensors, were developed using functionalized magnetic particles for their operation
in vitro and in vivo. Their use for magnetic targeting (drugs, genes, radiopharmaceu-
ticals), magnetic resonance imaging, diagnostics, immunoassays, RNA and DNA
purification, gene cloning, cell separation and purification has been developed. The
present chapter summarizes the recent advances in the bioanalytical and biomedical
applications of functional magnetic particles.

Keywords Magnetic particles * Nanoparticles * Magnetism ¢ Biomedical applications ¢
Nanotechnology * Nanobiotechnology

5.1 Introduction

Magnetic particles (microspheres, nanospheres and ferrofluids) are widely studied
and applied in various fields of biology and medicine such as magnetic targeting
(drugs, genes, radiopharmaceuticals), magnetic resonance imaging, diagnostics,
immunoassays, RNA and DNA purification, gene cloning, cell separation and pu-
rification [1]. Also, magnetic nano-objects of complex topology, such as magnetic
nanorods and nanotubes, were produced to serve as parts of various nano-devices,
e.g. tunable fluidic channels for tiny magnetic particles, data storage devices in
nanocircuits, and scanning tips for magnetic force microscopes [2].
Biomolecule-functionalized magnetic particles generally exist in a ‘core-shell’
configuration where biological species (cells, nucleic acids, proteins) are bound to
the magnetic ‘core’ through organic linkers, often organized as a polymeric ‘shell’
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around the core [3, 4]. The efficacy of biomaterial binding to the primary organic shell
surrounding the magnetic core was analyzed by various techniques (e.g. capillary
electrophoresis with laser-induced fluorescence detection) [3]. Magnetic particles are
extensively used as labeling units and immobilization platforms in various biosensing
schemes [5], mainly for immunosensing and DNA analysis, as well as in environ-
mental monitoring [6]. The results of these studies are outlined in the present chapter.

5.2 Synthesis of Biomolecule-Functionalized
Magnetic Particles

The core of magnetic particles is usually composed of Fe,O, or y-Fe,O, and its pri-
mary modification with an organic ‘shell’ can include the adsorption of an organic
polymer [7] or the covalent attachment of a functionalized organosilane film [§].
Convenient syntheses of magnetic nanoparticles with controlled size, shape and
magnetization were developed [9—14] and the synthesized magnetic particles were
used for various biotechnological [12] and biomedical applications [15]. For exam-
ple, size-controlled synthesis of magnetite (Fe,O,) nanoparticles was reported in or-
ganic solvents [16]. Atomic force microscopy and transmission electron microscopy
were applied to characterize the size dispersion of biocompatible magnetic nanopar-
ticles [17]. Particular attention was given to the synthesis of monodisperse and uni-
form particles [18]. Superparamagnetic iron oxide nanoparticles of controllable size
(<20 nm) were prepared in the presence of reduced polysaccharides [19]. The poly-
saccharide shell increased the nanoparticles stability and provided functional groups
for further functionalization by biomolecules. Structural and magnetic study of bio-
compatible superparamagnetic Fe,O, nanoparticles was performed to optimize their
use as labeling units in biomedical applications [20]. Highly crystalline monodis-
perse iron oxide (Fe,O,) nanoparticles with a continuous size spectrum of 613 nm
were synthesized from the monodisperse Fe nanoparticles upon their controllable
oxidation [21]. Iron oxide/polystyrene (core/shell) magnetic particles with the cross-
linked shell were synthesized [22]. Cross-linking of polymeric chains in the organic
shell could additionally stabilize the shell structure protecting the magnetic core
from physical and chemical decomposition. Bimagnetic FePt-MFe,O, (M = Fe, Co)
core-shell nanoparticles were synthesized with the magnetic properties tunable by
varying the chemical composition and thickness of the coating materials [23]. Also,
various magnetic materials were examined as an alternative to iron oxide particles
to be used for different biomedical and bioanalytical applications [24]. For example,
ferromagnetic FeCo nanoparticles demonstrated superior properties that make them
promising candidates for magnetically assisted bioseparation and analysis.
Reversible photo-switching of the magnetization of y-Fe,O, nanoparticles was
achieved by the functionalization of the magnetic core with photoisomerizable units
included in the organic shell [25]. The organic shell was generated by the assembly
of the photoisomerizable amphiphilic 8-[4-{4-butoxy-phenyl(azo)-phenoxy}octan-
1-ol] (1) and n-octylamine (2), which dilutes the photoisomerizable units and pro-



5 Biomedical Applications of Magnetic Particles 149

vides free space in the shell for their photo-isomerization. The azo-component of
the shell upon ultraviolet (UV) irradiation (A = 360 nm) was isomerized from the
trans-state (1a) to the cis-state (1b) and returned back when illuminated with visible
light (A =400-700 nm) (Fig. 5.1a). The reversible photoisomerization of the azo-
component of the shell was followed by the absorbance at A = 360 nm (Fig. 5.1b).
Upon UV illumination, the intensity of the absorbance band at 360 nm in the spec-
trum of the functionalized magnetic particles decreased and the intensity of the
band at 480 nm increased, indicating the trans-to-cis photoisomerization. The il-
lumination with visible light resulted in the opposite change of the spectrum indi-
cating the cis-to-trans photoisomerization. The change of the dipole moment of the
shell upon the reversible photoisomerization between the trans-state (1a) and the
cis-state (1b) resulted in the reversible change of the magnetization of the y-Fe,O,
core (Fig. 5.1c). The relationship between the electronic polarization (including the
charge or the dipole moments) and the magnetization is well established, however
the exact mechanism of the phenomenon is still not fully described [26-28]. The
magnetic nanoparticles with photochemically controlled magnetization represent
novel potential labeling tools for biomaterials.

Coating of magnetic nanoparticles (e.g. Fe,O,) by thin films of noble met-
als (such as Au or Ag) results in the enhanced chemical stability of the magnetic
core [29]. Gold-coated iron nanoparticles with a specific magnetic moment of
145 emu g~ 'and a coercivity of 1664 Oe were prepared and tested for biomedical ap-
plications [30]. Also, Au-coated nanoparticles with magnetic Co cores were prepared
for biomedical applications with the controlled size (5-25 nm; + 1 nm) and tailored
morphologies (spheres, discs with specific aspect ratio of 5 X 20 nm) [31]. The gold-
shell allows further modification of the magnetic nanoparticles with biomolecules
using the self-assembly method. Gold-coated composite nanoparticles of different
diameters (50, 70 and 100 nm) were prepared by the reduction of AuCl, ions with
hydroxylamine in the presence of Fe,O, nanoparticles as seeds [32]. The Au shell
was used to modify the magnetic nanoparticles by antibodies (rabbit anti-HIVp24
IgG or goat anti-human IgQG) through a simple self-assembling procedure. The
generated antibody-functionalized Au-coated magnetic nanoparticles were applied
in immunoassay, providing easy separation/purification steps in a standard direct
sandwich ELISA method. Also, Au-coated magnetic nanoparticles were used to
construct thin films with the controlled structure and properties upon application of
dithiols as molecular linkers between the Au shells [33].

Silica particles carrying encapsulated magnetic nanoparticles were used for pro-
teins binding to the outer-sphere of the inorganic beads and for biocatalysis [34, 35].
Particles with a magnetic core and mesoporous silica shell were used as magnetically
transported matrices with the pores filled by biomolecules (e.g. drugs) [36]. Also,
iron oxide magnetic nanoparticles (y-Fe,0, 20 nm or Fe,O, 6-7 nm) were coated
by a SiO, shell (thickness of 2—-5 nm) using wet chemical synthesis and used for im-
mobilization of biomolecules [37, 38]. Silica nanotubes were synthesized in alumina
template and the inner surfaces of the nanotubes were modified with Fe,O, magnetic
nanoparticles [39]. The resulting magnetic nanotubes were applied for magnetic-
field-assisted bioseparation, biointeraction, and drug delivery. Iron oxide magnetic
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Fig. 5.1 a Magnetic nanoparticles functionalized with a mixed organic shell composed of a pho-
toisomerizable azo-component (1a/1b) and a diluter n-octylamine (2). b The reversible absorbance
changes (at A = 360 nm) in the spectrum of the functionalized magnetic particles upon reversible
photoisomerization of the azo-component: (@) the trans-states (1a) generated by visible illumina-
tion (A = 400-700 nm); (b) the cis-states (1b) generated by UV illumination (A = 360 nm). ¢ The
reversible change of the magnetization of the y-Fe,O, core upon illumination of the functionalized
magnetic nanoparticles with visible light (a) and UV light (b). (Adapted from [25], Figs. 2b and
4b, with permission.)
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nanoparticles (5—-15 nm) were coated with inorganic fluorescent shell composed of
ytterbium and erbium co-doped sodium yttrium fluoride (NaYF,/Y/Er) that provides
an efficient infrared-to-visible up-conversion [40]. The magnetic/fluorescent hybrid
nanoparticles were coated with SiO, to immobilize biomolecules (e.g. streptavidin).
The generated multi-functional particles provided magnetic separation, fluores-
cence detection and bioaffinity association with complementary biomolecules. In
another approach, the magnetic Fe,O, nanoparticles (8.5 nm) were coated with a
controlled number of polyelectrolyte layers using layer-by-layer deposition of posi-
tively charged polyallylamine and negatively charged polystyrene sulfonate [41].
Negatively charged thioglycolic acid-capped CdTe nanoparticles were electrostati-
cally bound to the positively charged polyallylamine exterior layer in the polyelec-
trolyte shell of the magnetic nanoparticles. The hybrid assemblies were prepared
with the different numbers of the polyelectrolyte layers separating the magnetic core
nanoparticle and the satellite fluorescent CdTe nanoparticles. Also, the method al-
lowed the generation of several layers of the CdTe nanoparticles separated from the
magnetic core and from each other by the polyelectrolyte layers. Also, Co-CdSe
core-shell magnetic-fluorescent assemblies were generated by controlled deposition
of the CdSe semiconductor layer on the pre-formed magnetic Co core in a non-
aqueous solution using dimethylcadmium as an organic precursor [42]. The gener-
ated fluorescent-active/magnetic nanocomposite particles were suggested as versa-
tile labels for biomolecules, which demonstrate advantages of the both fluorescent
reporting part and magnetic separating/transporting part of the assembly. Further
developments to improve the nano-hybrid assembly properties will be directed to the
formation of a spacer layer between the magnetic core and the fluorescent shell to
inhibit the quenching of the photoexcited semiconductor by the metal core.

Another approach to generate polyfunctional nano-assemblies includes formation
of hetero-dimeric structures composed of two different nanoparticles (e.g. magnetic
and metal or semiconductor) linked one to another as siamese twins (dumbbell-like
bifunctional particles) [43-45]. Magnetic nanoparticles, Fe,O, or FePt, (8 nm) coat-
ed with surfactant were dispersed in an organic solvent (e.g. dichlorobenzene) and
added to an aqueous solution of Ag* salt [43]. Ultrasonication of the aqueous/organic
system resulted in the formation of micelles with the magnetic nanoparticles self-
assembled on the liquid/liquid interface (Fig. 5.2a). Defects in the surfactant shell
allowed catalytic reduction of Ag* ions at Fe?" sites on the surface of the magnetic
nanoparticles faced to the aqueous phase to yield seeding for a Ag nanoparticle. Fur-
ther reduction of Ag* ions on the Ag seed resulted in the growth of the Ag nanopar-
ticle on a side of the magnetic nanoparticle as depicted in a TEM image (Fig. 5.2¢).
Similarly a Ag nanoparticle was grown on a side of a FePt magnetic nanoparticle
(Fig. 5.2d). The size of the generated Ag nanoparticle was dependent on the allowed
time-interval of the catalytic growing process. The generated hetero-dimers provided
a platform for the directed functionalization of the magnetic and metallic parts of the
assembly with different organic or bioorganic molecules using the difference of the
surface properties of the two parts of the dimer. For example, the Ag nanoparticle in
the dimeric hybrid was functionalized with thiolated porphyrin (3), while the Fe,O,
magnetic nanoparticle was modified by a biotin derivative (4) using dopamine units
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Fig. 5.2 a Assembly of Fe,O,-Ag hetero-dimeric nanoparticles in an aqueous/organic micell-
system. b Directed functionalization of the Fe,O, nanoparticle and Ag nanoparticle with different
functional units, such as dopamine-derivatized biotin and thiol-derivatized porphyrin, respec-
tively. ¢, d TEM images of Fe,O,-Ag and FePt-Ag hetero-dimers. (Adapted from [43], Scheme 1
and Figs. 5.1d, 5.1e, with permission. Copyright (2005) American Chemical Society)

as anchor groups (Fig. 5.2b). In another approach, FePt nanoparticles were coated
with amorphous CdS layer to form a metastable core-shell structure, in which the
CdS shell was transformed into a crystalline state upon heating [44]. Because of
the incompatibility of the lattices of FePt and CdS the core-shell nanoparticles were
transformed into heterodimers composed of interconnected CdS and FePt nanopar-
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ticles, which have sizes less than 10 nm and exhibit both superparamagnetism and
fluorescence, providing excellent means for labeling of biomaterials. In a differ-
ent approach, separately synthesized superparamagnetic y-Fe,O, nanoparticles (ca.
11.8 nm) and semiconductive CdSe nanoparticles (ca. 3.5 nm) were mixed and en-
capsulated together in a silica shell yielding a complex multifunctional assembly that
preserved the unique magnetic property of y-Fe, O, and fluorescent property of CdSe
quantum dots [46]. The silica shell served as panzer keeping together the functional
nano-components and also provided chemically accessible sites for further function-
alization of the hybrid system with organic molecules.

Various organic shells (e.g. aminosiloxane, dextran or dimercaptosuccinic acid)
were generated around magnetic particles [47—49]. Organic functional groups in-
troduced in the outer-layer of magnetic particles allowed coupling of biomolecules
to the organic ‘shell’ [50, 51]. Several synthetic approaches have been applied to
couple biomolecules to magnetic particles and to use the hybrid assemblies for
various biochemical, bioanalytical and biomedical applications [52]. For example,
dextran-coated magnetic particles were further covalently modified with polyclonal
IgG anti-horseradish peroxidase antibody and used for the capturing of horseradish
peroxidase from a crude protein extract from Escherichia coli [52]. Magnetite
nanoparticles were silanized and further covalently modified with polyamidoamine
dendrimer (PAMAM) [53]. The amino groups of PAMAM were used for the cova-
lent binding of streptavidin. The streptavidin loading was found to be up to 3.4-fold
higher comparing to the direct binding of streptavidin to the polysiloxane-modified
magnetite nanoparticles. This was attributed to the increase of the organic shell
diameter and the increase of the number of the amino groups, which are respon-
sible for the covalent binding of streptavidin. Dopamine was suggested as a robust
anchor group to link biomaterials to magnetic particles [54]. Dopamine ligands
bind to iron oxide magnetic nanoparticles through coordination of the dihydroxyl-
phenyl units with Fe*? surface sites providing amino groups for further covalent
attachment of various biomolecules. Preparation and characterization of magnetic
nanoparticles coated by organic shells for covalent immobilization of proteins (e.g.
bovine serum albumin) [8, 55, 56] or enzymes (e.g. HRP or lipase) [57-60] was
described recently. The immobilization of enzymes on magnetic particles yields
biocatalytically active particles. In one example, alcohol dehydrogenase was co-
valently bound to Fe,O, magnetic particles, and the immobilized enzyme demon-
strated high biocatalytic activity [61, 62]. Enzyme-modified magnetic nanoparticles
could also demonstrate bioelectrocatalytic activities, while being in contact with an
electrode surface [60]. Reversible association of proteins was achieved with nega-
tively charged polyacrylic-shell/Fe,O,-core magnetic nanoparticles [63]. The bind-
ing of proteins was controlled by electrostatic interactions between the proteins and
the negatively charged shells. The protein molecules, positively charged at low pH
values (pH <pl, isoelectric point), were electrostatically attracted to the negatively
charged shells, while at higher pH values (pH>pl) the negatively charged protein
molecules were repelled from the functionalized magnetic particles. The revers-
ible association/dissociation of the proteins to and from the magnetic nanoparticles,
respectively, was used to collect, purify and transport proteins. Magnetic particles
were functionalized with carbohydrate oligomers to yield multivalent binding of the
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magnetic labels to proteins or cells via specific carbohydrate-protein interactions,
thus allowing their imaging [64]. DNA molecules were reacted with a mixture of
Fe?*/Fe’* ions that were electrostatically associated with DNA chains [65]. These
iron ions were then chemically reacted to give Fe,O, magnetic particles associated
with the DNA molecules. The labeled DNA could hybridize with complementary
oligonucleotides, and the magnetic particles linked to the DNA molecules allowed
the separation of the labeled DNA from non-labeled strands.

The cooperative assembly of magnetic nanoparticles in the presence of amino
acid-based polymers was studied, and it was demonstrated that electrostatic interac-
tions between block co-polypeptides and nanoparticles could control the organiza-
tion of these components [66]. The addition of polyaspartic acid initiated the ag-
gregation of maghemite nanoparticles into clusters, without the formation of a pre-
cipitate. The addition of the block co-polypeptide poly(EG,-Lys),,,-b-poly(Asp),,
induced a controlled organization of magnetic nanoparticles, possibly through the
formation of micelles with cores consisting of the nanoparticles electrostatically
bound to the polyaspartic acid end of the block co-polypeptide. In this case, the
poly(EG,-Lys) ends of the copolymers would form the micelle shell and, as such,
both stabilize the clusters and control their size. By altering the composition of the
block co-polypeptide, it should be possible to control both the size and stability of
the resulting dispersed nanoparticle clusters, thereby greatly expanding the poten-
tial applications and usefulness of these cooperatively assembled nanocomposites.

5.3 Application of Magnetic Particles for Separation
and Purification of Biomolecules and Cells

Most of the applications of biomaterial-magnetic particle hybrid conjugates involve
the concentration, separation, regeneration, mechanical translocation and targeting
of biomolecules, such as proteins, DNA/RNA, and of cells.

The following systems exemplify applications of the functionalized magnetic
particles for separation, purification and transportation of bioanalytes to simplify
analytical procedures and enhance the sensitivity and specificity of the analysis.
Magnetic microparticles were coated with polymeric organic shells composed of
poly(2-hydroxyethyl methacrylate) or poly(glycidyl methacrylate), and then differ-
ent proteins, such as RNAse A, DNAse I, anti-Salmonella and proteinase K, were
immobilized on the polymer-coated magnetic microparticles [67]. The protein-
functionalized magnetic particles were applied as biocatalytic carries in the degra-
dation of bacterial RNA, chromosomal and plasmid DNA, magnetic separation of
Salmonella cells or degradation of their intracellular inhibitors. Phospholipid-coated
magnetic nanoparticles with a mean magnetite core size of 8 nm were used for the
recovery and separation of proteins from protein mixtures [4]. Fe,O, particles coat-
ed with co-polymerized methacrylate-divinylbenzene were further derivatized with
ethylenediamine to yield amino-functionalized magnetic micro-particles (1-5 pm)
[68]. Protein A was covalently bound to the amino groups in the organic shells of
the magnetic particles and then used for bioaffinity coupling with antibodies. The
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protein A-functionalized magnetic particles demonstrated the efficient immunoaf-
finity purification of monoclonal antibodies IgG2a (22 mg per gram of magnetic
particles) from mouse ascites. In another approach, magnetic nanoparticles were
functionalized with aptamer units specific to lysozyme allowing its separation, puri-
fication and further electrochemical analysis [69]. Streptavidin-functionalized mag-
netic beads were reacted with biotinylated anti-lysozyme aptamer, 5’-ATC TAC
GAA TTC ATC AGG GCT AAA GAG TGC AGA GTT ACT TAG-3’, and then
they were reacted with the target lysozyme protein to yield an affinity complex.
The complex of lysozyme protein with the aptamer-functionalized magnetic beads
was magnetically separated from a mixture with other proteins and amino acids.
Then purified lysozyme was released from the complex by alkaline treatment and
analyzed electrochemically with a detection limit of 350 fmol (7 nM). Alternatively,
streptavidin-functionalized magnetic beads were modified with a DNA primer (5),
then reacted with a DNA analyte (6) and with a DNA-signaling probe carrying a dye
(7) to yield a “sandwich” system (Fig. 5.3) [70]. The resulting hybrid system was
magnetically separated and purified, and then the DNA assembly was dissociated
to release the purified DNA analyte and DNA-signaling probe. These components
were re-hybridized and reacted with a cationic conjugated polymer (8) to yield the
electrostatically assembled DNA/polymer system. The generated system revealed
the fluorescence resonance energy transfer (FRET) between the conjugated polymer
and the dye molecules associated with the DNA-signaling probe. Thus, lighting-up
the dye molecules in the DNA system was the read-out signal for the DNA analyte.
Obviously, the use of the magnetic particles in this system is limited by the isolation
and purification steps of the analytical procedure.

Multi-component magnetic nanorods were synthesized for magnetically con-
trolled separation of His-tagged biomolecules [71]. Nanorods (ca. 330 nm diameter
and ca. 10 um length) of controlled composition with a central domain made of
Ni and short end domains made of Au were prepared by electrochemical synthe-
sis in micro-porous alumina template [72, 73]. Ni domain providing ferromagnetic
properties of nanorods was used for specific binding of His-tagged biomolecules,
whereas Au end domains prevented etching of the nanorods upon chemical disso-
lution of the template membrane. The Au parts of the multi-component nanorods
were passivated with 11-mercaptoundecyl-tri(ethylene glycol) to prevent non-spe-
cific adsorption of proteins. A suspension of the nanorods was challenged with a
mixture of His-tagged and untagged proteins labeled with different fluorescent dyes
(His-tagged ubiquitin labeled with Alexa 568 red dye and anti-rabbit IgG without
a His-tag labeled with Alexa 488 green dye) (Fig. 5.4a). The His-tagged ubiquitin
was associated with the Ni domains of the nanorods and magnetically separated
from the mixture, leaving the untagged anti-rabbit IgG in the solution. Then the His-
tagged ubiquitin was released from the Ni surface by washing with eluent buffer
pH 2.8, regenerating the bare surface of the Ni domains. The method was extended
to the separation of His-tag-specific antibodies (Fig. 5.4b). The Ni domains of the
nanorods were coated with polyhistidine (His,) and then reacted with a mixture of
anibodies (Alexa 568-labeled anti-poly-His IgG and Alexa 488-labeled anti-human
IgG). The His-specific antibody was associated with the His-coated Ni domains,
magnetically separated from the mixture of antibodies, and then it was washed off
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from the Ni surface with the eluent buffer pH 2.8 (this buffer is known to release
His, from the Ni surface and to decrease the affinity interaction between the His,
and the antibody). The method represents a general route for the magnetic sepa-
ration of His-tagged or His-specific proteins from their mixtures with other bio-
molecules providing an alternative to chromatographic columns. Au parts of the
nanorods, which are presently used as protecting ends of the nanorods, may be fur-
ther used as supports for various functional components. Multifunctional magnetic
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Fig. 5.4 a Separation of His-tagged proteins from untagged proteins using magnetic Ni-nanorods.
b Separation of antibodies specific to polyhistidine (anti-poly-His) from other antibodies using
magnetic Ni-nanorods. (Adapted from [71], Scheme 1, with permission).

nanorods composed of Au and Ni domains and carrying various biomolecules on
the Au and Ni parts could also be used for the trapping and precise positioning in the
external magnetic field [74], thus opening a new way to the design of nanocircuitry
and construction of nanobiodevices.

A magnetic nanocapturer has been developed for the separation and collection
of trace amounts of DNA/mRNA from mixtures and cancer cells. The nanocap-
turer was fabricated using a magnetic nanoparticle as a magnetic carrier, which
was functionalized with a molecular beacon as a DNA probe for gene recognition
and collection. Isolation, purification and further PCR amplified analysis of DNA
from pathogenic bacteria Listeria monocytogenes were performed with the use of
magnetic nanoparticles as transporting units [75].

Antibodies were adsorbed on synthetic Fe,O, magnetic particles and were then
used for specific binding to cells and further separation of the cells by an external
magnetic field [76, 77]. Superparamagnetic polystyrene microscopic beads impreg-
nated with magnetic particles were covalently modified with polyclonal anti-£.
coli O157 antibodies and used for affinity capturing of E. coli O157:H7 bacteria
[78]. The bacterial cells captured by the magnetic beads were analyzed using im-
munosensing with fluorescent quantum dots. The application of the magnetic beads
as a platform for the immunosensing of bacteria provided means for their separa-
tion, purification and further analysis. For example, IgG-functionalized magnetic
nanoparticles were employed as effective affinity probes for selective concentration
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of target bacteria from sample solutions followed by their analysis [79]. Magnetic
nanoparticles (FePt, ca. 4 nm diameter) functionalized with vancomycin (Van) were
used to selectively capture Gram-positive bacteria cells through molecular recogni-
tion between Van and the terminal peptide, D-Ala-D-Ala, on the surface of the cells.
Unexpectedly, the Van-modified magnetic particles were also found to associate
with Gram-negative bacteria such as E. coli [80, 81]. The captured E. coli cells were
then purified and transported with the use of an external magnet. Bacterial magnetic
particles containing protein A in the biological shell were genetically engineered
and anti-mouse IgG antibodies were bound through their F fragments to the protein
A units on the surface of the magnetic particles [82]. The antibody-functionalized
magnetic particles were used for specific binding to mononuclear cells from periph-
eral blood and their separation.

5.4 Application of Magnetic Nanoparticles as Magnetic
Labels for Biomolecules and Cells

Intrinsic magnetic properties of nanoparticles allowed their applications as labels
for biomolecules. Several approaches were developed in biosensing with the use
of magnetic nanoparticles based on their magnetic properties: (i) Application of
magnetic nanoparticles as labeling units and their detection with the use of high-
ly sensitive magnetometers. (ii) Analysis of the relaxation properties of magnetic
nanoparticles in alternative magnetic fields upon binding of biomolecules. (ii) The
nuclear magnetic resonance (NMR) analysis of an aqueous environment affected
by magnetic nanoparticles associated or dissociated in course of biorecognition or
biocatalytic processes. The later approach became a background for the NMR imag-
ing that found extensive use in medicine and in vivo bioanalysis.

Rapid developments in magnetoelectronics [83] brought into reality highly sensi-
tive magnetic field sensors. These sensors, primarily developed for electronics (e.g.
as information storage devices in computer technology), recently became used for
detection of magnetic nanoparticles linked as labeling units to biomolecules, offer-
ing various immunosensors and DNA sensors [84—87]. Superconducting quantum
interference devices (SQUIDs), the world’s most sensitive magnetic flux detectors,
were applied as analytical tools in the sensing of biomolecules labeled with mag-
netic nanoparticles [88], e.g. for DNA sensing [89] and immunosensing [90]. How-
ever, as it requires expensive cryogenic devices, practical application of biosensors
based on SQUIDs is very limited. Relative magnetic permeability measurements
of biomolecule-assemblies labeled with magnetic nanoparticles performed with the
use of relatively simple induction coil-based magnetometers were also applied for
biosensing. For example, superparamagnetic nanoparticles functionalized with his-
tone H1 were specifically attached to a DNA analyte (calf thymus DNA or plasmid
DNA) and used as magnetic tracers for quantitative DNA analysis based on mea-
surements of relative magnetic permeability [91]. However, the simplicity of the
used instrumentation does not provide sufficiently high sensitivity of the analysis.
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Fig. 5.5 Biosensors based on magnetoresitive materials that provide magneto-electronic transduc-
tion of biorecognition events of biomolecules labeled by magnetic nanoparticles

Practically useful, highly sensitive magnetometers based on magnetoresistive
materials were recently developed and used in biosensing devices. The effect of
the resistance change in the presence of a magnetic field (magnetoresistive effect)
discovered by William Thomson [92] in 1856 became practically useful only at the
end of twentieth century with the advances in solid state technology allowing fabri-
cation of thin films of ferromagnetic materials (e.g. Niy Fe, ) showing strong mag-
netoresistive effect. Recently discovered effect of the antiferromagnetic interlayer
exchange coupling, the giant magnetoresistive (GMR) effect and the anisotropic
magnetoresistive effect (AMR) are used in various schemes of the magnetometers
based on magnetoresistive materials (e.g. planar Hall sensors, AMR ring sensors
[93], GMR sensors [94-96], spin valves [97—-100]).

DNA sensors and immunosensors based on these magnetometers consist of a
magnetoresistive thin film support functionalized with target biomolecules (oligo-
nucleotides, antigens or antibodies) (Fig. 5.5) [84]. Coupling of analyte comple-
mentary biomolecules (complementary DNA, antibodies or antigens), followed by
further binding of secondary complementary biomolecules (oligonucleotide, anti-
antibody) labeled with magnetic nanoparticles results in the change of the electrical
resistance of the magnetoresistive support. Current passing through the magneto-
resistive support is alternated in the presence of the magnetically labeled biomole-
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cules, thus allowing the electronic transduction of the biorecognition event. Usually,
the biomolecules are labeled with non-remanent paramagnetic nanoparticles (iron
oxide) having small random magnetic moments. Thus, an external magnetic field is
applied to align the magnetic moments of the nanoparticles, yielding the change of
the resistance in the magnetoresistive support. The biosensors were integrated into
complex magnetosensitive microchips for the multi-target high throughput analysis
(Fig. 5.6) [95, 96, 101-103]. The sensitivity provided by the magnetometers (e.g.
using a miniaturized silicon Hall sensor [104]) allows detection of a single mag-
netic nanoparticle, thus allowing, in principle, the detection of a single biomolecular
recognition event. It should be noted that the magnetically assisted transport of
DNA-functionalized magnetic particles to the sensing interface also results in the
acceleration of the DNA analysis [105].
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Binding of biomolecules to magnetic nanoparticles results in the increase of their
hydrodynamic radius, thus resulting in the change of their Brownian relaxation time
upon excitation in an alternative magnetic field. The impedance analysis of the com-
plex magnetic susceptibility of a fluid containing magnetic nanoparticles provides
the means to follow the binding of biomolecules to the magnetic nanoparticles. Mag-
netic nanoparticles (mean diameter 130 nm) were functionalized with a monoclonal
antibody to prostate specific antigen (PSA) [106]. Reacting the antibody-modified
magnetic nanoparticles with PSA resulted in the formation of the affinity complex
consisting of the magnetic nanoparticles, anti-PSA antibody and PSA. The analysis
of the complex magnetic susceptibility showed the change of the Brownian relax-
ation time after the modification of the nanoparticles with the anti-PSA antibody and
further change after the affinity binding of PSA reflecting the respective increase
of the hydrodynamic radius of the species. The method proved its applicability to
the design of various sensors for biorecognition events (e.g. immunosensors) [107,
108]. Similarly, superparamagnetic y-Fe,O, nanoparticles (50 nm) functionalized
with antibodies specific to Listeria monocytogenes bacteria were used for the analy-
sis of the bacterial cells [109]. Upon application of an external magnetic field the
magnetic dipoles of the nanoparticles were aligned with the magnetic field direc-
tion. Afterwards the external magnetic field was switched off and the relaxation
time of the magnetic dipoles of the nanoparticles was measured. While the unbound
magnetic nanoparticles showed fast Brownian relaxation, the magnetic nanopar-
ticles bound to the bacterial cells were unable to move and the relaxation time was
much longer, providing means for the detection of the magnetically labeled bac-
teria. Further developments of the method were directed to the optical analysis of
the rotational mobility of magnetic nanoparticles functionalized with biomolecules
and fluorescent dyes [110]. Optical analysis of the rotational relaxation of magnetic
particles was successfully applied to develop immunosensors [111]. The binding of
polyclonal antibodies to the antigen-functionalized magnetic particles resulted in
their cross-linking, thus decreasing the rotation mobility of the particles. This pro-
cess was followed by optical means allowing immunosensing based on the analysis
of magneto-optical relaxation curves.

Magnetic nanoparticles were extensively used to follow biorecognition pro-
cesses and enzymatic biocatalytic reactions using magnetic resonance techniques,
such as nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI)
[112]. The cores of iron oxide nanoparticles (Fe,O,) /(Fe,0,), are superparamag-
netic and they are magnetized in an external magnetic field generating large mag-
netic dipoles. The formation of these dipoles results in local magnetic field gradi-
ents and yields non-homogeneity in the external magnetic field. Precession of water
protons in the environment with the non-homogeneous magnetic field proceeds
at an off-resonance frequency, dephasing their spins and increasing the relaxation
time (1/T2). The structure and physical properties of the monodisperse magnetic
nanoparticles causing this effect were well characterized [113]. The NMR-effect
generated by the magnetic nanoparticles was extensively experimentally studied
and theoretically modeled [114, 115]. The effect of the magnetized nanoparticles
on the relaxation time of water protons is enhanced when the magnetic nanopar-
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ticles are aggregated and diminished upon their dissociation [112]. The association
and dissociation of biocompatible magnetic nanoparticles was read out by magnetic
resonance techniques using various concentrations of the nanoparticles at different
temperatures [116]. The magnetic nanoparticles were attached to various biomate-
rials, such as oligonucleotides, proteins (antigens/antibodies) and viruses, and the
association of the magnetic nanoparticles, resulted from the biorecognition events,
was followed by magnetic resonance techniques. Enzymatic reactions resulting in
the biocatalyzed disaggregation of the biomolecular assemblies labeled with the
magnetic nanoparticles were also followed by magnetic resonance techniques [112].

DNA analysis was performed using NMR transduction of the hybridization pro-
cess using oligonucleotides labeled with magnetic nanoparticles [112, 117, 118].
Superparamagnetic (Fe,0,) /(Fe,0,)  nanoparticles (3 nm) coated with a cross-
linked dextran shell functionalized with amino groups were used as labels [119].
The magnetic nanoparticles were activated by N-succinimidyl 3-(2-pyridyldithio)
propionate (9) as a linker providing further binding of thiolated oligonucleotides
with the formation of disulfide bonds (Fig. 5.7). Two kinds of oligonucleotide-func-
tionalized magnetic nanoparticles were generated by covalent binding of two dif-
ferent thiolated oligonucleotides HS-(CH,),-CGC-ATT-CAG-GAT (11) and TCT-
CAA-CTC-GTA-(CH,),-SH (10), which are complementary to different domains
of the analyte oligonucleotide 3’-GCG-TAA-GTC-CTA-AGA-GTT-GAG-CAT-5’
(12). Mixing the 10-functionalized and 11-functionalized magnetic nanoparticles,
carrying in average three oligonucleotide chains per nanoparticle, with the analyte
oligonucleotide (12) resulted in the hybridization of the oligonucleotides linked to
the magnetic nanoparticles with the complementary domains of the analyte oligo-
nucleotide, yielding clusters of 140+ 16 nm each containing four to five magnetic
nanoparticles. The aggregation of the magnetic nanoparticles bridged by the hy-
bridized oligonucleotides resulted in significant changes of the spin-spin relaxation
time (T2) of protons in the neighboring water molecules (Fig. 5.8a, curve a). The
observed changes of T2 were dependent on the concentration of the analyte oligo-
nucleotide, thus allowing its quantitative analysis (Fig. 5.8a, inset). No changes
of T2 were observed when a non-complementary oligonucleotide, 5’-ATG-CTA-
AAT-GAC-GAC-TGC-CCA-CAT-3’, was added in a control experiment (Fig. 5.8a,
curve b). To prove that the observed changes of T2 originate from the hybridiza-
tion process, the reversible melting of the double-stranded oligonucleotide upon
elevation of temperature and re-hybridization upon the temperature decrease were
performed, and the respective reversible changes of T2 were followed (Fig. 5.8b).
In an additional control experiment, the addition of dithiothreitol (DTT, 13) to the
system resulted in the splitting of the disulfide bonds between the oligonucleotides
and the magnetic nanoparticles, resulting in the irreversible disaggregation of the
magnetic nanoparticles that cancelled the T2 changes during the temperature cy-
cling (Fig. 5.8b). The selectivity of the DNA analysis was studied using the DNA
analyte targeting a GFP gene sequence and its single-base mutants containing T,
C or G bases instead of A base [118]. The magnetic nanoparticles functionalized
with oligonucleotides complementary to the half-domains of the DNA analyte
were added to the system. The observed changes of T2 in the presence of the target
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Fig. 5.8 a Changes of T2 upon addition the (10)- and (11)-oligonucleotide-functionalized mag-
netic nanoparticles to: (¢) Complementary analyte oligonucleotide (12). (5) Non-complementary
oligonucleotide. Inset: The calibration plot of the T2 changes upon addition of the complementary
analyte oligonucleotide (12) at various concentrations. b Reversible changes of T2 upon dehybrid-
ization and hybridization of the oligonucleotides labeled with the magnetic nanoparticles caused
by the increase and decrease of temperature, respectively. The addition of dithiothreitol (DTT)
to the system results in the irreversible disaggregation of the magnetic clusters linked through
the olgonucleotides. ¢ Changes of T2 in the presence of the fully complementary oligonucle-
otide analyte and single-base mismatched target oligonucleotides. (Adapted from [116], Scheme 1,
Figs. 5.3 and 5.4; [117], Fig. 5.3a, with permission.)



5 Biomedical Applications of Magnetic Particles 165

oligonucleotides with a single-base mismatch were smaller than that for the fully
complementary DNA analyte (Fig. 5.8c), thus allowing the single-base mismatches
DNA analysis.

The NMR-based method allows the DNA and RNA analysis in turbid media
and in whole-cell lysates without purification of the samples. The selective high-
throughput DNA analysis was performed for lysates of cell lines for GFP mRNA
expression using the NMR analysis as the detection tool. The sensitivity level and
the mismatch selectivity of the currently non-optimized NMR analysis of the non-
purified cell lysates were comparable with the traditional fluorescence-based meth-
ods for the purified RNA [118]. The NMR-based method enables the imaging of the
gene expression in vivo [120]. The existing technology and instrumentation enable
the high-throughput analysis of thousands of samples simultaneously and rapidly
[121].

Similarly to the DNA analysis, the immunosensing based on the NMR analysis
of the aggregation of the magnetic nano-labels was developed [112, 118]. Super-
paramagnetic (Fe,0;) /(Fe,O,)  nanoparticles were covalently modified with avi-
din, yielding conjugates that carry an average of two avidin units per nanoparticle,
and used as generic reagent for labeling of any biotinylated antibodies. Biotinyl-
ated anti-green fluorescent protein (GFP) polyclonal antibody was then attached
to yield a GFP-sensitive immunosensor. The addition of the GFP analyte to the
anti-GFP antibody labeled with magnetic nanoparticles resulted in the cross-linking
and aggregation of the magnetic nanoparticles, yielding the change of T2 detected
by the NMR analysis. A similar approach was used to design an enantioselective
immunosensor [122]. The magnetic nanoparticles were labeled with a derivative
of D-phenylalanine. The addition of antibodies specific to D-amino acids resulted
in the cross-linking and aggregation of the magnetic nanoparticles, which led to a
decrease of more than 100 ms in the T2 relaxation time. The analysis of D-phenyl-
alanine impurities in samples of L-phenylalanine was performed by the competi-
tive immunoassay. The addition of a mixture of the enatiomers to the assembly of
magnetic nanoparticles cross-linked with the D-amino acids-specific antibodies led
to the disaggregation of the magnetic nanoparticles due to the competitive binding
of the antibodies to the D-phenylalanine. This process resulted in the increase of T2
relaxation time, thus providing the detection of D-phenylalanine. The rate and mag-
nitude of the change in the T2 relaxation time was dependent on the concentration
of D-phenylalanine in the sample, whereas the pure L-phenylalanine did not result
in any change of T2.

Modification of the magnetic nanoparticles with virus-surface-specific antibod-
ies allowed immunosensing of viruses with the NMR analysis as a transduction
tool [112, 123]. The superparamagnetic (Fe,0,) /(Fe,0,)  nanoparticles were func-
tionalized with anti-adenovirus 5 (ADV-5) or anti-herpes simplex virus 1 (HSV-1)
antibodies. The magnetic labels were cross-linked upon addition to the system the
respective viral species, adenovirus (ADV-5) or herpes simplex virus (HSV-1),
yielding an aggregated system detected by measuring the changes of the water pro-
tons T2 relaxation times. The method allowed the detection of five viral species
as lower sensitivity limit. The analyzed model viruses represent a model for other
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more pathogenic viruses, and are currently used as viral vectors in gene-therapy
studies. The viral-specific magnetic nanoparticles can be further developed into
viral-specific imaging agents for the magnetic resonance imaging of distribution
of viruses and other pathogens in vivo. For example, the magnetic nanoparticles
modified by anti-human E-selectin (CD62E) F(ab’), fragments were used for the
magnetic resonance imaging of inducible E-selectin expression in human endothe-
lial cell culture [124], that is important for early diagnostics of tumor angiogenesis,
arthritis, inflammations and atherosclerosis.

Since enzyme-catalyzed reactions can lead to the formation of various assem-
blies or alternatively can result in the disassembling of organic materials, these
processes could be followed by the NMR analysis with the use of the magnetic
nano-labels, providing the means to analyze the respective enzyme activity [112].
Serotonin-functionalized magnetic nanoparticles were reacted with hydrogen per-
oxide in the presence of myeloperoxidase, an enzyme implicated with inflammation
and coronary diseases, to yield the cross-linked magnetic matrix due to the enzyme
catalyzed oxidation of serotonin leading to its dimerization (Fig. 5.9a) [125]. The
formation of the biocatalytically generated magnetic matrix was followed by the
change of T2 relaxation time, thus allowing the analysis of the enzyme activity in
the sample (Fig. 5.9b). Protease activity was assayed using avidin-functionalized
magnetic nanoparticles and di-biotin linkers with a protease-cleavable peptide se-
quence in the spacer [126]. The addition of a di-biotin derivative, biotin-GPAR-
LAIK-biotin, which includes a specific peptide sequence cleavable by trypsin, to
the avidin-functionalized magnetic nanoparticles results in their cross-linking and
yields the respective change of the T2 relaxation time. In the presence of tyrosin,
the peptide sequence is cut and the produced mono-biotin derivative is not capable
to cross-link the avidin-functionalized magnetic nanoparticles, thus inhibiting the
T2 change (Fig. 5.10a). Similarly, magnetic nano-assemblies cleavable by renin and
matrix metalloprotease-2 were developed and used for the assay of these proteases
[126]. The analysis of the protease activity with the use of the magnetic nanopar-
ticles opens the way for the magnetic resonance imaging of various proteases, play-
ing key roles in diverse diseases, in vivo.

Similarly, to the assay of the protease activity, the analysis of DNA-cleaving
enzymes was reported [127]. Two kinds of magnetic nanoparticles modified with
complementary single-stranded DNA, 3’-AATGCGGGATCCTACGAG-5" and
5’-TTACGCCCTAGGATGCTC-3’, were prepared to yield upon hybridization
the double-stranded DNA sequence recognized by BamHI restriction endonucle-
ase (Fig. 5.10b). The hybridization process produced the magnetic nanoparticles
assembly and resulted in the change of the T2 relaxation time. The ds-DNA linker
was cut upon the addition of BamHI restriction endonuclease, thus generating
the monomeric magnetic nanoparticles and returning the T2 relaxation time to
its initial value with the rate proportional to the enzyme activity. The addition of
other endonucleases, such as EcoRI, Hindlll, and Dpnl, to the BamHI-sensitive
nanoassembly did not cause the change of T2, thus resulting in the specificity of
the assay.
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Fig. 5.9 a Assembly of a magnetic matrix from serotonin-functionalized magnetic nanoparticles
biocatalyzed by myeloperoxidase (MPO). b Calibration plot showing the changes of T2 relaxation
time as a function of the myeloperoxidase activity: (a) in the presence of H,0,, (b) in the absence
of H,0O, in the control samples. (Adapted from [124], Scheme 1 and Fig. 5.1a, with permission.
Copyright (2004) American Chemical Society)

Telomerase activity was assayed with the use of the magnetic nanoparticles as-
sembled on the telomeric DNA sequence [128]. The magnetic nanoparticles were
functionalized with the oligonucleotide, 5’-CCC-TAA-CCC-TAA-3’, that is com-
plementary to the telomeric repeat sequence generated by telomerase. The telom-
erization process was performed in the system consisting of a telomer-primer,
5’-AAT-CCG-TCG-AGC-AGA-GTT-3’, the mixture of nucleotides (ANTP-mix)
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dATP, dGTP, dUTP, and a cell extract containing telomerase prepared from vari-
ous cell lines (B16 melanoma, CaPan-2 pancreas carcinoma, MCF-7 breast cancer,
PC3 prostate cancer, ovcar-5 ovarian carcinoma, H-4-I1I-E hepatocellular carcino-
ma, Lewis lung carcinoma, 9L glioblastoma, HeLa, E6-1 Jurkat lymphoma, and rin
SF rat insulinoma). Telomerase catalyzed elongation of the telomer primer by the
telomeric repeat units TTAGGG (Fig. 5.11a). The oligonucleotide-functionalized
magnetic nanoparticles were bound to the elongated oligonucleotide yielding the
change of the T2 relaxation time (Fig. 5.11b, curve a). It should be noted that the
oligonucleotide bound to the magnetic nanoparticles was not complementary to
the telomer-primer and the magnetic nanoparticles were not associated with the
telomer-primer in the absence of the telomeric repeats generated in the presence of
telomerase (Fig. 5.11b, curve b). The method allowed the telomerase assay in vari-
ous cancer cells, as well as the analysis of the telomerase inhibition and activation
processes.
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Fig. 5.11 a Assembly of the magnetic nanoparticles on the telomeric repeat units generated by
telomerase. b The change of T2 relaxation time after addition of the oligonucleotide-function-
alized magnetic nanoparticles to: (a) the oligonucleotide consisting of 54 telomeric repeat units
generated by telomerase; (b) the telomeric-primer without the telomeric repeat units. (Adapted
from [127], Fig. 5.1b, with permission.)

5.5 Conclusions and Perspectives

The state-of-the-art in the preparation, characterization and application of bio-
molecule-functionalized magnetic particles and other related micro-/nano-objects
allows efficient performance of various in vifro and in vivo biosensors. Many of
these biosensors are directed to biomedical applications. For example, CoFe,O,-
core/Au-shell nanoparticles have been successfully used to design a biosensor for
foot-and-mouth viral disease [129]. In this system a biomimetic oligo peptide-
nucleic acid (PNA) was assembled on the gold surface of the nanoparticles and
then hybridized with a complementary DNA sequence. Detection was performed
by incubation with an intercalating fluorescence probe, Rhodamine 6G. The present
example demonstrates powerful applicability of the biomolecular-functionalized
magnetic nanoparticles in biomedical biosensors. Many other examples outlined
in the review demonstrated various aspects of magnetic particles applications in
medicine and related areas.

Future developments in this area will be directed to further complexity increase
of the systems scaling up their structural and functional properties. Two examples
might be mentioned to give some ideas about the possible research directions: (i)
Self-assembling of magnetic nanoparticles in the form of magnetic nanowires was
achieved recently and the system was considered as a platform for future biosensor/
bioelectronic devices [130]. In this system the particles will operate as an aggre-
gated community controlled by an external magnetic field rather than a dispersion
of individual species. (ii) Magnetic nanoparticles can be associated with functional
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switchable interfaces providing a platform for multi-enzyme signal processing sys-
tem [131]. The present approach will allow functional integration of nano-structured
species, functional interfaces and signal-processing biomolecular systems resulting
in the novel bioelectronic devices for biosensing and bioactuation. Tremendous
changes in the performance of biomedical systems could be expected soon based on
the rapid developments in this exciting research area.
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Chapter 6
Degradable Polymer Particles in Biomedical
Applications

Broden G. Rutherglen and Devon A. Shipp

Abstract Polymers are widely used in therapeutic and drug delivery applications, with
applications including wound closure, tissue repair, bone augmentation and drug deliv-
ery. Of such polymers, those that are degradable (or resorbable) are of great interest.
Furthermore, colloidal polymers are often used in biomedical and pharmaceutics, par-
ticularly in encapsulation, targeting, and controlled release systems. Regardless of the
application, the molecular and architectural design of the colloidal system is of great
importance in the performance of the material. This article reviews degradable polymers
and particles made from them, with particular attention paid to particles made from
polyanhydrides and their potential use in the therapeutic agent delivery applications.
We initially review various biodegradable polymers, molecular architectures and out-
line their fundamental chemistry. Finally, we examine modes of polyanhydride particle
synthesis, characterization, and use in therapeutic delivery applications.

Keywords Biodegradable ¢ Erosion * Degradation * Drug delivery ¢ Particle °
Polyanhydrides ¢ Polymer colloid

6.1 Introduction and Scope of Review

Polymers are widely used in therapeutic and drug delivery applications (see, for ex-
ample, Duncan et al. [ 1] and references therein), with applications including wound
closure, tissue repair, bone augmentation and drug delivery [2]. Within these ap-
plications, degradable (or resorbable) polymers are of great interest. Furthermore,
colloidal polymers are often used in biomedical and pharmaceutics, particularly
in encapsulation, targeting, and controlled release systems. Regardless of the ap-
plication, the molecular and architectural design of the colloidal system is of great
importance in the performance of the material. For example, chain length, crystal-
linity, branching, charge, composition, and hydrophilicity/hydrophobicity all have
significant effects on the material properties of the polymer colloid, such as deg-
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Fig. 6.1 Schematic of Adjustable Polymer
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radation and release kinetics. The connection between the many polymer colloid
parameters and bioapplication properties is outlined in Fig. 6.1.

This article reviews degradable polymers and particles made from them, with
particular attention paid to particles made from polyanhydrides and their potential
use in the therapeutic agent delivery applications. We initially review various bio-
degradable polymers, molecular architectures and outline their fundamental chem-
istry. Finally, we examine modes of polyanhydride particle synthesis, characteriza-
tion, and use in therapeutic delivery applications.

6.1.1 Therapeutic Polymers: Particles and Assemblies

Finne-Wistrand and Albertsson [3] have recently reviewed the area of biodegradable
polymer colloids, which includes spheres and capsules, and covers a wide range of
polymer-based particulates of 10 nm and larger in size. The area has been fruitful
for nearly 40 years, with the original work in producing drug release from polymers
dating back to the 1960s. Polymer particles can be made from emulsion polymeriza-
tion (or a related method such as dispersion polymerization) or linear polymers that
are made in a first step, then followed by a particle-forming process (such as solvent
evaporation or phase inversion). There are many factors that affect drug release from
polymer particles. These include composition, architecture, molecular weight, crys-
tallinity, porosity, and the size distribution of particles. Furthermore, other param-
eters such as pH, light or heat can be used to induce changes in the polymer materials
(i.e. they are stimuli responsive) that result in enhanced release rates.

Particles can come in various architectures, with simple homogeneous particles,
coreshell morphologies, and brush-like surfaces. In many cases, and particularly
for core—shell structures, the use of surfactants to stabilize the particles can lead to
interference in the drug delivery process by altering degradation or the size distribu-
tion, for example. Surfactants are also often difficult to remove. Particular domains
of the particles can be cross-linked; for example, degradable shell cross-linked
nanoparticles have been made by Wooley et al. [4, 5] via the self-assembly of block
copolymers with subsequent cross-linking of the shell. In such cases, it is impor-
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tant for resorbable systems that the cross-linking does not interfere with degrada-
tion. In terms of composition, the primary linear (co-)polymers used in sub-micron
and micron-sized particles are polyesters, for example poly(lactic acid) (PLA),
poly(glycolic acid) (PGA) and copolymers of the two (PLGA). Polyethylene glycol
(PEG) has been used as an outer surface or as part of a block copolymer to enhance
hydrophilicity and compatibility [3].

Micelles formed from amphiphilic block copolymers typically provide a core-
shell structure [6, 7]. In most cases, a hydrophobic core is able to act as the drug
carrier while a hydrophilic shell, particularly using PEG, sterically stabilizes the
micelles. Polymer vesicles can also be used. Micelles and vesicles have a variety of
advantages over polymer particles. Their synthesis is relatively easy and reproduc-
ible, their circulation time is often long enough to allow drug accumulation in the
target area, and their small size can allow them to reach areas within the body that
larger (micron sized) particles cannot. However, because most micelles are made
from the non-covalent association (self-assembly) of amphiphilic compounds or
block copolymers, they are a dynamic system (i.e. micelles are forming and dis-
integrating on a constant basis). Furthermore, micelles may not form at all, or be
particularly stable, as a result of even small environmental changes, such as dilution
or changes in ionic strength. Therefore, the stability of micelles will alter greatly
depending on the location in the body, and thus so will solubilization of the drug. As
a result, delivery effectiveness may not be that high.

Polymer particles, whether based on linear polymers, cross-linked polymers or
micelles, can also be made to passively or actively target specific cells [6, 8]. Pas-
sive targeting simply requires that the circulation time of the drug carrier be long
enough to allow the particle and drug to reach the intended destination via random
diffusion. However, active targeting requires specific recognition of a particular cell
type by the carrier. The drug carrier, therefore, needs to be functionalized, typically
on the surface, with an appropriate ligand that will recognize the target and pref-
erentially bond to it. These active targeting drug delivery species show improved
efficiency and specificity [8].

6.2 Molecular Structures of Degradable Polymers

Commonly degradable polymers include labile linkages within the backbone of
material, which could be esters, orthoesters, anhydrides, carbonates, amides, etc.
Over the past 40 years this area of polymers has been dominated by poly(«-hydroxy
acids) (polyesters) such as PLA, PGA and PLGA copolymers [9]. These types of
degradable polymers are seen on the medical market in the form of sutures, clips,
staples and some drug delivery devices [2]. As medical technology advances, so do
the requirements for the polymeric material. Some desired traits include: control-
lable erosion rates, surface degradation/erosion mechanism, and moldability with
strong yet flexible mechanical properties.
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Surface
Erosion

Bulk
Erosion

Scheme 6.1 A schematic diagram of surface and bulk erosion. Degree of shading represents mate-
rial properties

Before discussing the various types of degradable polymers (based on molecular
structure), definitions of erosion and degradation are needed. Degradation is defined
as the breaking of covalent or non-covalent bonds within the polymer chains. On
the other hand, erosion characterizes the macroscopic scale or physical breakdown,
which is classified as the sum of all processes leading to the loss of mass from the
polymer matrix [9]. An example of non-degradative erosion would be solvation.

Furthermore, there are two types of erosion: surface and bulk. Surface erosion
is also referred to as heterogeneous erosion, where erosion is limited to the surface
of the polymer only. This is due to the faster rate of degradation on the surface of
the polymer relative to rate of bond cleavage of the polymer chains buried within
the sample. The difference in rate is primarily due to (a) the presence in the poly-
mer of highly reactive functionality toward water, and (b) the difference in local
water concentration—if the material is hydrophobic enough to restrict water uptake
into the bulk of the material then the local concentration of water is very high at
the surface and very low (or zero) within the material. By inhibiting water from
penetrating into the bulk of the material and having highly reactive hydrolysable
groups at the surface, the material will be depleted only at the surface. In contrast,
bulk erosion, which is also termed “homogeneous erosion” in some publications,
the typical rate at which the bond cleavage occurs is much slower in comparison to
surface eroding polymers, thus allowing penetration of water throughout the bulk
of the material which leads to the uniform erosion of the polymer from within [9,
10]. Scheme 6.1 displays a schematic description of surface and bulk erosion that
were described above. Degradable poly(a-hydroxy acids), such as PLA, PGA, and
PLGA, all undergo bulk erosion.

6.2.1 Polyesters

While there have been many materials examined in the field of degradable poly-
mers, to date the most widely investigated and used degradable polymers are poly-
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esters, particularly those belonging to the poly(a-hydroxy acid) family. These in-
clude poly(lactic acid) (PLA), poly(glycolic acid) (PGA), copolymers of these two
(producing PLGA), poly(orthoesters) and poly(f-amino esters) [11]. The notable
degrading functionality of this class of polymer is hydrolytically unstable ester moi-
eties present in the backbone.

6.2.1.1 Poly(Lactic Acid), (PLA), Poly(Glycolic Acid) (PGA) and Their
Copolymers

Scheme 6.2 shows how PLA, PGA and copolymers are created by ring opening
polymerizations of lactones, which is the most common method of synthesis [11].

These types of degradable polymers have been widely used due to their high
biocompatibility and variable degradation rates. Products already available from
these polymers include sutures, staples, screws, plates, and drug delivery devic-
es [11]. The first patent for resorbable sutures was made as far back as 1967 by
Schmitt and Polistina [12]. Even though these polymers are highly biocompat-
ible they have some drawbacks in terms of their use in the biomaterials field,
thus there are ongoing efforts to create better and more suitable materials for
various applications. Some of these disadvantages are that they are crystalline,
hydrophobic, and the mechanical properties are difficult to tune. The crystal-
linity causes several problems, including inconsistent swelling, increased hard-
ness with low resilience, and low diffusion coefficients which hinders the water
penetration to the ester bonds thus resulting in a material which could degrade
anywhere from 6 months to many years [13—16]. This is often at odds with the
requirements in the areas of soft tissue regeneration and drug delivery systems,
where it is often necessary for the material to be soft yet capable of withstanding
dynamic environments, and able to undergo surface erosion [17, 18].
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Scheme 6.3 An example of the synthesis of acrylate-terminated poly(-amino esters)

6.2.1.2 Poly(Ortho Esters)

Early work on poly(ortho esters) by Heller et al. [19] showed that these polymers
undergo surface erosion and potentially can provide zero-order drug release kinet-
ics. Such polymers are primarily made via the addition of polyols to diketene ac-
etals. However, degradation of poly(ortho esters) occurs only under acidic condi-
tions; this can be both an advantage and disadvantage. The benefit is that acidic or
basic active ingredients into the polymer matrix can be used to tune degradation
rates. On the other hand, this makes the system more complex and may lead to the
operation of various degradation/erosion mechanisms.

6.2.1.3 Poly(f-Amino Esters)

Recent work by Langer et al. [20-23] has shown that poly(f-amino esters) have
great promise as drug delivery vehicles. Cross-linked acrylated poly(f-amino es-
ters) degrade via hydrolysis of their ester backbones into simple amino acids, diols,
and poly(acrylic acid), compounds that are easily removed by the body [23].

Acrylate-terminated poly(f-amino esters) have been developed more recently,
and a large variety of cross-linking agents developed by combinatorial approaches
[20, 21]. These polymers are made by the -addition of diamines to diacrylates in
a step-growth polymerization (Scheme 6.3). Since there is a wide range of such
monomers available, this chemical diversity leads to a significant range of both
degradation profiles and mechanical properties. Furthermore, their synthesis is sim-
ple and quite tolerant of other functionalities, such as ethers, alcohols and tertiary
amines. As is typical for step-growth polymers, the molecular weight of such poly-
mers is controlled by the stoichiometry of the starting monomers, allowing oligo-
mers to be produced easily. Oligomers with acrylate end-groups have been used in
the synthesis of biodegradable hydrogels as crosslinkers [24].

6.2.2 Polyanhydrides

This class of polymer is among the most reactive and hydrolytically unstable that
have been developed for biomedical applications [25]. Polyanhydrides were first
reported to be synthesized in the early twentieth century by the melt condensation
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method between diacids, but they did not become widely studied until about three
decades ago. The main reason why this class of polymer entered into the spot-
light was the uniqueness of their degradation/erosion mechanism—they undergo
surface erosion. Due to this characteristic they are the only surface eroding polymer
that has been approved for applications by the Food and Drug Administration [25].
Scheme 6.4 shows the general polyanhydride structure.

The earliest publication concerning this class of polymer was conducted by Bu-
cher and Slade in 1909, where they synthesized anhydrides from isophthalic and
terephthalic acids [26]. Two decades later, Carothers and Hill prepared aliphatic
polyanhydrides; polymers containing adipic and sebacic anhydride were produced
by heating the individual acids into excess acetyl anhydride [27, 28]. The next to
look at these polymers was Conix [29] in the late 1950s. He studied and reported
polyanhydrides resulting from aromatic acids, mainly derived from poly[bis(p-car-
boxyphenoxy)alkane anhydrides]. Scheme 6.5 shows common monomers used by
Conix, Hill and Carothers, and others. Another pioneer in the polyanhydride field
was Yoda [30] in the early 1960s. He produced a new family of polyanhydrides that
were heterocyclic crystalline compounds that were synthesized from various five
member heterocyclic dibasic acids, in which he polymerized with acetic anhydride
at 200-300°C in nitrogen and under vacuum.

The first to take real advantage of the polyanhydrides hydrolytically unstable
nature was R. Langer, a pioneer in the sustained drug release community. During
the mid 1980s Langer and coworkers began studying methods of polyanhydride
synthesis, ultimately working towards increasing the molecular weights in an effi-
cient manner. Particularly, they worked with poly(bis(p-carboxyphenoxy)propane)
(poly(CPP)), poly(sebacic acid) (poly(SA)) anhydrides and copolymers of the two.
One significant outcome of Langer’s work is the Gliadel® wafer implant [31], which
is made from the poly(sebacic acid-co-1,3-bis(p-carboxyphenoxy)propane) and ad-
ministers an anti-tumor agent as it erodes to the brain cancer patient. Many other
works concerning polyanhydrides have been reported, for example the production
of poly(anhydrides-co-imides) which increases mechanical properties [32].

In the late 1990s Langer et al. developed a method of photopolymerization and
cross-linking of polyanhydrides [33]. The desire for higher strength polymers with
moldability, surface erosion, and controlled rates of degradation characteristics for
orthopedic applications such as bone regeneration and augmentation were becom-
ing evident. The study by Anseth et al. [33] reported the development of photopo-
lymerizable methacrylated anhydride monomers and oligomers in which unite high
strength, controlled degradation, and photoprocessibility into one system. They
reported cross-linked networks with degradation times from 1 week to almost a
year that retained 90% of the tensile modulus at 40% mass loss. These dimethacry-
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Scheme 6.6 Structures of MCPP and MSA

lated anhydride monomers were based on diacid molecules of SA, CPP and CPH,
(forming MSA, MCPP and MCPH, respectively—see Scheme 6.6). Due to the high
concentration of double bonds and the multifunctional nature of the monomer the
formation of highly cross-linked, degradable networks were achieved upon minutes
of photopolymerization. The tensile and compressive strengths of poly(MSA) and
poly(MCPH) were reported and quite comparable to trabecular bone (5—10 MPa for
each), but significantly lower than cortical bone (80—150 MPa and 130-220 MPa),
respectively. They also conducted in vivo studies with the photocurable polymers
in rats in which a 2 mm defect in the tibia was made and then filled with the pho-
toreactive monomers and cured using 1 s pulses of UV light at 10 W/cm?. Minimal
damage to the surrounding tissue occurred, the polymer network adhered well and
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PNA

Scheme 6.7 The structures of 4-pentenoic anhydride (PNA) and pentaerythritol tetrakis(3-mer-
captopropionate) (PETMP)

the absence of inflammatory cells suggests that the rat’s system tolerated the net-
work [33]. Other studies were conducted on similar systems, and from these it was
concluded that these methacrylated anhydrides have characteristics suitable for use
in orthopedic applications [34, 35].

We recently have shown that using commercially available monomers, thiol-ene
polymerization yields degradable polyanhydrides that, when crosslinked, appear
to undergo surface erosion [36]. Scheme 6.7 shows the key monomers used. The
main components are an anhydride-containing a multi-ene compound (PNA) and a
multi-thiol compound (PETMP). It should be noted that the anhydride functionality
could, in principle, be contained within the thiol entity, although some of our initial
examinations of this avenue indicates the slow formation of a thioester if the two
functional groups are present together [37]. Furthermore, a linear non-crosslinked
polymer will be formed if both monomers are di-functional, with end-groups being
determined by the relative quantities of the monomers.

Time-lapse photographs of a crosslinked polyanhydride cube sample after be-
ing immersed in deionized water for various amounts of time at room tempera-
ture are shown in Fig. 6.2 [36]. These series of photographs clearly show that the
cube retains the basic shape during the erosion process. The sample also remains
firm throughout, even though the cube decreases in size. Thus, the development of
thiol-ene chemistry in the preparation of polyanhydrides has realized new materials
that are photocurable and have controllable erosion rates. Furthermore, it is ex-
pected that using thiol-ene chemistry to make polyanhydride network polymers will
provide significant flexibility in tailoring characteristics such as crosslink density,
functionality and hydrophilicity/hydrophobicity. Such materials are likely to have
significant potential in drug delivery and tissue engineering applications.

6.3 Preparation of Polyanhydride Micro- and
Nano-particles

The following discussion focuses on the primary methods that have been developed
to make polyanhydride micro- and nano-particles. These are hot melt encapsulation,
phase inversion/precipitation, emulsions, and spray drying/cryogenic atomization.
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Fig. 6.2 Crosslinked thiol-ene polyanhydride cube (made with 1:1 functional group stoichiometry
of PETMP and PNA, with 0.1 wt.% 1-hydroxycyclohexyl phenyl ketone as the photoinitiator)
afteraOh,b 18 h, ¢ 48 h, d 72 h in deionized water. (Reproduced from Shipp et al. [36] by permis-
sion of The Royal Society of Chemistry (copyright 2009))

A discussion about synthesis, characterization and biomedical use of the particles is
given within each section.

6.3.1 Hot Melt Encapsulation

The hot melt encapsulation method requires that the polymer (e.g. in this case, poly-
anhydrides) be heated above the melt temperature. The powdered active ingredient
(i.e. the payload), having been sieved to a size of 50 um or less, is added to the melt.
With continued heating, the mixture is added to a non-miscible solvent (silicon oil
is often used) and stirred until a stable emulsion is achieved. Upon cooling, the
polymer solidifies, forming the particles with the active drug ingredient within. The
particles can then be washed with suitable non-solvents and dried, typically giv-
ing free-flowing powders. While this approach may give a wide range of sizes and
microspheres with dense and smooth surfaces, the high temperatures may lead to
degradation of the drug or denaturation of proteins, depending on the active ingredi-
ent used. Furthermore, in order to make a melt with appropriate viscosity, molecular
weights of the polymer should be in the range of 1,000-50,000.
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Mathiowitz and Langer [38] were the first to develop hot-melt encapsulation
with polyanhydrides, and indeed the first polyanhydride particles. Made from
poly(CPP-SA), the microspheres with diameters of tens of microns up to 2,000 um
could be made, the size was controlled by the stirring rate during encapsulation and
being independent of additional model payloads (dye and insulin). Using SEM, the
mode of erosion appeared to be via surface erosion. When loaded with a payload,
it was found that for the smaller microspheres (less than 50 um) the rate of payload
release was dependent on the size of the microspheres—the smaller the microsphere
the faster the release rate. This proved that the microspheres were undergoing sur-
face erosion, which in turn controlled the release of the payload. If erosion occurred
via bulk erosion then the rate of release would be independent of microsphere size.
The insulin-containing microspheres were injected into diabetic rates—this resulted
in normaglycemia for 3—4 days.

6.3.2 Phase Inversion/Precipitation

Phase inversion preparation of polyanhydride particles simply involves the disso-
lution of the polymer into a good solvent and then the dropwise addition of the
solution to a large excess of a non-solvent. The solvent that dissolves the polymer
should be miscible with the non-solvent such that upon addition of the polymer so-
lution to the non-solvent, the solvent quickly disperses into the non-solvent leaving
the polymer to collapse, aggregate and so precipitate. Under appropriate conditions,
particles of sub-micron to micron dimensions can be formed. Surfactants may be
added to ensure particle stability.

Mathiowitz et al. [39] examined the use of poly(fumaric acid-co-sebacic acid)
(poly(FA-SA)) as a oral drug delivery system. The poly(FA-SA) microspheres, with
a 20:80 ratio of FA:SA and molecular weights of 500-2,000, were produced by
dissolving the polymer into methylene chloride (a good solvent) which was then
added to petroleum ether (a non-solvent). Particle sizes ranged from 0.1-5.0 um.
Examples are shown in Fig. 6.3. The poly(FA-SA) microspheres were loaded with
insulin, plasmid DNA and dicumarol (an anticoagulant) and injected into rat mod-
els. The microspheres were found to be bioadhesive, and could continue contact
with intestinal mucus and cell linings. These properties improved the absorption of
all three model payloads.

Fu and Wu [40] performed a light scattering study on poly(SA) particles made by
the phase inversion method. In their process, the poly(SA) was dissolved in tetrahy-
drofuran (THF) and then added to water containing surfactant. The surfactants used
were sodium laurylsulfate (SDS), polyoxyethylene20 sorbitan monostearate (Tween
60), sorbitan monolaurate (Span 20), and polyoxyethylene20 sorbitan monolaurate
(Tween 20). It was found that particles with hydrodynamic radii around 200 nm
were made, and the degradation of the polymer was close to zero order (up to 75%
weight loss) under a variety of conditions, including different temperatures, surfac-
tants, surfactant concentration and pH.
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Fig. 6.3 SEM image of
poly(FA-SA) particles
prepared by dispersing 4%
(w/v) polymer solution in
methylene chloride into a
100-fold excess of petroleum
ether. Scale bar =5 um.
(Reproduced from Mathiow-
itz et al. [39] by permission
of Macmillan Publishers Ltd
(copyright 1997))

6.3.3 Emulsion Methods

Emulsions are useful in preparing polymer particles, particularly those containing
drugs, in part because the procedure can be done at room temperature. This removes
the negative effects of high temperatures on degradation of the polymer carrier or
biologicals, such as proteins. There is also a wide range of surfactants and infor-
mation regarding their use already available. Oil-in-water (O/W) single emulsions
are used for hydrophobic polymers, whereas oil-in-water-in-oil (O/W/O) double
emulsions are normally used for hydrophilic polymers. There are also reports of
solid-in-oil-in-oil (S/O/0O) double emulsions where the aim was to reduce premature
hydrolysis of the degradable linkage in the polymer chain by avoiding the use of
water in the emulsification [41].

Procedurally, O/W emulsions of the polymer can be achieved by dissolution of
the polymer in an organic, water-immiscible solvent (e.g. chloroform), which is
then added to an aqueous system containing a stabilizer (e.g. surfactant), followed
by high energy emulsification (e.g. through the use of sonication or homogenizers).
The polymer particles can be finally formed by chain crosslinking and/or solvent
removal.

In any of these approaches, there are several critical aspects of particle formation
that need to be evaluated and optimized. Firstly, stabilization of the emulsions is of
obvious importance, particularly when the final product is being loaded with drug
molecules. Without appropriate stabilization several unwanted outcomes may oc-
cur, including aggregation, agglomeration and loss of the active ingredient, which
may happen at any time in the particle formation process, but most often occurs
during emulsification. If appropriately stabilized, the particles may be crosslinked
in order to preserve the individual particles and allow the solvents to be removed.
The crosslinking chemistry must be compatible with both the polymer carrier and
the drug. Other factors that affect particle formation and stability include solvent
types and ratios, emulsification methodology and energy.
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Fig. 6.4 SEM image of
poly(SA) nanoparticles made
with the O/W emulsion
technique. (Reproduced from
Lee and Chu [42] by permis-
sion of John Wiley & Sons
(copyright 2008))

Lee and Chu [42] examined the degradation behavior of CPP/SA copolymers in
nanoparticle and disc forms. The nanoparticles were formed using the O/W emul-
sion technique, followed by removal of the dichloromethane solvent. Poly(vinyl
alcohol) (PVA) was used as a stabilizer. Figure 6.4 shows a SEM image of nanopar-
ticles made from poly(SA) (50 mg/ml), using 2.5 wt/vol.% of PVA. The average
particle sizes depended on the amount of PVA added; 1.0 w/v% PVA gave 540 nm,
2.5 w/v% gave 436 nm, and 5.0 w/v% gave 423 nm. When only 0.5 w/v% PVA was
added the poly(SA) precipitated. It was noted that the nanoparticles could be freeze-
dried and resuspended in phosphate buffered saline (PBS) solution (pH = 7.4, 37°C)
without aggregation over a 10 h period, after which the average particle size in-
creased significantly, up to several microns in diameter. However, this was not nec-
essarily a major problem since the particles typically degraded in a similar time-
frame, depending on the composition. For example, copolymers of SA:CPP (80:20)
were shown to have eroded by approximately 80% (based on % monomer release;
PBS pH = 7.4, 37°C) after 24 h. The degradation/erosion rates of the nanoparticles
were compared to discs (8 mm diameter, 1 mm thickness) of the same composition.
It was found that the degradation/erosion rates were much faster for the nanopar-
ticles; this was attributed to the much larger surface area available for hydrdolysis
of the anhydride moiety.

Pfeifer et al. [43] synthesized micro- and nanoparticles of copolymers based on
SA and poly(L-lactic acid). The resulting polymers therefore contained both ester
and anhydride moieties, and were expected to display a mixture of erosion mecha-
nisms: bulk erosion due to the esters and surface erosion due to the anhydrides. The
copolymers were synthesized according to Scheme 6.8. The two pathways used
to make the copolymers provided control over the molecular weights of the final
polymer, which could also influence the degradation of the particles in addition to
the composition (e.g. ester vs. anhydride content). The particles were generated us-
ing a W/O/W double emulsion technique, using PVA as a stabilizer. The particles
were characterized for size (using SEM, Coulter microparticle analyzer and light
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Path 2

Micro/nanosphera
Formulation

Scheme 6.8 Synthetic schemes for poly(ester-anhydride) copolymers leading to microsphere for-
mation. (Reproduced from Pfeifer et al. [43] by permission of Elsevier Ltd (copyright 2005))

scattering) and zeta potential. The diameters for the microparticles were between
3—10 wm, while the nanoparticle diameters ranged from 300-500 nm, and all had
negative zeta potentials under the conditions measured (ranging from —20 mV to
approximately —35 mV in water). It was found, however, that upon freeze-drying
the particles tended to aggregate, particularly those with larger polyanhydrides con-
tent. This was overcome through the use of a cryoprotectant, D(+)-trehalose.

Figure 6.5 shows SEM images of microparticles with various compositions (all
ester, 50:50 ester:anhydride and all anhydride) before and after exposure to PBS
solution. The spherical shape of the particles is clearly evident before dispersion
in the PBS solution. However, only the particles containing polyanhydrides appear
to become smaller after degradation, with the 100% polyanhydrides microspheres
eroding to a much greater extent (17% over 3 days) than those made with 0% or
50% polyanhydrides (no noticeable erosion in 3 days). The degraded particles also
appear to become more oblong in shape

Pfeifer et al. [43] also examined the functionalization of the polyanhydrides par-
ticles with cystamine groups, which were then subsequently reduced to yield surface
thiol entities. This is outlined in Scheme 6.9. The degree of functionalization was
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Fig. 6.5 SEM images of poly(ester-anhydride) microparticles made with the W/O/W double
emulsion technique. 7op row: initial microspheres. Bottom row: PBS degraded microspheres (in
PBS solution for 3 days). a 0% polyanhydrides, b 50% polyanhydrides, ¢ 100% polyanhydrides.
(Reproduced from Pfeifer et al. [43] by permission of Elsevier Ltd (copyright 2005))
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Scheme 6.9 Polyanhydride surface modification scheme with cystamine. (Reproduced from
Pfeifer et al. [43] by permission of Elsevier Ltd (copyright 2005))

followed quantitatively by Ellman’s reagent (5,5’-dithiobis(2-nitrobenzoic acid)),
and it was found that the microparticles were functionalized at 0.20-35 umol/g and
the nanoparticles at 0.6-100 pmol/g.
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Kipper et al. [44] studied the synthesis of poly(CPH) and poly(SA) micropar-
ticles as the carrier of tetanus toxoid (TT) model antigen. The primary aim was to
load the polyanhydride spheres with TT, examine their release profiles and study
their ability to induce an in vivo antigen-specific immune response. In vivo tests
were performed on mice models. Figure 6.6 shows the SEM images of poly(CPH-
SA) copolymer particles loaded with TT. Spheres in the range of 10—60 um diameter
can be seen, along with some small amount of loose surface material. Some small
divots on the surface (as shown in the Fig. 6.6 by the arrows) indicate the fragility of
the spheres. Figure 6.7 shows the release profile of TT from microspheres made up
of 20:80 and 50:50 poly(CPH:SA). These indicate nearly zero-order release kinet-
ics, with the more hydrophobic 50:50 polymer showing slower release data. They
concluded that, in addition to prolonging the release of the TT, the polyanhydride/
TT microsphere single dose delivery system stimulated a mature immune response
that could be selectively tuned without supplementary adjuvants.

6.3.4 Spray Drying and Cryogenic Atomization

These methods are simple and widely applied in many fields, spray drying in partic-
ular [45]. In simplistic terms, these techniques utilize phase separation and solvent
evaporation by passing a solution containing the active ingredient and excipient,
along with other entities such as stabilizing agents, binders, flavors, etc., though a
spray nozzle. The cooling and evaporation processes that occur once the solution
expands after it passes through the nozzle can result in dried micron-sized particles.
The spray may be directed into compressed or cryogenic liquids, such as liquid
CO,, liquid nitrogen or argon. The cryogenic atomization approach can yield higher
loadings of the active ingredient and avoids high temperatures, which may denature
proteins or degrade drugs [45].

For the production of polyanhydride particles, both spray drying and cryogenic
atomization have been used to create micron-sized particles that encapsulate drugs
or proteins. Spray drying to make polyanhydride microspheres was first reported by
Mathiowitz et al. [46] The microspheres were made from homopolymers and copo-
lymers of SA, CPP and fumaric acid, and were loaded (5-7%) with dyes or a pro-
tein (bovine somatotropin, STH) for release studies. Scanning electron microscopy
(SEM) was used to evaluate the microsphere morphology, while x-ray diffraction
and differential scanning calorimetry (DSC) were used to examine the crystallinity.
It was found that less crystalline polymers gave smoother microspheres, while the
spray drying process decreased the crystallinity of all polymers. An SEM image
of poly(CPP-SA) (20:80) containing the protein, release kinetics and degradation
data are shown in Fig. 6.8. The rough surface morphology is clearly evident, and
the release kinetics indicates that for these microspheres the payload release ap-
pears independent of the microsphere erosion. In most cases studied, only 15% of
the polymer microspheres were eroded within the first 4 h, while 60-70% of the
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Fig. 6.6 TT-loaded poly(CPH-SA) microspheres. 20:80 copolymer microspheres showing small
polymer particles flocculated on their surfaces [a and b] and 50:50 microspheres with small circu-
lar divots [indicated by the arrowheads in ¢] formed when the loosely adhered clumps of micro-
spheres break apart [c¢ and d]. (Reproduced from Kipper et al. [44] by permission of John Wiley
& Sons (copyright 2006))

Fig. 6.7 In vitro TT release
profiles for TT-loaded poly-
(CPH-SA) 20:80 (®) and
50:50 (A) microspheres.
(Reproduced from Kipper
et al. [44] by permission of
John Wiley & Sons (copy-
right 2006))
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Fig. 6.8 a SEM image of poly(CPP-SA) (20:80) microspheres loaded with bovine somatotropin
(STH), b acid orange release from poly(CPP-SA) (20:80) microspheres and polymer degradation,
and ¢ STH release from poly(CPP-SA) (20:80) microspheres. (Adapted from Mathiowitz et al.
[46] by permission of John Wiley & Sons (copyright 1992))

protein/dye was released in this same time. It was concluded that payload release
was dominated by diffusional processes rather than mass loss via polymer erosion.

Using cryogenic atomization, Narasimhan et al. [41] made microparticles of
copolymers synthesized from CPH, SA and CPTEG monomers (see Scheme 6.5
for structures). In this work they systematically investigated the effect on poly-
mer structure and particle fabrication method on the release kinetics of ovalbumin
protein from polyanhydride microparticles. The size of the particles for both the
CPH:SA and CPTEG:CPH copolymers ranged from 5-25 um (Fig. 6.9), although
they have obviously broad particle size distributions. Protein release kinetics from
these particles showed that after an initial burst of protein, there was a sustained
release profile for each sample. For the amphiphilic copolymers, those containing
CPTEG, the initial burst of protein release was less than for the CPH:SA copoly-
mers. This was attributed to the larger differences in hydrophobicities between the
protein and the CPH:SA copolymers; this incompatibility leads to non-uniform dis-
tribution of the protein in the microsphere, with higher concentrations at the surface
thereby leading to greater protein release at early stages of degradation. The stabil-
ity of the protein is also greater with the CPTEG:CPH copolymer.

6.4 Conclusions and Outlook

Among the multitude of biomaterials, polymer colloids are unique in the breadth of
potential applications. The ability to control size, architecture, surface functional-
ity, and degradation profiles, along with other properties discussed above, allows
polymer colloids to be used in many biomedicine and pharmaceutical applications.
Furthermore, with the advent of instrumentation that allows for analysis of materi-
als as low as the sub-nanometer range, it is likely that the use of nanoscale colloidal
materials will continue to gain momentum. Another fertile area will be to examine
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Fig. 6.9 Example polyanhydrides microspheres made by cryogenic atomization. a 50:50 CPH:SA,
scale bar represent 50 pum. b 80:20 CPTEG:CPH, scale bar represent 20 um. (Reproduced from
Lopac et al. [41] by permission of John Wiley & Sons (copyright 2009))

the interactions between synthetic colloids and biological entities, such as cells and
their substructures (e.g. proteins). Research in this area, while having progressed
significantly in the past decade or so (see, for example, a recent MRS Bulletin de-
voted to materials for regenerative medicine [47]), is still in its infancy and with
many unanswered questions remaining it is anticipated that it will be an active field
for many years to come.
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Chapter 7
Synthesis of Inorganic Nanoparticles Using
Protein Templates

Artem Melman

Abstract The synthesis of nanoparticles with controlled composition, size and
shape has long been of scientific and technological interest. Despite efforts invested
to this problem, selective preparation of tailor made particles by conventional meth-
ods constitutes a considerable challenge. In contrast, highly selective fabrication of
monodisperse functional nanosized particles occurs continuously in every living
cell. The process of building of inorganic and hybrid organic—inorganic architec-
tures on templates of biopolymers through biomineralization is also very common
in biological systems and provides the level of control that has not been closely
achieved in conventional technology. Any biomineralization is achieved through
controlled nucleation of metal cations by functional groups in amino acid constitut-
ing proteins. Study of the biomineralization in the last two decades and attempts to
mimic the process have been highly successful although details are far from being
completely understood

Keywords Protein cages ¢ Templated synthesis ¢ Protein templates ¢ Ferritin ¢ Dps
proteins « HSP proteins ¢ Viruses * Hollow nanoparticles « Bimetallic nanoparticles

7.1 Introduction

The synthesis of nanoparticles with controlled composition, size and shape has
long been of scientific and technological interest. Despite efforts invested to this
problem, selective preparation of tailor made particles by conventional methods
constitutes a considerable challenge. In contrast, highly selective fabrication of
monodisperse functional nanosized particles occurs continuously in every living
cell. The process of building of inorganic and hybrid organic—inorganic architec-
tures on templates of biopolymers through biomineralization is also very common
in biological systems and provides the level of and control that has not been closely
achieved in conventional technology. Any biomineralization is achieved through
controlled nucleation of metal cations by functional groups in amino acid constitut-
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Fig. 7.1 Schematic represen-
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ing proteins. Study of the biomineralization in the last two decades and attempts to
mimic the process have been highly successful although details are far from being
completely understood [1, 2].

Use of biological nanosized biological systems as a template for selective syn-
thesis of inorganic nanoparticles can therefore revolutionize the current technology.
This chapter is devoted to a brief overview the synthesis of well defined inorganic
nanoparticles using interior and exterior surface of most commonly biological tem-
plates. The chapter follows conventional classification of this reaction on the type
of template with particular attention to proteins cages where a considerable array of
information has been collected and comparison of different methods. Synthesis of
nanoparticles on viral templates is highly promising due to diversity of shapes that
can be potentially obtained by these methods but comparison of different studies
that uses different templates is rather complicated.

This chapter will follow classification with regards to biological template used in
the synthesis and subclassification with regards to the synthetic method applied for
the irreversible step of nanoparticle formation (Fig. 7.1).

7.2 Protein Cages

Protein cages are essentially monodisperse nanosized molecular structures that
self-assemble from individual protein subunit building blocks. Size and biological
role of molecular cages are diverse. Smaller molecular cages such as ferritin, small
heat shock proteins (HSP), DNA binding proteins from starved cells (DPS) serve
as biomineralization sites for sequestration and storage of iron. Self-assembly of
12 (HSP) or 24 subunits produces a highly symmetric cage with diameter 9-12 nm
that is isolated from the environment by a 6 nm protein shell. All these cages pos-
sess negatively charged amino acid residues that are capable of binding iron cations
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Fig. 7.2 Schematic representation of protein cages with different sizes

thus serving as nucleation sites for growth of iron hydroxide core Synthesis of
nanoparticles in these proteins is essentially mimics of a natural process of biomin-
eralization in these proteins allowing a large variety of spherical nanoparticles
(Fig. 7.2).

Protein cages that are formed by viral proteins which serve for storage viral
enzymes and nucleic acids are considerably larger (25-30 nm). Although these pro-
teins does not serve in nature for biomineralization the presence of multiple charges
groups on the internal or external surfaces of viral proteins can often served as
nucleation sites allowing efficient synthesis of nanoparticles. Viral proteins possess
a range of different shapes thus opening extensive possibilities of shape control
of inorganic nanoparticles. Medium sized protein cages with sizes 15-20 nm are
enzyme complexes such as lumazine synthase and pyruvate dehydrogenase are not
used in nature for storage purposes yet possess well defined highly symmetric 3-D
structure similar to other protein cages.

The resultant cages possess a defined interior cavity that can be used as template
for growing inorganic nanoparticles. The protein shell of the resultant hybrid struc-
tures can be subsequently removed thus releasing inorganic nanoparticles with nar-
row distribution of sizes and molecular weight. Alternatively, the protein shell can
be used for self assembly into hierarchic functional assemblies. Both the external
and internal surfaces of protein shell can be modified using conventional genetic or
chemical methodologies thus opening extensive possibilities to control nucleation
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Fig. 7.3 a Inner cavity in apoferritin; b threefold channels in apoferritin; ¢ fourfold channels in
apoferritin

on the inner surface and molecular assembly sites on the external surface which are
beyond the scope of the process.

7.2.1 Synthesis of Nanoparticles in the Inner Cavity of Natural
Ferritin

7.2.1.1 Structural Features of Ferritins and Ferritins-Like Cages and Their
Role in Biology

Historically, ferritins were the first protein cages to be used as templates for syn-
thesis of inorganic nanoparticles. Ferritins are metalloproteins that serve for storage
of iron in essentially all living organisms. Two types of natural ferritins of different
size should be distinguished—maxi mammalian and bacterial ferritin comprised
of 24 subunits and much less common mini ferritin of bacteria and archaea built
of 12 subunits that are considered in a special section below. All ferritin molecules
possess similar size and shape and consist of the protein apoferritin shell and the
mineralized iron hydroxide core that in maxi ferritins.

The diameter of the protein shell in maxi ferritin is 12—13 nm diameter and of the
inorganic core is 5-8 nm. The protein shell is composed from total 24 H and L-type
protein subunits. Each H subunit possess a catalytic ferroxidase center capable of
very rapid oxidation of iron(II) cation using dioxygen as an oxidant and producing
hydrogen peroxide as a byproduct. The L-type subunit lack catalytic activity but
possess extended stability. It coassembles with H-subunits in different ratios that
are species- and tissue dependent. The HL ratio changes from zero (in bacterial
and plant ferritins) to 5:1 in horse spleen ferritin. The protein shell of ferritin is
unusually stable in pH range 2—10 and temperatures up to 70°C with HL ferritins
are considerably more stable than H only ferritin [3]. No appreciable dissociation of
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the ferritin or apoferritin shell under a wide range of experimental conditions was
observed (Fig. 7.3).

The cavity of maxi-ferritins is capable of accommodating up to 4500 iron at-
oms as a porous ferrihydrite iron(IIl) core with a diameter ~7-8 nm. Most data
indicate that iron enters and exits the cavity of animal ferritins via the eight hydro-
philic threefold channels. The reported diameter of these channels is 4 A although
a considerable flexibility has been reported [4, 5] and compounds with molecular
diameter as large as 6 A are capable to pass through these channels. In any case the
process of iron deposition is diffusionally controlled. The hydrophobic channels are
thought to be involved in protons and oxygen transport and diffusion although long
range electron tunneling mediated by aromatic groups within the protein shell has
been suggested. Small molecules such as reductants/oxidants and iron chelators can
enter and leave the ferritin shell during the processes of iron deposition and release.

External/internal charges distribution on the ferritin surface and the number of
nucleation centers are two crucial factors that has to be taken into account designing
nanoparticle synthesis. The 24-subunits inner cavity of ferritin is connected through
threefold and fourfold channels to the outside environment. The threefold channels
are hydrophilic and leaned with negatively charged residues of aspartic and glutam-
ic acids, this feature is common for ferritins of different type. The fourfold channels
are hydrophobic. The recent crystal structure of the plant ferritin showed that they
are leaned with several histidine residues. No metal ions have been observed around
the channels in contrast to other ferritins. The role of the fourfold channels in metal
ion deposition in ferritin cavity is less clear [6]. Several studies have confirmed
that selective mineralization of inner cavity of ferritin with divalent metal cations
over the monovalent cations similar to the calcium channels [7]. The electrostatic
potential in human H-chain homopolymeric ferritin has been calculated showing
that electrostatic potential of the threefold channels leads towards the inner cage of
the ferritin, while fourfold channel leads to the ferritin outside [8].

The first step in the nanoparticles preparation is seeding the nucleation centers
in inner cavity of ferritin. The initial centers of nucleation are residues of acidic
amino acids such as glutamate and aspartate on the inner surface of the apoferritin
shell. Both H- and L-subunits can serve as nucleation centers although L-subunits
play the predominant role in nucleation. It has been suggested that the number of
the primary nucleation centers influence the polymorphic properties of the resultant
nanoparticle. The more primary nucleation centers are available within the inner
core the wider will be polymorphism of the prepared nanoparticles. The nature of
primary nucleation centers in ferritin is not exclusive for iron cations and a large va-
riety of metal ions can be seeded inside the ferritin core [9]. However, as evidenced
by Extended X-ray Absorption Fine Structure (EXAFS) experiments on Cu?* depo-
sition into ferritin metal cations can form an amorphous network of oxygen/hydrox-
ide-coordinated cations that probably serve as the secondary nucleation sites [10].

Most commonly operations with ferritin are conducted in water solutions as
solubility of ferritin in organic solvents is very low. However, conversion of car-
boxylic residues on the exterior surface of ferritin with aminoalkyl chain drastically
improves solubility of ferritins in organic solvents [11].
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7.2.1.2 Preparation of Nanoparticles in the Interior Cavity of Ferritin

Since the interior surface of the protein shell of ferritin contain acidic functions that
serve as nucleation centers a wide range of inorganic nanoparticles can be synthe-
sized within the apoferritin nanoreactor. Most of the research has been focused on
preparation of polymorphic composites of metal oxides and chalcogenides as well
as metal alloys, although more complex hybride organic—inorganic particles can be
prepared. Transmission electron microscopy (TEM) of ferritin possessing a com-
pleted iron core revealed homogeneously sized nanoparticles commensurate in size
with the interior diameter of ferritin (7.3 1.4 nm). After assembly of the inorganic
core the apoprotein shell can be removed by a number of methods including calci-
nation, hydrolysis, or other methods [12—16].

A variety of reactions can be employed for the nanoparticles synthesis although
the essential requirement for all these reactions will be irreversible formation of pre-
cipitates from soluble precursors. The process of precipitation must proceed slower
then passage of ions through threefold channels of ferritin otherwise precipitation
in solution and on the outside surface of ferritin will occur.

A variety of inorganic particles has been prepared by this approach and many
more can be done. Because of the diversity of products it is more convenient to
classify known processes by the type of reaction used for preparation of particles.

Most commonly used methods are:

a) Catalytic and non catalytic oxidation of transition metal cations with molecular
oxygen

b) Non-catalytic oxidation with other oxidants

¢) Prototropic reactions involving formation of metal hydroxides and oxides

d) Precipitation of insoluble salts

7.3 Oxidation with Dioxygen

Iron and other metal hydroxides—oxides. The predominant form of protein unbound
iron cations in the reducing environment of the cell is iron(Il). Iron(Il) cations and
dioxygen are native substrate for ferroxidase unit that is placed on the inner cavity
of ferritin and the process of deposition of iron(III) hydroxide in the inner cavity of
ferritin occur in vast majority of living organisms.

The first step in iron mineralization in such ferritin is the reaction of ferrous
cations with free oxygen with formation diferric peroxo complex and hydrogen per-
oxide. In maxi-recombinant-L-exclusive ferritins lack of ferroxidase activity con-
siderably slows the rate of iron accumulation. Negatively charged amino acids in
the inner shell bind ferrous cations and serve as nucleation centers for non-catalytic
oxidation of iron(I) cations with molecular oxygen.

2Fe’* + 0, — [Fe(Ill)—O—O—Fe(III)] (1)
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[Fe(I1)—0—0 — Fe(I)] + H,0 — [Fe(I)—O—Fe(Ill)] + H,0,  (2)
[Fe(III)—O—Fe(1II)] + xH,O — Fe,03(H,0),_, +4H" (3)

2Fe’t 4+ 0, + xH,0 — Fe,05(H,0)¢_» + 4HT + H,0, 4)

The general procedure for preparing iron oxide nanoparticles is the following: (1)
the ferrous cation usually in a form of ferrous ammonium sulfate are added to a hol-
low apoferritin in buffered solution under anaerobic conditions; (2) the pH of the
solution is adjusted to 8+ 8.5 with sodium hydroxide; (3) an oxidative agent which
is added together with basification of solution or straight after this slowly completes
the reaction. The protons generated during the reaction are neutralized with continu-
ous titration with sodium hydroxide.

The composition of iron oxide core in natural ferritin is uneven. Depending on
a number of factors the iron hydroxide inorganic core can be crystallized in the
form of ferrihydrite, hematite, and magnetite [17]. The crystallization process can
be attenuated by a number of factors including temperature. The initially formed
ferrihydride form can be transformed into more thermodynamically stable hematite
by heating at ca. 100°C [18-20]. This is possible using recombinant ferritin of hy-
perthermophilic archaeon Pyrococcus furiosus loaded with up to 1000 Fe which is
stable up to 120°C [20].

Iron(IT) cations can be prepared in situ through photochemical reduction of
iron(IIl) citrate complexes by xenon-arc lamps. The labile iron(I) cations are ca-
pable of passing through hydrophilic threefold channels in ferritin and reoxidized
by oxygen [21]. The photochemical method produces very low but stable concen-
tration of labile cation and is useful for other metals possessing highly unstable
lower oxidation state such as europium and titanium cations that were successfully
deposited in ferritin with up to 1000 metal ions per ferritin.

A substantial component of the core in natural ferritins is phosphate ions that
constitute from 10% molar percent in human ferritin to up to 50% in bacterial
and plant ferritins [22]. Along with iron, ferritin also accumulates phosphate
anions. Mammalian ferritin contains approximately 10 iron cations per phos-
phate group, 6 while plant and bacterial ferritin 8—12 have much higher iron-to
phosphate ratio approaching a 1:1 ratio in bacterial ferritin [23, 24]. In chemical
experiments, conducting the deposition of iron into horse spleen ferritin in the
presence of arsenate, vanadate, molybdate ions results in their incorporation
into the inorganic core [25]. Although in all cases the final product contained
approximately 2000 iron atom the stoichiometry of the anion incorporation was
dramatically different. While phosphate as a hard anion was incorporated with
1:4.7 stoichiometry other anions presumably softer ones were incorporated in
much larger amounts with arsenate 1:2.2, vanadate 1:1.3, and molybdate 1.5:1
ratio to iron.
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7.4 Oxidation by Other Agents

Oxidation with molecular oxygen is not always the optimal way for synthesis due to
relatively large reaction time and difficulty controlling the reaction stoichiometry.
Other oxidizing agents have been successfully used not only to accelerate deposi-
tion of the inorganic core into the inner cavity of ferritin but also to change the
composition of the inorganic core. Hydrogen peroxide is highly efficient oxidant
that oxidizes a variety of metal cation in Fenton-type reactions and can be used for
immobilization of metal(Il) cations preconcentrated in ferritin.

2Co;, + aq + Hy0,aq — 2Co(O)OHs + 4H + aq + H,O (7.1)

Since the oxidation is usually rapid special precautions are taken to avoid forma-
tion of polymeric metal hydroxides in the solution. Repetitive sequential addition
of small amounts of metal salt and hydrogen peroxide was used for preparation
of nanophase cobalt oxyhydroxide [26]. Demineralized ferritin (apo-ferritin) was
treated with aliquots of Co(II) and H,O, at pH 8.5 and rapidly formed a homoge-
neous olive-green solution, the result of a spatially constrained oxidative mineral-
ization reaction. Theoretical loading of 2250 Co per ferritin molecule was achieved
by 18 addition cycles.

Simultaneous slow addition of deaerated solutions of metal salts and hydrogen
peroxide to solution of apoferritin at elevated temperature 50-65°C also produces
selective deposition of metal oxides. Using this method Fe(II) and Co(II) cations
were used for preparation of mixed oxide magnetic nanoparticles of the general for-
mula Fe;—xCo O, (x e 0.33) with theoretical loading of 1000 metal cations per fer-
ritin [27]. Oxidation of 3 mM Co(II) ion loaded into 0.5 mg/mL apoferritin at pH 8.3
buffer solution with hydrogen peroxide at 50°C produced Co,0, nanoparticles [28].

Growth of the inorganic core by this method is initiated at nucleation centers on
the inner surface of the protein shell and continues toward the center. If the process
is interrupted at 1000 Co/ferritin hollow nanoparticles of Co,0, are produced [29].
The resultant spheres are highly porous as evidenced by filling the hollow interior
in further deposition of cobalt oxide is done (Fig. 7.4).

Oxidation can also be done using trimethylamine N-oxide. This agent is consid-
erably milder than hydrogen peroxide and allows avoiding Fenton process which
produces hydroxyl radical capable of degrading the protein shell of ferritin [30].
Selective production of magnetite core has been achieved by oxidation of iron(I)
using equimolar amount trimethylamine N-oxide [31]. The method allowed growth
of magnetite cores up to 1000 Fe using sequential additions in portions not more
than 140 Fe/protein. The obtained particles possess distinctive magnetic properties
[32,33].
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Fig. 7.4 Growth of hollow nanoparticles of Co,0, in the interior cavity of apoferritin

7.5 Hydrolysis

The ability of the inner cavity of ferritin to serve as nucleation centers allows it ac-
celerate the growth on metal hydroxide core. The supersaturation of metal hydrox-
ide concentration can be induced by pH adjustment. The process conditions have
to be very carefully controlled to avoid precipitation of metal hydroxide outside
the apoferritin shell. Accurate control of pH without 0.01 pH unit was used for
fabrication of nickel(I) and chromium(III) hydroxide nanoparticles. It was found
the presence of carbon dioxide and ammonia considerably increases the yield of
nanoparticles, most probably because of simplifying precision pH control in the
resultant buffered solution [34].

Similar mechanism of pH adjustment was used for deposition of uranyl cations
into ferritin [35, 36] through addition of pH 7.0 phosphate buffer to a mixture of
uranyl acetate and apoferritin. In this case theoretical maximal loading of uranyl hy-
droxide (800/ferritin) can be achieved and even surpassed. In this case, the ferritin
shell is disintegrated and polydisperse nanoparticles are formed.

7.6 Other Chemical Reactions

In addition to the previously described processes a large number of insoluble metal
salts can be deposited in the inner cavity of ferritin. The mechanism of the process
relies on selective accumulation of metal cations in the inner cavity of ferritin where
the a reaction with a second component—anion source leading to formation of in-
soluble polymers takes place. A variety of semiconducting nanoparticles can be
synthesized by this way.
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This process requires diffusion of both components through hydrophilic chan-
nels in ferritin which bring certain limitation on the size of reactants. In addition the
process of diffusion is relatively slow and an important requirement to the reaction
is slow rate as otherwise a deposition of particles outside ferritin will take place. To
conform the second requirement special modifications for slowing down the reac-
tion are used.

An important group of reactions is used for preparation of semiconductor par-
ticles of metal chalcogenides. This reaction can be induces by different sources of
chalcogenides such as hydrogen sulfide. Amorphous iron sulfide minerals contain-
ing either 500 or 3000 iron atoms in each cluster have been synthesized in situ
within the inner cavity of horse spleen ferritin [37]. Iron-57 Mdossbauer spectros-
copy indicated that most of the iron atoms in the 3000-iron atom cores are trivalent,
whereas in the 500-iron atom clusters, approximately 50% of the iron atoms are
Fe(III), with the remaining atoms having an effective oxidation state of about +2.5.

Cations of iron, zinc, and cadmium can be also selectively nucleated by amino
acid residues of ferritin and selective growth of nanoparticles inside ferritin is pos-
sible. The reported binding sites are not restricted to acidic side chains and involve
Glu45, Cys48, His49, Arg52, and Glu53 residues located near the proposed fer-
rihydrate site. Since formation of these particles from metal cations and hydrosul-
fide or hydroselenide cation is very rapid special precautions are used to prevent
precipitation outside. For example, selective deposition of zinc selenide [38] and
cadmium selenide [39] inside the apoferritin is done utilizing selenourea for slow
generation of selenide anion. Alternatively slowing down of the reactions can be
achieved by decreasing concentration of a cation. The same CdSe in ferritin was
synthesized using slow reaction of cadmium-EDTA complex with sodium hydro-
selenide [40].

Slow rate of diffusion through ferritin channels can be an important asset. Slow-
ing down of the reaction is not sufficient for metal that are not well bound by fer-
ritin, for example for calcium, barium, and strontium salts. However, even in this
case if deposition of insoluble particles is prevented by addition of polyelectrolytes
such as PMAA or sodium polyphosphate. Since polyelectrolytes are incapable of
passing the interiors of ferritin the reaction inside result in controlled synthesis of
Ba, Sr, Ca carbonate particles [41].

Lutetium phosphate nanoparticles have been deposited inside the cavity horse
spleen ferritin. Selectivity in the deposition here was achieved by preferential con-
centration of Lu’* cations in the negatively charged ferritin cavity. After diffusion
of Lu’*, the electrostatic potential was reversed and phosphate anions were able
to enter the apoferritin cavity. Loading achieved by this method is lower than in
the case of slow addition of reagent but due as high as 500 cations per ferritin due
to high affinity of lutetium cations to ferritin [42]. Similar approach was use for
synthesis of nanoparticles of zinc, cadmium and lead phosphate [43]. By using
mixtures of metal cation it was possible with desired ratios of metal cations in these
particles.
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7.7 Preparation of Metal Nanoparticles in Ferritin by
Reduction

Reduction of certain metal oxides can provide an access to metal nanoparticles.
Most commonly, sodium borohydride used as a reductant. In most cases this ap-
proach is used for preparation of nanoclusters from relatively small number of
metal cations that are more tightly bound to nucleation centers in ferritin. Although
synthesis of metal nanoparticles is a mature field the use of ferritin provides several
interesting advantages. At first, the ferritin shell protects growing nanoclusters from
association. Furthermore, formation of hybrid alloy nanoparticles composed from
two or more metals is possible in a wide range of ratios. Finally, catalytic activity
of nanoclusters enclosed in ferritin shell is limited to substrates capable of diffus-
ing through narrow three-ford channels in the shell, thus giving an opportunity for
adjusting chemoselectivity.

Reduction of metal oxides nickel and cobalt alloy mixtures [44] prepared from
metal sulfates by reduction with NaBH,. The obtained mixed nanoclusters with
compositions from Co,,Ni., to Co,,Ni,, possess tunable magnetic properties.

Hydrophilic amino acid residues of the protein shell in ferritins serve as nucle-
ation centers for hard and moderately hard metal cations. Growth of nanoparticles
of noble metals cannot be done by these methods as carboxylic acids are not effi-
cient nucleation sites for soft metal cations. In this case other amino acid residues
such as cysteine and histidine can serve as nucleation centers. It was found that Pd**
cations are capable of selective binding to horse spleen apoferritin. This process
was studied by X-ray crystallography which indicated the presence of up to 216
Pd?* cations at different binding sites on the inner surface of ferritin and threefold
channels [45]. Even in the presence of a 500-fold excess of K,PdCl, only 365 Pd**
cations can be bound to ferritin (Fig. 7.5).

Subsequent treatment of ferritin bound Pd** cations with sodium borohydride
resulted in catalytically active palladium metal nanoclusters [46]. Since the process
leaved the protein shell intact the catalysis can be done only for reactants capable
of diffusing though ferritin channels. Indeed only small olefins were hydrogenated.

Similar preparation of gold—palladium core—shell nanoparticles [47] was achieved
through stepwise addition of chloroauric acid and dipotassium tetrachloropaladate
to provide either alloy Au/Pd nanoparticles or shell-core Au/Pd nanoparticles af-
ter subsequent reduction with sodium borohydride. The investigation of nucleation
centers showed that Au has an affinity to cysteine, methionine and histidine amino
acid residues, presumably due to its reduced form Au(I) formation. Crystal structure
analysis shows that divalent palladium is ligated in extend to the mentioned amino
acids by carboxyl groups of aspartic and glutamic acids. This finding suggests that
palladium cations are able to bind to the interior surface of proteins and form nucle-
ation centers even after deposition of Au (Fig. 7.6).

An analogy to these results loading of horse spleen ferritin with silver cation
followed by treatment with sodium borohydride resulted in formation of highly
heterogeneous nanoparticles with diameter up to 4 nm [48]. Partial loading of



206 A. Melman

Fig. 7.5 Structure of
Cd**—Pd>*horse spleen
ferritin with 192 Pd binding
sites (purple) on the interior
surface. The exterior surface
possess additional 24 palla-
dium and cardmium binding
sites [45]

the inner cavity was observed for similar synthesis of gold nanoparticles [49]
Improvement of binding of these metal cations can be achieved using genetically
modified ferritins possessing increased amounts of cysteine and histidine [50].
However, the most promising were achieved by engineered ferritins that possess
an inner surface dodecapeptide on the inner cavity that was capable of reducing
silver ions to metallic silver [51]. Deposition of silver produced electron dense
particles with diameter 7 A. An interesting development of this methodology is
in vivo deposition of silver into E. Coli that actively expressing the engineered
protein cages.

Higher loading can be achieved by simultaneous addition of metals in cation and
anionic form. Diffusion growth of mixed gold-silver nanoparticles was achieved
using treatment of horse spleen apoferritin with AgNO, and HAuCl, followed by
purification and reduction with sodium borohydride. The final composition reflects
the boundary conditions that have been applied for the syntheses. Gold containing
bimetallic nanoparticles are of interest as they show enhanced catalytic activity.
Homogeneous gold-silver alloy nanoparticles [52] have been prepared utilizing sil-
ver nitrate as a source for silver cations and chloroauric acid as a source for gold
containing anions. Relatively high concentration of ammonium hydroxide media
has been used for the reaction serving two purposes firstly to keep silver cations in
solution in the presence of chloride anions through their coordinative stabilization
with ammonia and secondly for basic pH adjustment. The obtained particles pos-
sessed relatively narrow distribution of size (Fig. 7.7).

7.7.1 Chemical Modifications of the Inorganic Core in Ferritin

The initially formed inorganic nanoparticles can be further transformed by either
by deposition/codeposition of additional compounds or chemical reactions of the
initial particles. The composition of the resultant hybrid particles can be adjusted
by simple change of the treatment time opening nearly endless possibilities.
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Photoreduction of Cu?* cation by sacrificial electron donor such as citrate was
catalyzed by ferritins partially loaded with ferryhydroxide core. The process results
in formation of amorphous Cu(0) cores inside the inner cavity of ferritin. Depend-
ing on Cu(Il)/ferritin ratios can led to larger particle sizes, with loadings of 250,
500, 1000, and 2000 leading to average particle diameters of 4.5+0.8, 9.7+4.2,
12.743.6,and 31.4+10.1 nm, respectively. The process is likely to be accompanied
by destruction of the ferritin shell as the size of these particles is considerably larger
than the interior cavity of ferritin.
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Reaction of copper ions deposited inside ferritin with ferricyanide anions pro-
duced Prussian blue particles [53]. The reaction proceeded only in the presence of
large concentrations urea since chaotropic agents are known to increase permeabil-
ity of threefold channels in ferritin [54].

7.7.2  Removal of Ferritin Core

Removal of the protein shell from the resultant hybrid nanoparticles can be done
by a number of ways. High temperature oxidative calcination is a universal method
for removing any organics although high temperatures associated with these meth-
ods are not compatible with some nanoparticles. Room temperature ozonolysis can
be an alternative for metal oxide nanoparticles [55]. For example, iron and cobalt
nanoparticles were released from the protein shell through treatment of SiO, depos-
ited particles with ozone and UV irradiation. Subsequent reduction with hydrogen
gas produced iron and cobalt metal nanoparticles with different sizes depending on
the initial loading of metal oxides into ferritin [56].

Enzymatic degradation of the protein shell of ferritin is possible by lysosomal
proteases [57]. Most of studies in the field are concentrated on in vivo systems
and most probably some commercially available proteases can degrade the ferritin
shell. This method can be useful for release of semiconducting nanoparticles such
as metal chalcogenides that are highly sensitive to oxidation.

7.7.3  Ferritin Like Listeria Dps Proteins

DPS proteins were originally discovered as stress proteins, which protect DNA
against oxidative stress during nutrient starvation. The Dps subfamily is diverse,
with many members promoting iron incorporation and others acting as immuno-
gens, neutrophile activators, cold-shock proteins, or constituents of fine-tangled
pili. Most commonly recombinant DPS protein from Listeria Innocua is used
for mineralization experiments. All DPS are considerably smaller than ferritin
and composed from 12 identical 18 kDa subunits. The resultant inner cavity is
only 5 nm in diameter and can hold up to 500 iron atoms. DNA binding by these
proteins was shown to suffice for protection against oxidative DNA damage and
might be mediated by magnesium ions, which bridge the protein surfaces with the
polyanionic DNA [58]. DPS possess ferroxidase catalytic center that has similar
functionally to ferritin despite substantial differences in amino acid sequence. Yet
oxidation of iron(Il) cations by hydrogen peroxide proceeds considerably faster
that with oxygen, in line with the main role of DPS protein involving prevention
of generation of hydroxyl radicals through Fenton reaction. Iron(Il) oxidation by
H,0, occurs with a stoichiometry of 2 Fe**/H,0, in both the protein-based fer-
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roxidation and subsequent mineralization reactions, indicating complete reduc-
tion of H,0, to H,0 [59].

2Fe’" + Hy0, + (Hy0), — Fey03(H,0),_ + 4H™ (7:2)

Due to functional similarity between DPS from Listeria inncua and ferritins es-
sentially all inorganic nanoparticles obtained in ferritin can be received inside DPS
with corresponding decrease in size and molecular weight. The only exception of
oxidation of M?* cations with molecular oxygen which is usually too slow. The min-
eralized iron core in DPS obtained by stoichiometric oxidation with H,O, is in the
g-Fe,O, form and is superparamagnetic [60]. Similar oxidation with H,0, approach
can be used for preparation of nanophase Co,0, and Co(O)OH [61, 62]. DPS form
Listariea inncua was used for deposition of photo luminescent CdS particles with
average diameter 4.2+0.4 nm. This was achieved by slowing the reaction down
using tetraamminecadmium as Cd?* source and thioacetic acid as the precursor of
sulfide ions [63].

Replacing hydrophilic residues in a number of position on the inner sphere into
hydrophobic does not affect function properties as most of resultant recombinant
proteins retained 3D structure and the ability to mineralize iron in the presence of
H,0, [64].

7.7.4 HSP Proteins

Hspl6.5, isolated from the hyperthermophilic Archaeon Methanococcus jan-
naschii, is a member of the small heat shock protein (sHsp) family. Small Hsp
have 12-42 kDa subunit sizes and have sequences that are conserved among all
organisms. Hsp16.5 24 identical subunits assembled into protein cage that resem-
ble the size and the appearance to ferritin with the assembled protein cage has an
exterior diameter of 12 nm. HSP16.5 possesses very large pores at the threefold
axes with ca. 3 nm diameter allowing facile diffusion on reagents with the inner
cavity [65].

Since the biological role of HSPs does not involve mineralization they do not
possess any ferroxidase activity. However hydrophilic amino acid residues on the
inner surface of the protein shell can serve as nucleation centers for ion cation. As
a result a non-catalyzed oxidation of Fe(II) by dioxygen takes place producing a
poorly crystalline iron oxide particles in the interior cavity of HSPs [66].

Synthesis of platinum NP inside can be done through incubation with PtCl,*
followed by reduction dimethylamine borane complex [67]. Size of the resultant
particles depended on Pt loading ranging from 2.2 = 0.7 nm for 1000 Pt/cage to
1 £0.2 nm for 250 Pt/cage indicating that formation of protein-associated nanoclus-
ters rather than a single nanoparticles. The associated nanoclusters possessed a high
catalytic activity in photoinduced generation of dihydrogen from water (Fig. 7.8).
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Fig. 7.8 Schematic representation of light mediated production of dihydrogen with platinum
nanoclusters inside HSP. Methyl viologen (MV2+) is used as an electron transfer mediator between
the Ru(bpy),>* photocatalyst and Pt-HSP

Specific nucleation centers can be introduced into MjHSP through site directed
mutagenesis. This process results in preparation of genetically modified subunits
possessing artificially introduced cysteine or amine residues. Selective mineral-
ization of CoPt nanoparticles was achieved through introduction of a short amino
acid sequence KTHEIHSPLLHK that possess high specificity to Lo phase of CoPt.
These nanoparticles were formed through treatment of MjHSP followed by reduc-
tion with sodium borohydride [68].

7.7.5 Enzymes as Templates for Mineralization

Subunits of a substantial number of enzymes such as lumazine synthase, pyruvate
dehydrogenase, and others self assemble into highly symmetric structures resem-
bling nanocages in the outer shape. The inner cavity of these enzymes is substantial-
ly larger than in ferritin thus potentially extending size of nanoparticles up to 15 nm.
Growth of iron oxide particles inside lumazine synthase resulted in relatively low
loading (2000 Fe/cage) [69]. Binding of iron were found to interfere with the self
assembly by lumazine synthase subunits producing particles of larger size up to
30 nm were observed.

7.8 Growth of Nanoparticles on Viral Templates

Virus particles consists of nucleic acids surrounded by a protective coat of protein
called a capsid that is formed from identical protein subunits called capsomers. Self
assembly of viral capsid from protein subunits is many aspects resemble that of
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protein cages. In contrast to previously discussed nanocages viral coat proteins self
assemble into nanoparticles of remarkable diversity in morphology. Most common
viruses have size from 20 to 300 nm to produce shapes ranging from highly sym-
metric icosahedrons to rod like structures found in filoviruses.

Although viruses are not known to be involved in any natural biomineraliza-
tion process they still can serve as templates for synthesis of nanoparticles. The
viral capsid often bears a considerable percentage of ionized amino acids residues.
The inner surface of capsids is positively charged to bind negatively charged viral
genome and these charges can be used as nucleation centers of metal cations. The
viral capsid after reaction serves as stabilizing capping agent preventing aggrega-
tion process in a way similar to nanocages and can serve for subsequent assembly
of nanoparticles into functional devices. Exterior amino acids residues are predomi-
nantly negatively charged and also can serve as nucleation centers. The charge of
the inner and/or the exterior surface of assembled viral capsids can be adjusted by
controlling pH and/or ionic strength. Charge and nucleation sites of these proteins
can also modified by covalent grafting with functionalized polymeric chains [70],
and through genetic engineering of capsomer proteins to provide tailor-made amino
acid residues on the interior surface [71-77]. Rather extensive modifications of
amino acid residue are possible without appreciable degrading the self-assembly
process and geometrical parameters of capsids (Fig. 7.9) [78].

There are several important challenges in application of viruses as protein tem-
plates. In contrast to other natural nanocages viral capsids do not possess appropri-
ate channels for continuous influx of reagents for building the inner inorganic core.
In some cases this can be compensated by swelling of the capsid by adjustment of
pH and ionic strength. Another potential problem, directly related to morphologi-
cal diversity of the obtained nanoparticles is their stability if the protein template
is removed.

7.8.1 Icosahedral Viruses

Icosahedral viruses have 20 flat equilateral triangular faces arranged around a
sphere. Each face can be composed from a number of individual capsomers ex-
ample the protein shell of Cowpea chlorotic mottle virus is composed from 180
capsomers. Functional groups in capsomers that can serve as nucleation centers
are evenly distributed on their surface so that viruses can direct mineralization uni-
formly. Icosahedral viruses with such as Cowpea chlorotic mottle virus (CCMV)
[78-89] and Cowpea mosaic virus (CPMV) [14, 87, 90-94] possessing 28 nm outer
size and the interior cavity about 18 nm are the most commonly used. The inner
surface of the viruses regardless their shape and structure is hydrophobic and at neu-
tral pH is positively charged due to inside extensive presence of lysine and arginine
basic residues. For example, 6 arginines and 3 lysines from each out of 180 pro-
tomers are projecting towards interior of CCMV. It has been shown through genetic
analysis that N-terminus is not required for in vitro assemblage of viral capsid [78].
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R R

Fig. 7.9 Synthesis of nanoparticles on viral template. a Growth of nanowires on philoviruses;
b growth of nanocrystals on the end of TMV nanorod; ¢ growth of nanoparticles inside a viral
capsid; d subsequent modification of viral capsid with nanparticle inside

The electrostatic interaction with these amino acid residues is the primary driv-
ing force in the encapsidation of nucleic acids. Cowpea chlorotic mottle virus cap-
sid undergoes reversible swallowing of the capsid at pH>6.5 by approximately
10%. This process opens 60 pores with diameter up to 2 nm resulting in increased
permeability to molecules and ions. At this stage diffusion of precursors for syn-
thesis of nanoparticles in the interior cavity of the virus is possible. Swallowing
and shrinking are fully reversible and can be repeated several times to achieve the
desired loading (Fig. 7.10) [81].

Selective deposition of inorganic material into the interior CCMV by pH control
includes growth of polyoxometallates from tungstate and vanadate anions [81] as
well as titanium oxide [83].

In contrast to pH dependent transition of Cowpea mosaic virus (CPMYV) is highly
stable in the pH range 3.5-9 without appreciable swelling. However, the protein
capsid of CPMV is substantially more porous allowing diffusion of ions and neutral
molecules into the capsid followed by nucleation and formation of nanoparticles
(Fig. 7.11).

A number of studies was also performed on deposition of metal cations on the
external surface of icosahedral viral templates. The process results in electrostati-
cally driven deposition of metal cations and/or anion. Subsequent reduction with so-
dium borohydride results in formation of a rough metallic shells (Fig. 7.12) [87, 95].
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Fig. 7.10 a Structure of CCMV based on X-ray data. b Reconstruction of unswollen viral capsid
of CCMV. ¢ Swollen capsid with 2 nm pores [81]

Fig. 7.11 Cowpea mosaic
virus (CPMV)

7.8.2 Filoviruses

Assembly of inorganic particles on viral templates of filoviruses can provide rode
type shapes that cannot be prepared by conventional methods of growth. Classi-
cal experiments conducted by the group of Mann demonstrated versatility of this
approach through synthesis of highly stable tobacco mosaic virus (TMV) [96].
Each TMYV particle consists of 2130 identical capsomer arranged in a helical motif
around a single strand of RNA. The viral capsid is a 300 nm X 18 nm hollow protein
tube, possessing a 4 nm-wide central cavity. Both internal and external surfaces of
the capsid are rich in both positively and negatively charged amino acid residues
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Fig. 7.12 TEM images of
gold nanoshell growth of CIV
core particles. Shell thickness
increases from a to ¢ [95]

of glutamate, aspartate, lysine, and agrinine that can serve as nucleation centers.
Controlling the electric charge of these residues ¢ by pH it was possible to deposit
a layer of inorganic material using the same methods described for nanocages. Pre-
cipitation of CdS and PbS resulted in growth of disordered aggregates of crystalline
particles of 5 nm average size giving a rough appearance to the resultant hybrid
material. In contract, formation of largely amorphous SiO, and ferrihydrite layers
was largely homogeneous (Fig. 7.13).

Considerable attention is being attracted to synthesis of metallic nanowires on
filoviral templates. Rod like viruses such as tobacco and tomatoes mosaic virus with
length up to 1500 nm is and diameter 45—75 nm possess all necessary properties.
Deposition of metal such as silver or gold on the external surface of filamentous
viral capside followed by NaBH* hydrogenation can produce nanowires that are
needed for a number of applications such as advanced batteries. The important limi-
tation here that in contrast to polymerization of amorphous materials [97, 98], is
synthesis of contiguous nanowires rather than deposition of isolated nanoparticles
on the capsid [99]. This problem may be treated by using more complex methods
of deposition, for example creation of mainly isolated small particles from gold
by NaBH, reduction followed by connecting these nanoparticles with Au** cations
that are reduced much more slow [100]. Slower reduction with methanol was used
for preparation of platinum nanowires [101]. Coverage can be improved by multi-
plication of sequential addition of HAuCl, and sodium borohydrides although the
surface of the resultant nanowires is rough in all cases [102].

Another approach toward formation of smooth nanowires involve slowing down
the process of deposition by using different reductants. In contrast to sodium boro-
hydride reduction photochemical reduction of Ag(I) salts at pH 7 resulted in nucle-
ation and constrained growth of discrete Ag nanoparticles aligned within the 4 nm-
wide internal channel of tobacco mosaic virus [103]. Although these nanoparticles
did not form a contiguous nanowire this method may be ised for 1D preparation
of assemblies of nanoparticles. Using another slow electroless deposition method
copper nanowires with diameter 3 nm and length up to 150 nm were produced from
copper [104], nickel, and cobalt (Fig. 7.14) [105].
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pH9
Fe(ll)/Fe(lll)
a
pH5
Pb(l1)-H,S
pH7 pH25
Cd(ll)-Hzs TEOS y d

Fig. 7.13 Routes for the synthesis of nanotube composites using TMV templates using a oxidative
hydrolysis; b, ¢ coprecipitation; d sol-gel condensation of silica

Fig. 7.14 a—c TEM microphotographs of mutant E95Q/D109N virus showing rows of 3+2 nm
silver particles on the outer surface and in the inner channel of the virus [103]

Genetic engineering of recombinant rotavirus VP6 protein with cationic and an-
ionic metal salts of silver, gold, palladium, and platinum allowed preparation of hy-
brid filaments with length as large as 1.5 um [106]. In these cases the mineralization
after sodium borohydride reduction was in the form of randomly distributed small
nanoparticles with diameter 3—11 nm and no contiguous larger nanoparticles were
formed. The small nanoparticles possessed considerable catalytic activity. Prepara-
tion of contiguous nanoparticles is less essential for synthesis of aligned magnetic
nanoparticles, and a number of these syntheses have been reported including CoPt,
and CoPt (up to 25% weight) [107] and Rh/Fe O, [108].
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Chapter 8
Particle Deposition in the Human
Respiratory Tract

Philip K. Hopke and Zuocheng Wang

Abstract Ambient airborne particles are now strongly linked with adverse health
effects with stringent standards being set to protect public health particularly for
smaller sized particles (particles with aerodynamic diameters less than 2.5 pm,
PM, ;). However, as noted elsewhere in this volume, there are a variety of medicines
and therapeutic agents that can be effectively delivered through aerosolization and
deposition in the lungs. Thus, the details of particle deposition in the human respira-
tory tract are important to human health for both good or ill. Airborne particles can
penetrate into various portions of the respiratory tract during inhalation with a small
fraction depositing on the airway surfaces. In this way, various hazardous or benefi-
cial materials can be introduced into the body. Particle deposition in human airways
takes exposure to particles to deposited dose in specific locations in the body. It is
vital to the effective administration of pharmaceutical aerosols by inhalation to be
able to deliver the particles to targeted regions of the respiratory tract.

Keywords Deposition ¢ Extra-thorasic ¢ Thorasic ¢ Alveolar

8.1 Introduction

Ambient airborne particles are now strongly linked with adverse health effects with
stringent standards being set to protect public health particularly for smaller sized
particles (particles with aerodynamic diameters less than 2.5 pm, PM, ;). However,
as noted elsewhere in this volume, there are a variety of medicines and therapeutic
agents that can be effectively delivered through aerosolization and deposition in
the lungs. Thus, the details of particle deposition in the human respiratory tract are
important to human health for both good or ill. Airborne particles can penetrate
into various portions of the respiratory tract during inhalation with a small fraction
depositing on the airway surfaces. In this way, various hazardous or beneficial ma-
terials can be introduced into the body. Particle deposition in human airways takes
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exposure to particles to deposited dose in specific locations in the body. It is vital to
the effective administration of pharmaceutical aerosols by inhalation to be able to
deliver the particles to targeted regions of the respiratory tract.

Respiratory deposition of particles occurs in a system of changing geometry with
a flow that changes with time and cycles in direction. This variability presents dif-
ficulties in obtaining a full understanding of particle deposition. Thus, experimen-
tal data and empirically derived equations resulting from those data have been the
primary basis for estimating deposition. Deposition in the different regions of the
respiratory system depends on many factors including: Breathing rate, mouth or
nose breathing, lung volume, respiration volume, existing airway disease, the par-
ticle size/shape, airflow direction, and specific location in the respiratory system.

In this chapter, the structure of human respiratory tract is introduced. Then, some
basics of particle deposition in human airway are presented. Finally, experimental
and model deposition estimates are provided showing that deposition in the lungs
can be predicted with a reasonable degree of accuracy.

8.2 Respiratory Anatomy

In order to understand the deposition of aerosols in the respiratory tract, it is useful
to understand aspects of human respiratory system. Figure 8.1 provides a schematic
representation of the human respiratory system. The system is typically divided into
three broad regions: the extrathoracic region, the tracheo-bronchial region, and the
alveolar region.

The extrathoracic region also referred to as the “upper airways’, mainly includes
the nose, mouth and throat. It is the region that is proximal to the trachea. The ex-
trathoracic region includes the following components:

1. The oral cavity (i.e. the mouth);

2. The nasal cavity (i.e. the nose);

3. The larynx, which is the constriction at the entrance to the trachea that contains
the vocal cords.

4. The pharynx, which is the region between the larynx and either the mouth or
nose.

The pharynx itself can be divided into parts that include the pathway from the lar-
ynx to the mouth (oropharynx) and the nose (nasopharynx). The term ‘throat’ usu-
ally refers to the pharynx and larynx.

Immediately distal to the extrathoracic region is the tracheo-bronchial region,
sometimes also called the ‘lower airways’. This region consists of the airways that
conduct air from the larynx to the gas exchange regions of the lung, starting with
the trachea, passing through the bronchi, bronchioles, and stopping at the end of
the so-called ‘terminal bronchioles’. The bronchi are the first six or so generations
of branched airways after the trachea. The two airways branching off the trachea
are called the main bronchi. These two bronchi branch into the lobar bronchi (of
which there are two in the left lung and three in the right lung) that subsequently
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Fig. 8.1 The human respiratory system based on International Commission on Radiological Pro-
tection [1] and the U.S. Environmental Protection Agency. [2]

branch into the segmental bronchi. Taken together, the extrathoracic and tracheo-
bronchial airways are called the ‘conducting airways’ since they conduct air to the
gas-exchange regions of the lung.

The tracheo-bronchial airways are covered in a mucus layer that overlays fine
hairs (cilia) that are attached to the airway walls. In healthy lungs, the cilia continu-
ally wave in synchronized motion to cause the mucus to move up the airway result-
ing in clearance of particles depositing in the bronchial region (generally within
24 h after inhalation).

Distal to the tracheo-bronchial airways is the alveolar region that is sometimes
called the pulmonary region. Taken together, the tracheo-bronchial and alveolar
regions are called the lung. The pulmonary or alveolar region consists of the alveoli
and capillaries that serve them. It is in the alveolar region that gas exchange takes
place. The total surface area of the alveoli in a typical adult is about 75 m? and this
area is perfused with more than 2000 km of capillaries.
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8.3 Basics of Particle Deposition

During inhalation, particles are transported with the inspired air through the extra-
thoracic airways and the bifurcating tracheo-bronchiolar system to the gas exchange
region of the lung. A certain number of these particles deposit in the respiratory sys-
tem by touching the wet surfaces. Particle deposition in the human respiratory tract
is the link between exposure and dose. The physical and chemical characteristics
of inhaled particles can have a major effect on the nature of the effects produced in
humans. Not all particles will be equivalent from a biological standpoint. A major
determinant of how a particle is deposited, retained in the body, and produces ef-
fects depends on the particle size and its chemical composition.

8.4 Mechanisms of Deposition

The human airway has a complex geometry and results in a constantly changing hy-
drodynamic flow field. The particles deposit from the flow via several mechanisms
including: inertial impaction, gravitational sedimentation, diffusion, interception,
sand electrostatic attraction.

8.4.1 Impaction

Impaction occurs when a particle has sufficient inertia so that its trajectory deviates
from the fluid streamline originally carrying it and contacts an airway surface. This
mechanism is highly dependent on acrodynamic diameter or stopping distance (the
distance a particle with a given initial velocity will travel in still air in the absence
of external forces). Consequently, this mechanism is limited to the deposition of
large particles that happen to be close to the airway walls. For large particles where
inertia is the primary deposition mechanism and molecular slip can be assumed to
be insignificant, then the total radial displacement of the particle from its original
streamline can be expressed approximately as [3]:

_Iopdz 7TU_p0d3 rU

18 2 18y 2

Where A is total radial displacement of the particle from its original streamline, P, is
the particle density, dp is the physical diameter of the particle, p, is particle density
of 1, d_ is the aerodynamic diameter of the particle, U is the streamline velocity, and
7 is the viscosity of the air. This equation implies that the product of squared aero-
dynamic diameter and flow rate can be used in the analysis of particle impaction
deposition in human airways.
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In lung bifurcations, for example, the greatest deposition occurs at or near the
carina, the dividing point at the tracheal bifurcation, and to lesser degree at other bi-
furcations. This increased deposition is caused by the sharp bending of the stream-
lines at the bifurcations as they pass close to the carina. In the human nose, an
experimental study using a physical model [4] has shown that for micrometer sized
particles, the deposition “hot spots” are in the vestibule where the air streamlines
bend most sharply and the nasal valve where the inhaled air has the highest velocity
(Fig. 8.2).

8.4.2 Sedimentation

Sedimentation represents deposition under the action of gravity. During sedimenta-
tion, a particle acquires its terminal settling velocity v when gravitational forces are
balanced by viscous resistive forces of the gas. The terminal settling velocity for
spherical particles, v, is then

Ppd;g
18n

where g is the gravitational constant. For sizes bigger than 1 um diameter, the Cun-
ningham slip correction factor has not to be applied to take the discontinuity of the
surrounding medium into consideration.

Respirable particles acquire this terminal settling velocity in less than 0.1 ms [3],
a fraction of less than 1% of the typical transit time of the airflow in any airway
generation of the bronchial tree. For all practical purposes, the particles may be con-
sidered to reach their terminal settling velocity instantaneously. The probability of a
particle for depositing on airway walls by gravitational settling is proportional to the
distance a particle will cover within the airways and is thus proportional to the square
of the particle diameter. Considering the respiratory flow rate O, gravitational depo-
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sition is proportional to the parameter d%/Q. Gravitational deposition mostly happens
as the settling out of particles in the smaller airways of the bronchioles and alveoli,
where the air flow is low and airway dimensions are small. Sedimentation has its
maximum removal effect in horizontally oriented airways. Hygroscopic particles
may grow in size as they pass through the warm, humid air passages, thus increasing
the probability of deposition by sedimentation. Recent studies [5] have shown that
the sedimentation deposition of micron sized particles in human nasal airway is not
critical due to the relatively high flow rates and the shortness of the nasal airways.

8.5 Diffusion

The process of diffusion depicts deposition occurring via random Brownian motion.
Brownian motion is the random wiggling motion of a particle due to the constant
bombardment of air molecules. Diffusion is the primary mechanism of deposition
for particles less than 0.1 wm in diameter and is governed by geometric rather than
aerodynamic size. Diffusion happens as particles transport from a region of high
concentration to a region of lower concentration. Diffusional deposition occurs
mostly when the particles have just entered the nasopharynx, and is also most likely
to occur in the smaller airways of the pulmonary (alveolar) region, where air flow is
low. Ingham [6] developed an analytical, matched-asymptote solution for uniform
flow penetration through a circular tube, P,, given by
P = herein 4 dmadn g domein
* *

L
1/2
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Where L = DL/R?U, D is the diffusion coefficient, L is the length of the tube, and
R is the radius of the tube. The parameters a% (=5.783186), a% (=30.471262),
a% (= 74.887007) are the zeros of the zero order Bessel function of the first kind,
J (o) = 0[7]. This equation is valid for tube Reynolds number, Re, = 2UpR/m <1200
and tube Peclet number, Pe, = RU/D>100.

8.6 Interception

For irregular particle shapes such as fibrous aerosols, another deposition process
becomes relevant; namely, interception. It occurs when a particle contacts an airway
surface due to its physical size or shape while its center-of-mass remains on a fluid
streamline. Unlike impaction, particles that are deposited by interception do not
deviate from their air streamlines. Interception passes most likely to occur in small
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airways or when the air streamline passes close to an airway wall. Interception is
most significant for fibers, which easily contact airway surfaces due to their length.

8.7 Electrostatic Forces

Most ambient particles become neutralized by the background concentrations of air
ions to a Boltzmann distribution of low charge state, but many freshly generated
particles can be highly electrically charged. The level of charge may vary widely,
depending on the nature of the material, the mode of generation, and the age of the
particles. Charged particles may have an enhanced deposition. It has been observed
experimentally that charged particles cause a greater particle deposition in the lung
than uncharged spherical particles [8, 9] and fibers [10, 11]. A threshold level of
charge is required to enhance deposition. Yu [12] found this critical charge to be
about 50 elementary charges for 1 um spherical particles. Electrostatic forces may
increase deposition up to a factor of 2, but generally deposition is influenced to a
lesser extent, by only about 10% [12].

8.8 Experimental Studies of Particle Deposition

8.8.1 Lung Deposition Studies

Most of the deposition studies performed directly on people generally measured
total deposition by measuring the concentration prior to inhalation and the concen-
tration remaining on exhalation. These measurements were generally made many
years ago. The resulting limited data were summarized by Schlesinger [13] and are
presented in Fig. 8.3.

However, it is more important to understand the deposition of the particles in
the various regions of the lung since that is where their therapeutic or deleterious
actions will take place.

8.8.2 Particle Deposition in Human Nasal Airway

The human nose filters, warms, and humidifies inspired air. It is the important first
line of protection that captures harmful particles and vapor pollutants, preventing
them from reaching more delicate structure of the deeper lung. In the process, how-
ever, the nasal cavity places itself at risk from these insults. Researchers have been
trying to understand local transport and deposition in the nasal cavity and to deter-
mine the pollutant concentration introduced to the lungs. Studies of spherical par-
ticle deposition in human airway with human volunteers (in vivo), physical casts (in
vitro) and computational fluid dynamic simulation have been performed intensively
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during past three decades to understand deposition mechanism and deposition pat-
terns. Data obtained from human volunteers were initially used for estimates of
regional deposition in the thoracic region. The Task Group on Lung Dynamics [15]
adopted an empirical relationship for nasal deposition of particles based on in vivo
data of Pattle [16] for particles >1 um in diameter.

Yu et al. [17] derived similar deposition equations in nasal and oral airways by
summarizing in vivo deposition data from several studies with two logarithmic func-
tions of the inertial parameter. Their analysis showed great variability of deposition
efficiency in both nasal and oral regions under similar experimental conditions.
Because of the variability of the data sets, it is not possible to confirm the assump-
tion that the head airway deposition is a unique function of the inertial parameter.

Kelly et al. [18] used two replicas of the same nasal airways manufactured by
different stereolithography machines to determine the inertial particle deposition ef-
ficiency. One replica called the SLA replica such that thicker build layers generally
resulted in greater airway surface roughness in the build direction. The other was
called Viper replica. They compared results with deposition efficiencies reported
for models manufactured by other techniques from the same magnetic resonance
imaging scans. Deposition in the replicas was measured for particles of aerody-
namic diameter between 1 and 10 um and constant inspiratory flow rates ranging
from 20—40 L/min.

In a study based on data of four human subjects [19], it was found that, while
the intersubject variability and the flowrate-induced intrasubject variability could
not be eliminated by plotting particle deposition efficiency, PDE, against d ?Q, both
could be accounted for when PDE was plotted against a parameter containing the
pressure drop across the nasal passage, d 2P?”. The authors concluded that d *P*?
was a more universal parameter than d 2Q.

Swift [20] obtained deposition data by using two nasal airway replicas made
from MRI scans with detailed airway dimensions. This work was then extended to
sizes of the order 1 nm [21]. Cheng [22] suggested that the difference in deposition
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between the infant and adult was due to nasal airway geometry. Swift’s group [23,
24] used more than 10 human subjects to investigate the effects of particle size, flow
rate, nostril shape, and nasal passage geometry on human nasal particle deposition
with aerodynamic regime particles. They first used 40 healthy, nonsmoking adults
(24 male, 16 female) to determine the effect of nostril dimensions, nasal passage ge-
ometry, and nasal resistance on particle deposition efficiency at a constant flow rate.
Nasal resistance is defined as the ratio of the trans-nasal pressure drop to the flow
rate. Polydisperse 1-10 um diameter particles entering the nose and leaving the
mouth were measured and the nasal particle deposition efficiency was calculated
for bilateral and unilateral flow. Bilateral flow means both nasal passages were open
and unilateral flow means left nasal passage open and right nostril occluded, or right
nasal passage open and left nostril occluded when the experiments were performed.
The bilateral flow rate was 30 L/min and right or left unilateral flow was 20 L/min.
Their research showed that, besides particle diameter and air flow rates, nostril
dimensions and minimum nasal cross-sectional area (A ) also significantly af-
fected the particle deposition efficiency (PDE). However, even after inclusion of
ellipticity of nostril (E, nostril length to width ratio) and A_, in PDE equations,
there still remained a large intersubject variation in deposition. They concluded that
aerosol deposition in the nasal passage has been difficult to predict and suggested
further studies should evaluate the effect of other parts of the nose in deposition.
Particle deposition in human respiratory airway is strongly influenced by three
major factors: physical (particle characteristics, flow rates); physiological (respira-
tory ventilation and pattern), and morphological (airway size and shape). The nasal
valve and the main nasal airway (turbinate region) have very special significance to
nasal functions as well as to air flow dynamics. The nasal valve is slit-shaped and
is located at the narrow end of the funnel-shaped vestibule of the nose. After the
nasal valve, the flow expands into the much wider main nasal airway. The expan-
sion disturbs the flow and the resulting decrease in velocity, change in direction, and
formation of eddies in the olfactory region tend to help air conditioning and sensing.
While the main nasal passage is relatively fixed in its dimensions, the nasal valve is
collapsible. Its shape and size are modified by the activity of alar muscles and by the
pressure gradient between the ambient air and the inspired air. Relaxation, weak-
ness or paralysis of the voluntary dilatory muscles allows the nasal valve to collapse
during inspiration. Collapse may also occur during a sniff and in some cases with
greatly increased inspiration. In the main nasal airway, the passages are narrow
(1~3 mm) and ribbon-like structures. The irregular lateral walls which line the
main nasal airway are clothed by ciliated respiratory mucosa which has abundant
capacitance vessels—venous sinusoids whose blood content and volume determine
the lumen of the nasal airway. Nasal cycle, exercise, posture, ambient temperature,
medication, irritants, even pain and emotion can induce vascular changes of lumen.
All result in the change of the nasal cavity with consequent airflow resistance.
Wang et al. [4] also used MRI-image based replicate human noses to measure the
deposition of supermicron fibers and spherical particles. Three different nose mod-
els were employed. They found that fibrous particle deposition could be calculated
from spherical particle results using equations for impaction equivalent diameters
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of the fibers (cylinder shape) as given in that study. An empirical model developed
using a Stokes number and a non-dimensional relaxation time was used to fit the
deposition data for both the fibrous and spherical particles resulting in a good fit. In
addition, a method to estimate the pressure drop across the nasal models was also
suggested. Thus, particle deposition in the human nose can be predicted if the nasal
cavity dimensions are known such as could be obtained from MRI images.

8.8.3 Regional Lung Deposition

There have been a limited number of studies of regional deposition of particles
within the tracheobronchial and alveolar regions. These studies have primarily been
made with poorly soluble particles labeled with radioactive material [25-32]. These
measurements permit the localization of the deposited particles within a general
region of the lungs (bronchus, bronchioles, alveolar).

These measurements have been supplemented by a number of measurements of
deposition in physical models of the human tracheobronchial tree [33—40]. Most
of these measurements are made under a steady flow rather than a realistic cy-
clical flow. There have been some cyclical flow measurements (e.g., [37]) where
they found somewhat lower deposition, but the results from the steady flow can
be scaled to provide good agreement with cyclical flow in models and deposition
in human subjects. These results have provided the basis for the development of
semi-empirical models that are generally used to predict particle deposition over
a range of flow rates, lung geometries and size, gender, age, and other population
characteristics.

8.9 Empirical Deposition Models

8.9.1 ICRP Model

The deposition models were initially developed to provide estimates of the radia-
tion dose produced by the inhalation and deposition of radioactive particles. The
International Commission on Radiological Protection (ICRP) has taken the lead
in model development dating back to the 1960s [15]. This early work was then
updated to take into account all of the research conducted in the intervening period
[41]. This dosimetric model for the respiratory tract included a revised regional par-
ticle deposition model for individuals as a function of age, gender, breathing rate,
and clearance [42]. The respiratory tract is separated into anatomical regions using
ICRP’s Publication 66 notation: extrathoracic (ET), bronchial (BB), bronchiolar
(bb) and alveolar-interstitial (AI). Each region of the respiratory tract is considered
to be an equivalent particle filter that act in series. The detailed equations are given
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Fig. 8.4 Particle deposition as a function of particle size, age and gender based on the ICRP
deposition model

by James et al. [43]. The model has been implemented in the computer model,
LUDEP [44], to make the model easy to use. Figure 8.4 shows the mean respiratory
deposition pattern for men, women, children (age 10) and infants (age 1) as a func-
tion of particle diameter from 1 to 10 wm for typical scenarios of activity levels and
their related breathing rates. Figure 8.4 shows that there are differences in total as
well as regional deposition among the major categories of individuals. This model
was developed primarily to provide estimates of the dose from deposited radioac-
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tivity and has been widely used for the estimation of the dose from radon decay
products (e.g., [45]).

Particle deposition models for inhaled particulate matter such as the ICRP model
use morphologic data from symmetric idealizations of the lung airway tree struc-
ture such as that of Weibel [46] or Yeh [47, 48]. This approach leads to a typical-
path description of the lung [49] that provides reasonably good average deposition
agreement with experimental compartmental deposition data. However, typical-
path models lack the resolution to examine deposition in individual airways and to
thereby address critical heterogeneities [50]. Although the lower airways may be
reasonably characterized in a symmetric fashion, there are major asymmetries in the
upper airways of the tracheobronchial tree. These asymmetries may lead to different
deposition patterns in these airways as well as in the apportionment of air flow, and
thus in particle transport, to the different lung lobes. Alternate models have been
developed to deliver more detailed results that could pertain to specific individuals
and help define conditions that would permit targeting the deposition to specific
locations in the respiratory tract.

8.10 Multiple-Path Model

Because of the need to have a more complete and accurate depiction of the conduct-
ing airways in a particle deposition model, but the inability to measure the entire
human airway tree, the available measurements and associated statistical analy-
ses were used to develop a stochastic model from which 10 five-lobe, asymmet-
ric, structurally different, human airway trees were derived [50, 51]. This model
is similar in structure to that originally developed for rats [52]. The MPPD model
calculates the deposition and clearance of monodisperse and polydisperse aerosols
in the respiratory tracts of rats and human adults and children (deposition only) for
particles ranging in size from ultrafine (0.001 pm) to coarse (20 um). Using more
recent data, children’s lungs have been redone to more effectively reflect the fact
that children’s lungs are not simply a smaller version of an adult lung [53].

The models are based on single-path and multiple-path methods for tracking
air flow and calculating aerosol deposition in the lung. The single-path method
calculates deposition in a typical path per airway generation, while the multiple-
path method calculates particle deposition in all airways of the lung and provides
lobar-specific and airway-specific information. Within each airway, deposition is
calculated using theoretically derived efficiencies for deposition by diffusion, sedi-
mentation, and impaction within the airway or airway bifurcation. Deposition in
the nose and mouth is determined using empirical efficiency functions. The MPPD
model includes the calculation of particle clearance in adults following deposition.

Figure 8.5 shows a comparison of regional deposition as estimated by the ICRP
and MPPD models for resting conditions. In this case, there are 12 breaths per
minute producing a breathing rate of 7.5 L/m. It can be seen that in general there is
reasonable agreement between these estimates. This result should be expected since
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Fig. 8.5 Comparison of regional deposition results from the ICRP (LUDEP) and the MPPD mod-
els for a resting breathing pattern a and b are for nose breathing; ¢ and d are for mouth breathing.
(Taken from [14])

the empirical models are based on the same base of experimental data. However,
more details can be obtained from the MPPD output and there is greater flexibility
in the choice of input parameters. There are four options for the model used to
depict the human lung morphology. The user has the choice of functional residual
capacity (FRC) and the Upper Respiratory Tract (URT) volume. FRC is defined
as the volume of the lung at end of a normal expiration. URT is the volume of the
respiratory tract from the nostril or mouth down to the pharynx. In humans, the oral
cavity and nasal passages are assumed to occupy the same volume. Particle input
data include density and their size distributions can be monodisperse or polydis-
perse with specified values. There are two available exposure scenarios: constant
and variable exposure. In the constant exposure scenario, inhalation occurs at a
fixed tidal volume and breathing frequency. Steady breathing is assumed separately
at the inhaled and exhaled flow rates at a specified breathing frequency. Uniform
flow rates are assumed to be the average parabolic velocity at an airway inlet. It
is possible to vary body orientation [54] to reflect if the subject is standing or ly-
ing down. The breathing frequency and tidal volume are input variables so subject
specific values could be used. The breathing mode is also specified as nasal, oral,
oronasal, and endotracheal. All of these options may be important in determining
the deposition in patients undergoing respiratory therapy. The aerosol concentration
is also specified. The clearance mechanism can be turned off if desired.
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The MPPD model (v 2.0) is available for downloading from the internet at http://
www.ara.com/products/mppd.htm. It represents an excellent compilation of the cur-
rent state of knowledge in respiratory deposition of stable particles in a easy to use
program that could be used to tailor particle characteristics to target deposition in
specific areas of the respiratory tract.

8.10.1 Hygroscopic Growth

Particles entering the respiratory tract are immediately exposed to a temperature of
37°C and 99.5% relative humidity. Particles containing water soluble or partially
soluble material will then deliquesce and grow in size in a time frame of the order
of 100 ms [55]. Several models have been developed to account for the hygroscopic
growth of particles [56—60]. However, these approaches all pertain to water soluble
materials. Li and Hopke [61] developed a semi-empirical model that assumes that
the particle contains both water-soluble and insoluble materials. Upon exposure to
high humidity air, the soluble compounds will dissolve into the solution and form
a liquid shell, while the insoluble compounds form a solid core. A large number
of typical particle types have been characterized with respect to its hygroscopicity
[61-66].

Since the solid core is surrounded by liquid shell, the liquid—gas interface re-
mains the same as in a fully soluble material. By introducing a parameter, Z, defined
as mass ratio of insoluble materials to soluble materials, the hygroscopic growth
ratio can be derived as

J . M T\ MH T\
= lraemaa)) =Gleea))
do P A+ x)M;R — H P1 R —H
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where d, and d_ are the diameter of grown and dry particle, respectively; Px and Po
are the respective densities; Mw is the molecular weight of water while Ms is the
apparent average molecular weight of soluble components; H is the relative humid-
ity in the system expressed as a fraction; i is the degree of dissociation of soluble
components in water, which equals the number of ions or molecules formed upon
dissolution. R, reflects the Kelvin effect, which is defined by Kelvin equation.
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where p is the actual partial pressure of water, Po is the vapor pressure of water at
temperature T, tr is surface tension of water, R is the gas constant, T is the absolute
temperature and p is the density of the droplet liquid. Under the assumptions that
p,=p,=1 and i=1, all quantities in the equation except [ are either measurable
or known. Therefore, by employing a least squares fit of experimental data to this
equation, the value of B can be estimated. For any drug formulation, it is then pos-
sible to generate an aerosol and make measurements as outlined by Li et al. [62], it
is then possible to estimate the change in size resulting from hygroscopic growth.
The modified size can then be used in the particle deposition model to determine the
likely deposition and dose of that agent to various portions of the respiratory tract.

8.11 Conclusions

Over the past half century, a considerable amount of work has been devoted to
the understanding of particle deposition in the human respiratory tract. Although
individuals have a considerable degree of variability in the morphology of their
respiratory system and breathing patterns, it is possible though measurements in-
cluding sophisticated imaging to understand the parameters that would characterize
any specific person. From the values of these parameters, an understanding of the
chemistry of the particulate material, control of the particle size and shape, and
exposure conditions can be established to maximize the deposition of particles in
specific areas of the respiratory tract where they will be most efficacious.
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Chapter 9
Detection of Oxidative Stress Biomarkers Using
Functional Gold Nanoparticles

Maria Hepel and Magdalena Stobiecka

Abstract Biomarkers of oxidative stress are biomolecules that can be utilized in
the diagnosis of diminished capacity of a biological system to counteract an over-
production or invasion of reactive oxygen species and other radicals. In this Chap-
ter, the detection methods of the oxidative stress biomarkers, such as glutathione
(GSH), homocysteine (Hcys) and cysteine (Cys), based on their interactions with
monolayer-protected gold nanoparticles are described. The nanoparticle utilization
in a solution-phase analysis as well as in a multifunctional sensory film preparation
is presented. The interactions of AuNP with GSH, a tripeptide maintaining the redox
potential level in eukaryotic cells, have been investigated using resonance elastic
light scattering (RELS) and plasmonic UV—vis spectroscopy. The high sensitivity
of the RELS measurements enables monitoring of ligand exchanges and the bio-
marker-induced AuNP assembly. The viability of designing simple and rapid assays
for the detection of GSH and Hcys is discussed. The surface plasmon band broaden-
ing and bathochromic shift are consistent with the biomarker-induced AuNP assem-
bly and corroborate the RELS measurements and HR-TEM imaging. The results of
molecular dynamics and quantum mechanical calculations support the mechanism
of the formation of GSH- and Hcys-linkages in the interparticle interactions and
show that multiple H-bonding can occur. The functionalized gold nanoparticles
have also been shown to enhance the design of molecularly-templated conductive
polymer films for the detection of biomolecules and to amplify the analytical signal
by AuNP labeling. Novel designs of molecularly imprinted orthophenylenediamine
(oPD) sensor films are presented. The biolyte-induced assembly of monolayer pro-
tected gold nanoparticles is evaluated in view of bioanalytical applications and the
design of novel sensory films for molecularly-templated conductive polymers for
MIiCrosensor arrays.
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9.1 Introduction

Oxidative stress is a condition of cells and organisms characterized by the decreased
capacity to counteract the invasion or overproduction of reactive oxygen species.
The balance, normally existing between the production of the latter and a biosys-
tem’s ability to readily detoxify the damaging radicals, is disturbed under the oxida-
tive stress, leading to the development of many diseases. Therefore, it is desirable
to diagnose and control the oxidative stress as early as possible. The oxidative stress
can be diagnosed by analyzing the oxidative stress biomarkers.

The biomarkers of oxidative and nitrosative stress have recently been the subject
of extensive studies [1, 2] as the new evidence demonstrates ever increasing number
of related diseases. The oxidative stress has been suggested as the causative factor
in aging [3] and many diseases [4—7] such as cadiovascular, diabetes, cancer, autism
spectrum disorders (ASD), and others. Among the biomarkers of oxidative stress
are small biomolecules such as: ubiquinol [8] which is very labile in the oxida-
tion of low-density lipoprotein (LDL), glutathione (GSH) which is depleted in the
presence of organic radicals and peroxides [9], homocysteine [10, 11] which has
been found at elevated levels in atherosclerosis [12—17], Alzheimer disease [5, 6],
dementia [5], and poses an increased risk of birth defects [7]. Some biomarkers of
oxidative stress are necessary to maintain healthy homeostasis (e.g. glutathione),
while others participate in the development of diseases (e.g. homocysteine, which
is a risk factor for cardiovascular disease). For instance, decreased levels of gluta-
thione and increased levels of oxidized glutathione (GSSG) have been observed in
plasma, serum and urine samples from individuals diagnosed with ASD [4, 18-20].
Homocysteine (Hcys), which is a sulfur-containing amino acid, is formed during
a metabolism of methionine to cysteine (Scheme 9.1) but the increased concentra-
tion of Heys in plasma (Cleys>15 UM) is a risk factor for many disorders, includ-
ing cardiovascular [12—15], renal [21], Alzheimer’s [5, 6], and other discases [22].
Redox-related alterations, measured usually as the change in the concentration ratio
of GSH/GSSG which is the main redox level maintaining couple in organisms,
may also be heritable. Deviations from healthy biomarker concentration levels may
result from deficiency of certain vitamins, e.g. B12 and folic acid (in hyperhomo-
cysteinemia). The investigations of oxidative stress biomarkers are important to
understand their behavior and role in organisms and to develop sensors and assays
for their rapid detection and diagnosis of stress-related disorders.

The GSH/GSSG couple is the main redox regulation system in living organism’s
homeostasis (Scheme 9.2). It protects cells against organic peroxides and damaging
radicals, and is involved in signaling processes associated with cell apoptosis. The
diminished active GSH levels in cells and body fluids and the reduced antioxidation
capacity [1] to protecting against radicals have been found to increase susceptibil-
ity to autism [19, 20], diabetes [18], and other diseases [1, 18, 20, 24-28]. The
low GSH levels have been found to be caused by oxidative stress and exposure to
toxic heavy metals (Hg, Cd, Pb). GSH and phytochelatines with general structure
(y-Glu-Cys) Gly have been found to participate as the capping agents [29, 30] in
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Scheme 9.1 Metabolism of the oxidative stress biomarker homocysteine. (Adapted from Selhub
[23], with permission from Annual Reviews of Nutrition)

heavy-metal sulfide nanoparticles formed in living organisms in natural detoxifica-
tion processes [31-34].

The reactivities and interactions of the oxidative stress biomarkers have been
investigated in conjunction with the development of molecularly-templated poly-
mer films with biorecognition capabilities designed for biomarkers detection [35],
fluorimetric assays based on specific reactions [36—38], electrochemical sensors
[39, 40], colorimetric assays based on nanoparticle assembly [41—44], and the de-
sign of immunosensors [45] and other sensors for the analysis of biomarkers or
utilizing biomarkers in the sensory film design [46—48]. In particular, in studies of
biomolecule-induced gold nanoparticle assembly, the kind of interparticle interac-
tions is the key element of the functionalized nanoparticle self-affinity [49—51]. The
interparticle forces include electrostatic [52], zwitterionic [41, 52], van der Waals
forces [53], as well as hydrogen bonding forces [53—55]. The investigations of func-
tionalized spherical gold nanoparticles and gold nanorods for application in novel
assays for GSH [55], cysteine [44, 56—60] and homocysteine [41, 42, 57, 61] have
been reported. The gold nanoparticle cores with protective shells of self-assembled
monolayers (SAM) of thiolates [62, 63], surfactants [59, 64, 65], citrate ions [60],
and others can be utilized in the analysis. A difference in the sensitivity of the gold
nanoparticle assembly process to structurally similar cysteine and homocysteine
molecules, which differ only by one CH, group, has been found [44, 58, 59]. Prob-
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Scheme 9.2 Metabolism of glutathione (GSH), according to Anderson [66] (with permission from
Elsevier)

ing the interactions of biomolecules with gold nanoparticles and their influence on
surface plasmon resonance and the elastic light scattering cross-section has poten-
tial applications in the development of novel assays for these molecules.

Recently, GSH has been utilized as the active component of various sensory
films on electrodes. GSH is a tripeptide (glutamate-cysteine-glycine) with sulfhy-
dryl group able to form a strong Au-S bond and therefore, it adsorbs readily on
gold surfaces [46—48, 67, 68] and forms protective shells on AuNP [43, 55, 69-71].
We have investigated the interactions and electrochemical reactivity of Hg(Il) on
GSH-modified gold piezoelectrodes [46, 67, 72]. The GSH-SAM permeability to
ionic species has been demonstrated for Hg(II) [46, 67], Pb(IT) [47], Ni(II) [47], and
Cu(II) [48] using metal adatom probe, nanogravimetry and chronoamperometry.
Gooding et al. [73] studied GSH bonded to mercaptopropionic acid as the sensor for
Cd(1D). The interactions of adsorbed GSH with Cu?* have also been studied [48, 68].
It has been shown that GSH-SAM’s formed on Au piezoelectrodes can act as chemi-
cally controlled ion gates [47, 74—77] and as templates for metal depositions [48].

Thin self-assembled monolayers (SAM) on a gold electrode surface [47, 48, 78—
82] have been successfully utilized in designing sensors [46, 67, 83—85], biorecog-
nition systems [86—89], molecular electronic devices [83, 90], nanoimprints [91,
92], catalysts [93-95], etc. Much attention has recently been focused on SAM-pro-
tected inorganic nanoparticles [96—103], including gold [50, 54, 79, 80, 104—109],
silver [106], CdS/CdSe quantum dots [110, 111], n-TiO,, silica nanoparticles [112]
and others, in view of their novel applications in nanomedicine [113-116], molecu-
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lar biology [117—127], and biotechnology [104, 112]. Thus far, SAM-protected gold
nanoparticles (AuNP) have been most widely investigated due to their unique opti-
cal and electronic properties associated with surface plasmon resonance [128—131]
and quantum size confinement [132, 133].

The high sensitivity of surface plasmon (SP) resonance of AuNP to modifica-
tions in protective shells, as well as to the interparticle interactions and molecularly-
mediated assembly make the gold nanoparticle based designs [50, 134—136] highly
responsive to external stimuli [137]. The response to small interacting molecules
[41] and to complexing metal cations have already been reported and utilized in
analytical procedures. Furthermore, biorecognition layers on AuNP, designed to de-
tect single mismatches in DNA strands, have been advocated for rapid and reliable
bioanalytical applications [104, 109, 118, 125, 126, 135—138]. The compatibility of
AuNP with biorecognition structures based on biotin-streptavidin interactions, an-
tigen-antibody affinity, and enzyme-based immunosensors has become apparent as
novel architectures are reported in growing numbers [121, 122, 124, 139]. In view
of these interests, the effect of small biomolecules on SP frequency has also been
investigated [58]. Such molecules as aminoacids [41, 58, 140—-142] and small pep-
tides [43, 55, 58] have been found to influence the spectral SP characteristics under
favorable experimental conditions. For instance, by properly designing the protect-
ing SAM shell of AuNP, an SP-based colorimetric assay with enhanced selectivity
toward homocysteine in a matrix of aminoacids has been developed [41, 58].

The assembly of gold nanoparticles mediated by GSH has been studied by
Sudeep et al. [43] and by Zhong et al. [55] and strong effects of pH and electrolyte
concentration have been found. A model based on two-point zwitterionic interpar-
ticle interactions has been proposed [69]. Directional growth of GSH-linked gold
nanorod assemblies has been observed by Kou et al. [70] whereas the competitive
adsorption of GSH and thiolated oligonucleotides has been investigated by Acker-
son et al. [71]. Recently, GSH has been found to participate in the degradation of
Pt(IT)-based DNA intercalators utilized in chemotherapy. GSH adsorbs also on Ag
nanoparticles [143] and on Ag,S semiconductor nanoparticles [144] owing to the
strong binding through its cysteine moiety S-atom to a Ag atom of the substrate.
Different kinds of interparticle interactions and bonding have been recently dis-
cussed by Maye et al. [145].

In this chapter, recent progress of investigations of oxidative stress biomarkers,
and in particular their interactions with gold nanoparticles, is presented. The main
focus is on the biophysical implications of these interactions on the development
of novel nanoparticle-based assays and new sensory films for bioanalytical applica-
tions. The emphasis is placed on the utilization of the plasmonic absorbance spec-
troscopy and the resonance elastic light scattering (RELS) spectroscopy. The latter
technique has been recently developed [146—152] as a very sensitive technique for
the detection and analysis of bioorganic complexes. The strong resonant light scat-
tering from molecules and nanoparticles in solution results from the absorption of
photons followed by an immediate coherent re-emission of light without any energy
loss. We have found the RELS spectroscopy to be extremely useful [152] in studies
of the interactions of small biomolecules with metal nanoparticles.
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9.2 Monolayer-Protected Gold Nanoparticles in the
Analysis of Biomarkers of Oxidative Stress

The high stability of gold colloids, on one hand, and their sensitivity to ligand-
exchangeable biomolecules able to induce assembly, on the other hand, provide
ample opportunities to devise simple assays for a variety of biolytes. In this section,
analytical aspects of the interactions of a biomarker of oxidative stress, GSH, with
gold nanoparticles in solution are evaluated. Particular attention is paid to GSH-
mediated AuNP assembly processes and the use of resonance elastic light scatter-
ing and surface plasmon absorbance spectroscopy to monitor these processes. The
propensity of Hcys for AuNP cross-linking is discussed in Sect. 9.3.

9.2.1 Determination of GSH Using Resonance Elastic Light
Scattering (RELS)

We have explored the utility of RELS spectroscopy to study small biomolecule-in-
duced interparticle cross-linking. The RELS technique has been developed recently
[146-151] as a very sensitive technique for the detection and analysis of bioorganic
complexes and assembly processes. The strong resonant light scattering from mol-
ecules and nanoparticles in solution results from the absorption of photons followed
by an immediate coherent re-emission of light without any energy loss. The gold
nanoparticles are known to be very good scatterers of light. The high cross-section
of AuNP for light scattering stems from the efficient reflectivity of conduction elec-
trons oscillating at frequencies of visible light in the form of a surface plasmon.
We have found the RELS spectroscopy to be extremely useful in studies of the
interactions of small biomolecules with metal nanoparticles [152]. In this section,
we describe the interactions of GSH with AuNP and elucidate the mechanism of the
multi-step process leading to the assembly of GSH-capped AuNP networks.

Typical RELS spectrum for a citrate-capped AuNP,  solution is presented in
Fig. 9.1a, curve al, for a constant excitation wavelength 2, = 640 nm (1.94 ¢V). The
scattering intensity peak with a Gaussian peak shape centered at 4, = 4= 640 nm
and with a narrow linewidth of A4 = 14 nm confirms that the effects due to radiation
broadening, density fluctuation, fluorescence, and inelastic Raman scattering are
negligible. The background intensity is very low (virtually zero) providing excel-
lent conditions for a sensitive analysis with well defined RELS peaks.

In the presence of GSH, the light scattering from AuNP,  nanoparticles is
strongly enhanced (Fig. 9.1a, curve a2). The solution pH is 3.21-3.27 which is with-
in the range of predominantly neutral (zwitterionic) form of GSH (pH = 2.04-3.53).
The enhancement of RELS from AuNP, by GSH molecules is attributed to the
size increase of AuNP due to the ligand exchange (i.e. replacing short-chain citrate
molecules in the nanoparticle shell with longer-chain GSH molecules) and/or inter-
particle bridging interactions leading to AuNP assembly.
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Fig. 9.1 Gold nanoparticle size-effect on RELS spectra of GSH-capped AuNP with diameter: a
5 nm, b 22.5 nm. a: (a) Light scattering spectra for 10.1 nM AuNP, in the absence (1) and in
the presence (2) of 5 mM glutathione, recorded for the incident beam wavelength /_ = 640 nm
(spectra recorded within 1 min of glutathione injection); (b) high-resolution TEM image of AuNP;
atomic rows with distance 0.24 nm are seen; (¢) HR-TEM image of small GSH-linked AuNP,
assemblies. b: (a) Light scattering spectra for 1.42 nM AuNP,, . in the absence (1) and in the
presence (2) of 5 mM glutathione; (b, ¢) HR-TEM images of AuNP before (b) and after (¢) addi-
tion of 5 mM GSH. Spectra recorded within 1 min of glutathione injection; incident beam wave-
length: 4, = 640 nm (from [156], with permission from Elsevier)

The analysis of the particle-size dependence for RELS signals has recently been
performed [152]. The strong sixth-power dependence of elastic scattering intensity
I, on the nanoparticle diameter a follows from the Rayleigh equation for light scat-
tering from small particles:

= oy 1C056) (= )4 (02— = 1) O e

2R A ((np - ns)2 + 2) 2

2
where n, and n_ are the refractive indices for the particles and the solution, respec-
tively, /4 is the wavelength of incident light beam, 0 is the scattering angle, N is the
number of particles, and /; is the constant. Taking into account the decrease in par-
ticle concentration due to the assembly, as well as /. = const and other experimental
conditions (6, R, /) unchanged, the increase of the effective particle diameter a_
can be estimated using the formula [152]:

ap

frel = 570 - Isc,O (92)
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Fig. 9.2 a Elastic light scattering spectra for 10.1 nM AuNP,  for different concentrations of
GSH, recorded within 1 min of GSH injection, CGSH [mM]: (1) 0, (2) 2.67, (3) 3.0, (4) 3.17,
(5) 3.33, (6) 5; b Dependence of Isc vs. CGSH; incident beam wavelength: A, = 640 nm (from
[156], with permission from Elsevier)

where indices 0 and 1 stand for the particles before and after GSH addition, respec-
tively. From the data of Fig. 9.1a, the scattering intensity increase is: [ /1, = 9.09
and, hence, a, =2.09. This means that most likely small aggregates composed of
only few nanoparticles (e.g 2—6) are formed.

The RELS signal, measured for small Au nanoparticles, AuNP, . within 1 min
of reaction time, depends strongly on GSH concentration and increases monoto-
nously with Cj,,. This is illustrated in RELS spectra presented in Fig. 9.2. The
dependence of I . on Cgg, is sigmoidal, as shown in the inset indicating on a
kinetic threshold taking place near the inflection point (Fig. 9.2).

It is imperative that the analytical determinations of GSH utilizing the AuNP
based assays are performed with well-defined small AuNP (e.g. 5 nm diameter)
since there is a strong AuNP-size dependence of RELS sensitivity for GSH
analysis. We have found that for larger AuNP, the GSH concentration depen-
dence of RELS signal, characterized by the high slope (97 /0C ), may change
considerably and this slope may even become negative, as shown in the exam-
ple for AuNP,, in Fig. 9.1b. While the analysis using large AuNP,, can still
be performed, it is highly recommended to utilize 5 nm AuNP because of better
system stability. To elucidate these extraordinary differences in the behavior of
AuNP, and AuNP,, . further investigations of full-scan RELS spectroscopy,
long-term scattering evolution, and UV—vis plasmonic spectroscopy have been
carried out.

The full-scan RELS spectra for small and large AuNP’s are presented in Fig. 9.3.
For small AuNP,  nanoparticles, a dramatic increase of the resonant scattering in-
tensity upon addition of GSH is observed in the entire photon energy range scanned.
The maximum of RELS signal for AuNP, alone is found at A =625 nm and it
is red-shifted from the absorption maximum A =516 nm by AL =109 nm. The

‘max,A
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Fig. 9.3 RELS spectra [ vs. /4 for: a small nanoparticles (AuNP, ) and b larger nanoparticles
(AuNP,, ) in the absence of GSH (1) and in the presence of 5 mM GSH (2), recorded within
1 min of GSH injection (from [156], with permission from Elsevier)

large RELS peak generated by the interactions of GSH with AuNP, is shifted
even farther to the longer wavelengths and appears at A__= 655 nm.

Similar RELS spectra for larger nanoparticles (AuNP,, ), presented in Fig. 9.3b,
show that the RELS maximum for AuNP,, alone is much larger than that for
AuNP, alone, consistent with stronger scattering for larger particles. However,
the injection of GSH causes an increase in scattering only in the shorter wavelength
region, A<580 nm, whereas a decrease in scattering intensity is observed in the
wavelength range above A = 580 nm. Interestingly, the wavelength of the RELS
maximum for AuNP,, in the absence of GSH (A = 628) is virtually unchanged
from that for AuNP, ., despite of the remarkable differences in other characteristics
and in their interactions with GSH.

In RELS spectra for both AuNP, _and AuNP,, . in the absence of GSH, we
observe a strong scattering in the photon energy range below that of the surface

plasmon oscillation energies. For AuNP, . I begins to increase at A>527 nm and
for AuNP,, . I increases at A>524 nm. These values are quite close to the sur-

face plasmon absorption maxima Amax, A>516 nm (for AuNP, )and imax’ A>528 nm
(for AuNP,, ). The origin of the broad scattering peaks with }"max>;LSP,max nm is
ascribed to the increasing reflectivity of free electrons in Au at wavelengths longer
than the Frohlich wavelength: />4, >4, . where the electrical conductance of
nanoparticles becomes a true metallic conductance [153]. At shorter wavelengths,
the free conduction electrons in Au are unable to follow fast changing electromag-
netic field imposed by the incident light beam and the mechanism of light scattering
changes to involve electronic transitions of Au atoms.

The scattering intensity increases with nanoparticle concentration as illustrated
in Fig. 9.4 where the dependencies of [ on C, ., for AuNP, _and AuNP,,
are presented. A higher slope 9/ _/dC, , is encountered for AuNP,,  than for
AuNP, _ consistent with the enhanced scattering by larger particles.



250 M. Hepel and M. Stobiecka
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9.2.2 Gold Nanoparticle-Based Colorimetric Analysis of GSH

The colorimetric analysis of GSH is based on the evolution of surface plasmon
absorbance of AuNP in response to the interactions with GSH molecules. Extensive
studies of the surface plasmon absorbance for various AuNP systems have been
carried out by the Zhong group [41, 58, 145, 154]. In particular, from studies of
the GSH-mediated assembly of AuNP [55, 69] it follows that the presence of NaCl
(10 mM) stimulates GSH-mediated assembly of AuNP,,  while the addition of
NaOH (1.6-3.3 mM) reverses it. In this section, we discuss the variation in spectral
characteristics of AuNP upon addition of GSH and their analytical implications for
colorimetric determination of GSH.

The GSH concentration dependence of UV—vis absorption spectra for AuNP, is
complex. Here, we present and analyze spectra recorded within 1 min of GSH injec-
tion. The color and intensity evolution for GSH-mediated assemblies of AuNP, s
illustrated in Fig. 9.5a for C,, from 0.1 to 3.33 mM, at constant AuNP, _ concen-
tration, C, \, = 10.1 nM. From the analysis of absorption maximum wavelength
v V8- Cigpy Presented in Fig. 9.5b, one can see that A increases from the initial
value 4 .. =522 nm to the final value 4 . =576 nm at the plateau established
for Cq,;=2.6 mM. The dependence of 4 vs. C., is determined by both the
kinetics and thermodynamics of GSH-mediated AuNP,  assembly. The critical
concentration of GSH, leading in 1 min reaction time to the midway character-
ized by the 4., |, =548 nm, is Cgy,, =2.0 mM. Close to this concentration, at
C_ .. =2.28 mM, the absorbance A __is largest. The decrease in 4___ observed at

Cioy>2.28 mM is due to 1/4-dependence of absorbance and to the rapidly progress-
ing assembly.
The general trend of the evolution of 4, i.e. an initial increase followed by a

decrease, upon the addition of GSH, is not well understood. Extensive efforts have
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Fig. 9.5 Effect of glutathione
concentration on absor-
bance of 10.1 nM AuNP;
nanoparticle solution:

a absorbance spectra for C;qyy
(mM): (1) 0.1, (2) 0.67, (3)
2.0, (4)2.33,(5) 2.5, (6)
2.67,(7)2.83,(8) 3.0, (9)
3.33; above: color change in
response to GSH injections
(1-9); b dependence of the
surface plasmon band wave-
length A, on Cgg,, (from
[156], with permission from
Elsevier)
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been devoted to calculate the SP band shift caused by the assembly [128—133] with
immense success in accounting for the size and shape variability of nanoparticles,
nanorods, and nanoplates. The broadening of the SP band for smaller and larger
AuNP have been described by El-Sayed et al. [129, 130]. In the case of Fig. 9.5,
the broadening is clearly observed concomitant with bathochromic band shift, both
corroborating the assembly process.
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Fig. 9.6 a Comparison

of heights of AuNP cap- @ ‘
ping molecules: citrate and
glutathionate (atoms: yel-
low—sulfur, red—oxygen,
blue—nitrogen, grey—car-
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b small assemblies of n GSH-
linked AuNP’s with diameter
2a0<a<3a0 (n=3to 6,
marked at the assemblies), '
where a0 is the diameter of ¢
single AUNP (n = 1) (from citrate glutathionate
[156], with permission from
Elsevier)
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In view of the complex dependence of 4 on C,, it is recommended to
utilize longer and constant wavelength for analytical determination of GSH, e.g.
A =700 nm to obtain linear calibration curves. The use of gold nanoparticles en-
ables employing a simple colorimetric method for GSH analysis owing to the large
extinction coefficient of AuNP in the range of SP band.

9.2.3 Mechanistic Aspects of the Interactions of GSH with AuNP

On the basis of measurements described in previous sections, we have evaluated
the pathways of GSH interactions and reactivity with core—shell gold nanoparticles.
Before presenting the mechanism, it is necessary to assess changes in the thickness
of AuNP protecting monolayers. The thickness of a citrate shell around a AuNP is
from 0.38 (flat orientation) to 0.70 nm (vertical, fully extended orientation) and the
height of a GSH molecule adsorbed on a Au is on the order of 1.18 nm based on
EQCN measurements and quantum chemical evaluation [47] for GSH adsorbed on
solid QC/Au piezoelectrodes. The structure and dimensions of Cit and GSH mol-
ecules are shown in Fig. 9.6.

During the ligand exchange (AuNP@Cit* GSH = AuNP@GSH * Cit), the diam-
eter of a single AuNP, with core of 5 nm dia., would increase from ca. 6.4 to 7.4 nm,
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or by 15.6%. This is rather a small change of the diameter and so it can not account
for the observed ninefold scattering intensity increase observed upon injection of
GSH to AuNP,  solution. The change in the refractive index on ligand replace-
ment is small due to the similarity of organic shells and is thus neglected.
Therefore, upon addition of GSH to a solution of citrate-capped AuNP’s, a
GSH-mediated assembly of AuNP@Cit occurs. According to our estimates based
on RELS measurements, the diameter of the assemblies is approximately doubled
(the effective diameter: a, = 2.1 a,, where a, is the diameter of the original citrate-
capped AuNP). The GSH-capped AuNP assemblies are depicted in Fig. 9.6.

9.2.4 Significance of Interparticle Hydrogen Bonding and
Electrostatic Interactions in Nanoparticle Assembly

In order to evaluate the viability of the formation of hydrogen bonding and their
role in the interparticle interactions, molecular dynamics simulations and quantum
mechanical calculations of structural interdependencies of interacting molecular
capping agents and cross-linkers were conducted. It follows from the experimental
observation that after several hours of relative stability of the GSH-capped AuNP
assemblies, an extensive GSH-mediated AuNP network formation begins to set-
tle down and results in the sedimentation of large ensembles and decrease in light
scattering associated with the colloidal solution depletion. While the electrostatic
forces, including the zwitterionic interactions, are established immediately after the
ligand-exchange is completed, the formation of hydrogen bonds is not. The reason
is that H-bonding is very sensitive to the spatial arrangement of atoms while the
electrostatic forces act with spherical symmetry around the charge center. There-
fore, it takes time to conformationally rearrange external atoms to positions of low-
est energy constituting the H-bonding.

The interparticle interactions of GSH-capped AuNP have been analyzed by con-
sidering the formation of multiple hydrogen bonds as depicted in Fig. 9.7. It is
seen that there are several possibilities for the formation of hydrogen bonds, from a
single H-bond up to a triple H-bond. In Fig. 9.7a, a single H-bond COOH'-COOH"
formed between COOH groups from two GSH molecules is presented. In Fig. 9.7b,
another single H-bond COOH-NH, is shown which forms between COOH group
from one GSH molecule and NH, group from another GSH molecule. Then, in
Fig. 9.7c—e, double H-bonds are presented.

They can be formed as follows: (¢) two H-bonds on the same couple COOH'—
COOH" where one carboxyl is from one GSH molecule and one from the second GSH
molecule; (d) COOH'-COOH"” and COOH'-COOH"’, where the same COOH' from
one GSH molecule forms two H-bonds with two different carboxyl groups COOH”
and COOH"’ from the second GSH molecule; (e) one H-bond COOH'-NH,, and one
COOH"-COOH where two different carboxyl groups (COOH’ and COOH") in one
GSH molecule are involved. A triple H-bond is shown in Fig. 9.10f: two H-bonds
in one carboxylate couple COOH-COOH" plus one H-bond COOH""-NH,. This
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Fig. 9.7 Hydrogen bond-
ing between two glutathione
molecules from shells of two
interacting AuNP’s; H-bonds
marked with a dotted line;
atoms: yellow—sulfur, red—
oxygen, blue—nitrogen,
grey—carbon, light grey—
hydrogen); GSH molecules
are separated with a red
dashed line (from [156], with
permission from Elsevier)

means that there is a lot of configurational flexibility in GSH molecules to achieve
one- to triple-H-bonding and thus GSH-induced assembly of AuNP is feasible.

The formation of hydrogen bonds is augmenting strong zwitterionic interactions
due to COO-NH," operating in the pH range from 2.04 to 3.53. At pH < 2.04 and
pH>3.53, electrostatic repulsions become the dominant force in the interparticle
interactions between GSH—capped gold nanoparticles.

The results presented above corroborate the mechanism of interactions of gluta-
thione molecules with citrate-capped gold nanoparticles and the interparticle inter-
actions of AuNP. The prevailing role of multiple H-bonds formed in these interac-
tions is consistent with experimental spectroscopic results for other AuNP systems
with functionalized-thiol capping agents.

9.3 Detection of Homocysteine and Cysteine Based
on Induced Gold Nanoparticle Assembly

The concentrations of the oxidative stress biomarkers, homocysteine (Hcys) and
cysteine (Cys), in body fluids and cytosol are much lower that those of GSH and
are typically in the low micromolar range. The concentration of Hcys higher than
15 uM is considered dangers to the human health and constitutes a condition called
hyperhomocysteinemia. Despite of lower concentration, the interactions of Hcys
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with gold nanoparticles are much stronger that those of GSH and therefore, the
ligand-exchange processes of Heys and Cys with citrate-capped AuNP are observed
at generally lower concentrations of these biomarkers than it is seen for GSH. The
Hcys- and Cys-induced assembly of gold nanoparticles has been investigated for
non-ionic fluorosurfactant-capped gold nanoparticles as well as for negatively-
charged citrate-capped gold nanoparticles. Due to the system complexity, more
detailed knowledge of the interactions and reactivities is necessary to understand
better the system behavior. Despite of the fact that Cys molecules are smaller than
Hcys by only one CH, group, they show clearly less activity than Heys which can be
utilized in their analytical determinations. The reasons leading to the differences in
activities of these two thioaminoacids have been analyzed. For citrate-capped gold
nanoparticles, the formation of surface complexes facilitated by electrostatic attrac-
tions and formation of double hydrogen bonds for both Hcys and Cys have been
postulated. The conformational differences between these two kinds of complexes
result in marked differences in the distance between—SH groups of the biomarkers
to the gold surface and different abilities to induce nanoparticle assembly. Analyti-
cal implications of these mechanistic differences are discussed in the next sections.

9.3.1 Plasmonic Spectroscopy of Homocysteine- and Cysteine-
Mediated Assembly of ZONYL-Capped Gold Nanoparticles

Fluorosurfactants provide similar advantages to other surfactants but, in addition,
show high degree of chemical inertness. For these reasons they have recently been
applied in chemical analysis [64]. The ZONYL fluorosurfactant is known to form
self-assembled monolayers on gold surfaces rendering the surface more hydropho-
bic and significantly retarding the gold oxide formation processes [155]. In the case
of AuNP, the fluorosurfactant stabilizes gold colloids by forming tight shells around
nanoparticle cores with hydrophilic heads oriented toward Au surface and fluoro-
carbon tails forming hydrophobic non-interacting external surface. Although the
surfactants of this type form water-tight shells, their bonding to a gold surface is
not as strong as that of thiolates. Therefore, in the presence of thiols, ZONYL is
replaced in a ligand exchange process. The thioaminoacids, such as Heys and Cys,
also replace ZONYL from a AuNP shell, provided that sufficiently high concentra-
tion of these agents is used and long enough time is allowed. The HR-TEM images
of fluorosurfactant-capped AuNP’s are presented in Fig. 9.8 before (a) and after
(b—d) homocysteine-induced nanoparticle framework assembly.

The ligand exchange process taking place upon addition of homocysteine to
ZONYL-capped AuNP can be monitored using SP-band absorbance of AuNP, as
illustrated in Fig. 9.9. It is seen that the SP band shifts toward longer wavelengths
and the maximum absorbance increases with increasing CHCyS. These observations
are consistent with ligand exchange process:

AuNP/FES, + yHcys = AuNP/Hcysy + xFES 9.3)
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Fig. 9.8 HR-TEM images of ZONYL-capped gold nsanoparticles before a and after assem-

bly with 15 uM homocysteine b—d; C, , =6 nM, C,,; =0.22%, pH = 6; bar size: a 50 nm,

b 50 nm, ¢ 10 nm, d 5 nm (from [152], with permission from Elsevier)

where x=y, followed by interparticle molecular linking of AuNP/Hcys through di-
rect Heys-Heys interactions. At the pH of these experiments (pH = 6.0), homocys-
teine exists as a zwitterion with oi-amino group protonated (-NH,") and carboxylic
group dissociated (COO™). Therefore, the zwitterionic interparticle binding between
Hcys-capped AuNP is playing a predominant role as recently discussed by Zhong
etal. [41].

The bathochromic shift of the surface plasmon peak (A4 =36 nm, for 16 uM
Hcys) corresponds to the formation of small Heys-linked AuNP ensembles. The
increase of SP absorbance by 21% indicates on the collective oscillations of local
surface plasmons in AuNP that form these ensembles. The collective oscillation
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Fig. 9.9 a Absorbance spectra for ZONYL-capped AuNP for different concentrations of homo-
cysteine, C,, . [UM]: (1) 0, (2) 2.22, (3) 3, (4) 4.44, (5) 5.56, (6) 11.11, (7) 16, (8) 18, (9) 22.22.

Heys
Conp=6 nl\/i, C =0.22%, pH = 6; dependence of b 4__and ¢ 4 vs. CHcys (from [152],

A VL SzonvL -
with permission from Elsevier)

of local surface plasmons is excited when the distance d between AuNP is: d<5r,
where r is the AuNP radius.
The absorbance maximum increases with CHCyS and reaches the saturation value

at CHcys >7 uM, with the half-absorbance change appearing at C,; = 3.38 UM. The
value of 4__ also reaches saturation at C,, _>7 uM (Fig. 9.9¢). Therefore, we can

'max Heys |
assume that above 7 UM Hcys concentration the ligand exchange process has been

completed and nanoparticle shells are saturated with Hcys.
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Extensive studies of the surface plasmon absorbance for various AuNP systems
have been carried out by several groups [49, 50, 54, 62, 63, 104, 105, 117, 118,
125,128, 135137, 145]. In particular, it follows from studies of the homocysteine-
mediated assembly of AuNP that the interparticle zwitterion interaction of the Hcys-
Au system is particularly strong [41] and that the Hcys-mediated assembly of AuNP
can be accelerated by an increased temperature and ionic strength of the solution
thus reducing the barrier for Hcys attachment to gold nanoparticle surface [41].
Also, the assembly can be reversed by the pH change [41, 42].

Similar experiments performed with cysteine indicate that at higher concentra-
tions (C>15 uM) the kinetics of ligand exchange for both Hcys and Cys is very
fast and the exchange is completed within 1 min of mixing AuNP solution with the
thioaminoacids. However, at lower concentrations, the ligand exchange is consider-
ably faster for Hcys than for Cys.

In summary, the colorimetric analysis of homocysteine and cysteine utilizing
gold nanoparticles as active reagent is viable. Moreover, the sensitivity of the analy-
sis is much higher than that for GSH due to the strong interactions of Hcys and Cys
with AuNP. A simple and inexpensive detection of color changes with naked eye
can be readily performed in the concentration range of these oxidative stress bio-
markers from 0.5 to 5 uM.

9.3.2 RELS Monitoring of Homocysteine and Cysteine
Interactions with ZONYL-Capped Gold Nanoparticles

The resonance elastic light scattering spectra for a ZONYL FSN surfactant-capped
AuNP, - in Hcys solutions are presented in Fig. 9.10. The strong RELS from
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AuNP, in solution results from the absorption of photons at 4, =550 nm, in
the range of the SP absorption band. The addition of homocysteine to the ZONYL-
capped AuNP, results in strong scattering enhancement. The solution pH main-
tained at a constant value, pH = 6.0, guarantees that Hcys is within the range of pre-
dominantly neutral (zwitterionic) form (pH = 2.22 to 8.87; pK ,, =2.22 (-COOH),
pK,, =887 (-NH,), pK, ; = 10.86 (-SH)). The strong enhancement of RELS from
AuNP, by Hcys molecules is then due to the aggregate formation associated
with interparticle interactions with zwitterionic Hcy-Hceys cross-linking leading the
scattering increase. From the data of Fig. 9.10, the scattering intensity increase is:
I /I, =7.8 and, hence, a , = 1.99. This means that most likely small aggregates
composed of 2—6 particles are formed.

The RELS intensity differs considerably for ZONYL-capped AuNP interacting
with different aminoacids [36, 64, 152]. The plots of RELS intensity vs. amino-
acid concentration measured at iex =550 nm for Hcys, methionine, alanine, his-
tidine, and glutathione, are presented in Fig. 9.11. They show a strong increase of
I, with C for homocysteine and apparent no response for other aminoacids and
glutathione. The [ vs. Chieys dependence is sigmoidal with an inflection point at
low Hcys concentration indicating a high affinity of Hcys for a Au surface. From a
Boltzmann function fitted to the experimental data for Hcys and ZONYL, we obtain
1, =A4,%(4,—4,)/(1+exp[(C-C, ,)/s]), where 4,, A,—are the lower and higher 7
plateaus, C,, is the concentration at the inflection point, and s is the slope param-
eter. The value of C,, =3 uM.

The longer elution time for Heys than for Cys observed in C18 column chroma-
tography experiments [36, 64] is consistent with higher affinity of Hcys than Cys to
hydrophobic chains. In the setting of a ZONYL-capped AuNP, this would translate
to a slower transfer of Hcys through a ZONYL shell. Since the opposite is observed,
this means that other factors must also play a role.
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9.3.3 Interactions of Homocysteine and Cysteine with Citrate-
Capped Core—Shell Gold Nanoparticles

Upon addition of homocysteine to citrate-capped AuNP, an increase in resonance
elastic light scattering, similar to the one described for ZONYL-capped AuNP, is
also observed, provided that the solution pH is carefully controlled. The increase in
scattering intensity upon addition of 15 uM Heys is [ /I, , =19 (Fig. 9.12). This
large increase in scattering intensity clearly indicates on the homocysteine-induced
assembly of AuNP. Utilizing Eq. (9.2), we obtain for the increase of particle diam-
eter: a, =2.7. Similar RELS experiments carried out for other aminoacid ligands
and glutathione, presented in Fig. 9.12, show that the RELS response is highly
selective to Hceys, consistent with recent findings [41, 55, 58] showing that thiol-
containing aminoacids adsorb preferentially on a gold surface while glutathione (at
neutral pH) is repelled from the citrate shell of nanoparticles. The mechanisms lead-
ing to this high selectivity are not well understood, though the importance of this
selectivity for analytical determinations of homocysteine in a matrix of aminoacids
and glutathione is high.

The protonation equilibria for species in solution and in the protective SAM
environment of gold nanoparticle shells influence the interparticle interactions and
thus the analytical determinations based on AuNP assembly. The following exam-
ple illustrates these phenomena. The RELS measurements for Hecys and citrate-
capped AuNP were carried out in solutions with three different pH: 2.0, 5.0, and
9.0. The plot of scattering intensity /_ vs. CHcys for these three media is presented
in Fig. 9.13. The three dependencies of I vs. CHcys for different pH values show
completely different behaviors. The curve 1 for pH = 2.0 shows a scattering inten-
sity decrease with increasing C,, .. and establishment of a plateau for CHCYS>4 UM.

Curve 2 shows a sigmoidal shape with the onset of scattering at CHCyS =5 uM and
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establishment of a new level of scattering intensity plateau for CHCys>7 UM. In the
case of the third curve, for pH = 9.0, there is virtually no scattering change seen for
the entire concentration range of Heys examined and the level of scattering is very
low (1 =38, for 20 uM Hcys). Note that the scattering intensity levels established for
pH = 2.0 and pH = 5.0 at higher concentrations of Hcys, are different.

The elucidation of the mechanism of processes leading to the complex behavior
of the citrate-capped AuNP—homocysteine system is the key element to under-
standing the reactivity and assembling properties of functionalized AuNP and their
interactions with small biomolecules. The three /= f(CHcys) characteristics pre-
sented in Fig. 9.13 represent three different regime as follows:

1. At pH =9 (curve 3), the RELS intensity observed for all Hcys concentrations
examined is due to the high gold colloid stability associated with strong electro-
static interparticle repulsions between deprotonated carboxyl groups that exist in
the Heys-shell after the ligand exchange.

2. The sigmoidal switching characteristics is observed at pH =5 (curve 2) where
citrates are predominantly deprotonated (pK, | =3.09,pK, , =4.75,pK_ ; =5.41)
but homocysteine exists as a zwitterion with protonated-NH,*group and dissoci-
ated COO" group (pK,,, =2.22 (COOH), pK, , = 8.87 (NH,)). Thus, at low Heys
concentrations (Clieys<5 HM), scattering is low since it is dominated by interpar-
ticle repulsions of negatively-charged citrate shells. As the ligand exchange pro-
cess progresses, the citrate ions are being replaced by the neutral Hcys molecules.
The progression is accelerated at higher Hcys concentrations. The switch from
low elastic light scattering intensity to high intensity is observed in the concen-
tration range: 5 UM <Clyey<T UM This saturation level attained at Ciieys =7 UM
can is associated with small ensembles of Hcys-linked AuNP where the interpar-
ticle attractions are attributed to strong Hcys-Hcys zwitterionic interactions.
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3. The strong scattering intensity observed in acidic environment (curve 1, pH =2)
and in the absence of homocysteine is due to the extensive interparticle hydrogen
bonding between predominantly undissociated citric acid ligands in the AuNP
shells (pK,,, =3.09, pK,,=4.75, pK,,; = 5.41, for citric acid). The H-bonding
results in the formation of gold nanoparticle ensembles and a high RELS inten-
sity. Upon the addition of homocysteine, the light scattering intensity unexpect-
edly decreases to a new level, approximately at 50% of the initial scattering
intensity value. This is attributed to the dismantling of the initial citrate-linked
gold nanoparticle ensembles and replenishing the nanoparticle shells with homo-
cysteine in a ligand exchange process. While the newly formed shells are more
strongly bound to the gold cores than citric acid based shells do, the Heys mol-
ecules at pH =2 are partially positively charged and cannot form as large the
nanoparticle aggregates as citrate-capped AuNP do. However, for Hcys one
should expect interparticle repulsions of Hcys-capped AuNP at pH =2, since

pK,,, =2.22 (COOH), pK,, =8.87 (NH,). Also, the RELS saturation level is

higher that that at pH = 5. This means that despite of the ligand-exchange, still
citric acid molecules participate in the interparticle bonding by cross-linking (or:
bridging) through hydrogen bonding.

In summary, the scattering spectra present evidence for different types of interpar-
ticle interactions including the de-aggregation of citrate-capped gold nanoparticle
ensembles followed by their conversion to citrate-linked Heys-capped nanoparticle
assemblies recently described [152].

9.3.4 Molecular Dynamics and Quantum Mechanical
Calculations of Molecular Cross-Linking of Core—Shell
Gold Nanoparticles

The two main monolayer-protective types of shells for AuNP described in previ-
ous sections differ considerably in their composition and properties, yet they both
provide selectivity toward homocysteine versus glutathione or cysteine in the
nanoparticle assembly process. The MD simulations have been carried out to evalu-
ate the interactions of Hcys and Cys with a non-ionic fluorosurfactant-capped gold
nanoparticles [152] and to characterize the kind of intermediate structures that form
on approach of Cys and Hcys molecules to a charged citrate-capped gold nanopar-
ticle [152, 156]. Here, we will concentrate only on the latter.

The interactions of cysteine and homocysteine with citrate-capping film have
been considered for a pH range corresponding to the experimental work (pH 5-6),
where the citrate shell is charged negatively providing a long-term stability for the
gold colloid, whereas both cysteine and homocysteine are in the form of zwitterions
with protonated-NH;"group and dissociated-COO"~ group. The main interaction of
the electrostatic nature between—-COO™ group of the nanoparticle shell and-NH,*
group of the approaching thioaminoacid is expected with strong repulsions between
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dissociated carboxylate groups of the citrate and Cys or Hcys molecules. The results
of molecular dynamics simulations and quantum mechanical calculations obtained
are presented below.

In Fig. 9.14, the interactions of cysteine and homocysteine with citrate ions in
a ligand exchange process are analyzed. It is seen that both Cys and Hcys form
intermediate surface complexes on approaching to a citrate-capped gold nanopar-
ticle. Within the framework of electrostatic attractions between COO™ group of
the nanoparticle shell and NH,*group of the thioaminoacid, a double hydrogen
bond is formed for both the Cit-Cys and Cit-Hcys complexes. Immediately seen
is, however, a completely different configuration of the thioaminoacid in the sur-
face complex formed. Whereas a cysteine molecule forms a kind of axial (linear)
configuration extending out of the citrate protective SAM, the homocysteine tends
to bend out of the axial conformation and toward the citrate side-chain and the
electrode surface.

The lack of flexibility of the cysteine molecule has already been pointed out
when comparing ring-forming abilities of these two molecules [44]. Here, the bend-
ing toward the citrates side chain results in the substantial difference in the distance
of the thiol group to the gold surface. This distance is 0.75 nm for Cit-Cys surface
complex and only 0.38 nm for Cit-Hcys complex. This difference can be translated
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to classifying the thioaminoacid position as being outside of the shell (in the case of
cysteine) or inside the shell (in the case of homocysteine). The large difference in
the observed light scattering intensity between Cys and Hcys can be explained by
easier and faster penetration of Hcys into the citrate-dominated gold nanoparticle
shell followed by citrate ligand replacement.

After the ligand exchange has been completed, the zwitterion-type interactions
begin to operate leading to the nanoparticle assembly and manifested by the sharp
increase in the resonance elastic light scattering, as observed experimentally. On the
other hand, in the case of cysteine, the ligand exchange process is strongly hindered
by cysteine inability to enter the citrate protective shell due to the axial conforma-
tion of the surface complex Cit-Cys.

9.4 Overview of Molecularly-Templated Biorecognition
Polymer Films for Biosensing Applications

Extensive applications of biorecognition phenomena in chemical analytical proce-
dures [157-167] and in a variety of human designed sensors are based on specificity
and strong affinity interactions of the antibody-antigen system [158, 168—171]. The
recent introduction of engineered oligonucleotide- or polypeptide-based aptamers
[159, 160] as ligands mimicking antibodies indicates that they can also be used in
sensors for various target molecules and provide additional advantages of higher
packing density and improved structural flexibility. Similar in principle is the use of
molecularly imprinted polymer films [172—178] whereby the polymerization of the
polymer is carried out in situ in the presence of the target molecule which is then
released from the template. Such a templated polymer film can exhibit specific-
ity toward the target molecule and offers enhanced processibility and scalability.
Therefore, this approach is promising for miniaturization and the development of
microsensor arrays with multiple functionalities. Molecularly imprinted polymers
show recognition properties similar to biological receptors but they are more stable
and less expensive than biological systems [179]. This is in tune with the increasing
need for sensitive techniques to analyze rapidly many components of living organ-
isms.

Various transduction techniques have been investigated for application with mo-
lecularly imprinted polymers including: potentiometric [ 180], capacitive [181], con-
ductimetric [ 182, 183], voltammetric [184], acoustic wave [185—191], colorimetric
[192], surface plasmon spectroscopy [193], and fluorescence [194—197] detection.
An enhancement of the analytical signal has been achieved by utilizing gold, sil-
ver or semiconducting nanoparticle labeling of target molecules [35]. Molecularly
imprinted polymers represent very promising materials not only for sensory films
but also for the selective solid-phase separation techniques [198, 199], such as the
electrophoresis and chromatography.

The synthesis of templated polymer films plays the key role in accomplishing the
desired target recognition level. Since molecular imprinting leads to the formation
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of binding sites for target analyte molecules in the supramolecular architecture of
a polymer, the target molecules should interact with monomers during the polym-
erization stage and act as a template around which the polymer grows. After the
removal of templating molecules, high affinity sites are left in the polymer matrix.
Two distinct methodologies have been employed to synthesize molecularly imprint-
ed polymers [200] depending on the nature of interactions between the template and
monomer: covalent and non-covalent imprinting. The non-covalent imprinting is
more versatile and easier than the former and it is most often utilized. It is based on
hydrogen bonding, Van der Waals forces, electrostatic or hydrophobic interactions.
In this section, novel designs of molecularly imprinted sensor films are pre-
sented. The molecular imprinting, carried out in-situ by electropolymerization of
orthophenylenediamine (oPD) in the presence of target molecules, is described for
GSH molecules and GSH-capped gold nanoparticles (AuNP) as the targets. The
monitoring of the formation of GSH-doped poly(oPD) and other templates using
the electrochemical quartz crystal nanogravimetry (EQCN) is discussed in detail.

9.4.1 Template Design for Molecularly-Imprinted Conductive
Polymer Films

The deposition of GSH-templated films has been carried out in-situ by electropoly-
merization of oPD on the surface of a quartz crystal piezoelectrode, either directly
on a bare Au electrode sputtered on a QC resonator, or on a layer of AuNP network
assembled on a QC/Au surface. Three types of the design of templated polymer
films, employed in this work, are presented in Fig. 9.15.

The first type of sensors, QC/Au/PoPD(GSH), labeled T1, shown in Fig. 9.15a,
was synthesized by direct electropolymerization of oPD in the presence of GSH.
During the polymerization process, GSH molecules are trapped inside the polymer
layer and become permanently embedded in the polymer. At the end of the polymer-
ization stage, the GSH molecules present on the polymer surface make impressions
in the film which, after dis-association of the templating molecules by hydrolysis,
can be utilized in GSH recognition schemes.

The second type of sensors, QC/Au/PoPD(AuNP-SG), labeled T2, shown in
Fig. 9.15b, was synthesized by electropolymerization of oPD in the presence of
GSH-capped AuNP nanoparticles. Since the GSH-capped AuNP’s tend to assemble
due to hydrogen bonding, the solutions of oPD and GSH were mixed with AuNP
solution right before the experiment and immediately transferred to the EQCN cell.
During the polymerization process, the AuNP-SG nanoparticles are trapped inside
the polymer layer and become permanently embedded in the polymer. At the end of
the polymerization stage, the AuNP-SG nanoparticles present on the polymer sur-
face leave impressions in the film which are then utilized in the recognition schemes
of GSH and GSH-capped AuNP’s.

The third type of sensors, QC/Au/AuNP/PoPD(GSH), labeled T3, shown in
Fig. 9.15c¢, was synthesized by direct electropolymerization of oPD in the presence
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Fig. 9.15 Schematic of GSH-templated sensor designs: a GSH embedded in a PoPD polymer film
(oPD-poly) on a Au piezoelectrode (sensor T1), b AuNP-SG nanoparticle-templated PoPD film on
a Au piezoelectrode (sensor T2), and ¢ GSH embedded in a PoPD film electrodeposited on a layer
of AuNP network assembled on a SAM of MES on a Au piezoelectrode (sensor T3) (from [35],
with permission from the Electrochemical Society)

of GSH, on a QC/Au substrate that was coated with a SAM of MES and a layer of
AuNP network assembled on top of the SAM. The GSH molecules attached to the
polymer surface at the end of the oPD polymerization stage leave impressions in the
film which can be utilized for GSH detection.

The polymerization of GSH-templated films was investigated for different
types of templates. Examples of typical polymerization characteristics are provided
in Figs. 9.2, 9.3, 9.4, 9.5, 9.6. For each polymerization, the mass-to-charge ratio
Peyp =90m/0Q, was analyzed. The electropolymerization was carried out either by
successive potential scans from £, = 0 to £, = +0.8 V and back to £, or by potential
pulses with £, =0 to £, =+0.8 V and £, = 0, with pulse widths 7, =1, 7, =300 s.

In Fig. 9.16, the polymerization of oPD in the presence of GSH by potential
scanning is illustrated. The simultaneous voltammetric (LSV) and nanogravimetric
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Fig. 9.16 LSV and EQCN
characteristics (first cycle) for
a QC/Au electrode in 5 mM
oPD+10 mM GSH in 10 mM
phosphate buffer solution:

a current-potential (/) and
mass-potential (2); b mass-
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characteristics indicate an instant of the oPD oxidation at £ =0.25 V vs. Ag/AgCl
and almost linear current increase in the potential range from £=+0.3 to +0.6 V,
followed by a decrease of the current growth rate at higher potentials which may be
due to transport limitations. It is seen that the apparent mass increases during the
anodic potential scan. Further mass gain is also noted after the potential scan rever-
sal. Moreover, the mass kept increasing even after current cessation at the end of the
cathodic-going potential scan, at potentials £<+0.15 V. This type of a behavior is
indicative of the formation of quasi-stable oPD radicals which are able to attach to
the PoPD film after the oPD oxidation has ended. If this mechanism is correct then
the Faradaic efficiency of the polymer formation must be impeded due to the diffu-
sion of the oPD intermediates and oligomeric radicals out of the electrode surface.
The Faradaic efficiency can conveniently be investigated using the mass-to-charge
analysis. The experimental slope, Pep = om/dQ, can be compared to the theoretical
slope calculated for a given reaction:

_u 2 9.4
m_MnF 9.4)

am M

Pth = @ = iF 9.5)
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Fig. 9.17 Apparent mass (/) and charge (2) consumed in electropolymerization of a PoPD tem-
plate from 5 mM oPD+ 10 mM GSH in 10 mM phosphate buffer by potential scanning between
E,=0and E, = +0.8 V at a scan rate of v =100 mV/s: a 1-st cycle, b 17-th cycle (from [35], with
permission from the Electrochemical Society)

where F is the Faraday constant (F = 96,485 C/equiv) and  is the number of elec-
trons transferred. Here, for the electro-oxidation of oPD, we have:

C¢H4(NH,), — 2~ = —|NH — C¢Hy — NH| — +2H"

.6
oPD PoPD unit ©.6)

so that » = 2 and the molmass M = 106 g/mol (i.e. the molar mass of species depos-
ited on the electrode minus molar mass of species detached from the electrode sur-
face), assuming that the oxidized PoPD unit is cross-linked to the electrodic poly-
mer film. Hence the theoretical value of p, is: p, = 53 x 10> g/C = 530 ng/mC.

We can see that the experimental value of p__ is much lower: p,_ = 7.06 ng/mC.
This means that a large majority of the oxidized oPD radicals escape to the solution
before they are able to bind to the electrode surface and become part of it. The slope
Pesp increases during the cathodic-going potential scan, Peyp = 10.9 ng/mC, but this
is still too low a value in comparison with the theoretical expectation for an efficient
Faradaic process.

The polymerization efficiency does not increase in subsequent potential cycles.
For instance, after 16 cycles, the mass-to-charge is: Pep =625 ng/mC. Generally,
smaller oPD oxidation currents and smaller mass gains are observed due to the
increased polymer film resistance attributable to the enlarged film thickness. The
decrease in the oxidation charge and mass gain between cycle 1 and 17 is illustrated
in Fig. 9.17 on the m—¢t and O—t plots.

The number of PoPD monolayers deposited in potential scanning polymeriza-
tion procedure can be estimated by calculating an equivalent monolayer mass of
PoPD. On the basis of quantum mechanical calculation of the electronic structure
of the polymer, the definition of the equivalent monolayer is rather ambiguous be-
cause the benzene rings of oPD are not in plane or stacked parallel to each other in
the PoPD. Therefore, we define here the equivalent PoPD monolayer as a densely
packed layer of flat oPD molecules. The calculated surface area for a unit oPD
A =27.1 A%is assumed. Then the maximum surface coverage is: I = 3.69 molc/cm?
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and y = 0.61 nmol/cm?. The monolayer mass is then: m__ = 65.0 ng/cm? and for
our quartz resonator: m_ . o= 16.6 ng/QC. It is seen then that in a single potential
scan experiment only a fraction of the equivalent PoPD monolayer is being formed.

The electropolymerization of oPD to form GSH-templated films was also carried
out using the potential step technique. Here, we present an example of the synthe-
sis of a film of GSH-templated PoPD which was deposited on a QC/Au substrate
coated with a SAM of MES with a layer of AuNP network assembled on top of the
SAM.

In the potential step experiments, the potential program included three stages:
E, =0,E,=+0.8V,and £, =0, with pulse widths 7, =1 s, 7, = 300 s. Generally, the
current decayed monotonically and the apparent mass was increasing from the first
moment of the step to £,, as expected. The total mass increase observed in these ex-
periments was much larger than that in the potential scan experiments and the analy-
sis of Pexp indicates that the Faradaic efficiency ¢ is also higher (P, =137 ng/mC)
although still very low.

The progressive template deposition by potential steps has been carried out
by pulse-deposition of GSH-templated polymer films as illustrated in Fig. 9.18
for three types of molecularly imprinted films: QC/Au/PoPD(GSH), QC/Au/
PoPD(AuNP-SG), and QC/Au/MES/AuNP/PoPD(GSH). The potential pulse pro-
gram used for all three syntheses was: £, =0, £, =+0.8 V, and £, = 0, pulse width
7,=1s, 7,=300 s. It is seen that the lowest growth rate is observed for the film
PoPD(GSH) and the highest rate is observed for the film MES/AuNP/PoPD(GSH).
While the higher rate of film growth for POPD(AuNP-SG) film than for PoOPD(GSH)
film is most likely due to the involvement of AuNP nanoparticles which contribute
strongly to the mass gain, the difference between the growth rate for PoOPD(GSH)
and MES/AuNP/PoPD(GSH) requires additional rationalization. There seem to be
two contributing effects: (a) one associated with the enlarged surface area at the in-
terface film-solution caused by the rough layer of the assembled AuNP in the MES/
AuNP/PoPD(GSH) film, and (b) one due to the changed solution pH, from neutral
to acidic medium, since the acidic environment is prompting the polymer growth.

These experiments confirm that the GSH-templated films can be grown step by
step under different conditions with straightforward control of the film thickness
and its conductance by a simple choice of the pulse parameters and the number
of applied potential pulses. This method is also faster than the potential scanning
method in which only very thin films are obtained.

9.4.2 Response of Molecularly-Templated Films to GSH
Target Molecules

Three types of GSH-templated polymer film sensors have been characterized and
tested for response to GSH solutions. These tests, presented in Figs. 9.19, 9.20,
9.21, include the i—¢ and m—t transients for the apparent mass change recorded upon
injection of analyte solution. In Fig. 9.19, results obtained for a GSH-templated QC/
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Fig. 9.18 Apparent mass
gain recorded in consecutive
cycles of a potential-step
electropolymerization of a
GSH-templated poly(oPD)
films from 5 mM oPD solu-
tions containing 10 mM GSH
(a—c) and 3 nM AuNP-SG
(b); substrate: (a, b) QC/
Au, (¢) QC/Au/MES/AuNP;
medium: 10 mM phosphate
buffer (a), 10 mM HCIO,
(b, ¢); potential program: step
fromE, =0to E,=+0.8V
vs Ag/AgCl and back to

E,, pulse duration 7, =1 s,
7, =300 s; curve numbers
correspond to the cycle
number (from [35], with
permission from the Electro-
chemical Society)
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Fig. 9.19 a Chronoampero- 12
metric (1) and chronogravi-
metric (2) transients for the
initial electropolymerization
stage of a GSH-templated
poly(oPD) film T1 on a QC/ 8
Au electrode from 5 mM GSH )
oPD+10 mM GSH+ 10 mM | mjection
HCIO, solution by a
potential step from £, =0

t0 £,=+0.8 V vs Ag/AgCl. 4r
b Apparent mass vs. time
i I

10 |

m, ng
(o)}

response of a T1-type sensor 2

after injection of a free GSH

solution (5 mM) (from [35], 0
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Electrochemical SOClety) 0 50 100 150 200 250 300
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Fig. 9.20 a Chronoampero- 30
metric (1) and chronogravi-
metric (2) transients for the

initial electropolymerization
of a AuNP-SG-templated

poly(oPD) film T2 on a QC/ 20 4

Au electrode from 5 mM

oPD+10 mM GSH+10 mM ;i
i

25 o GSH injection

m, ng
—
W
1

HCIO, solution by a
potential step from £, =0
to E,=+0.8 V vs Ag/AgCL 10 -
b Apparent mass vs. time
response of a T2-type sensor
after injection of a free GSH
solution (5 mM) (from [35],
with permission from the 0 -
Electrochemical Society)
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Au/PoPD(GSH) sensor are presented. The total mass of the polymer template film
with embedded GSH was Am =274 ng (Af'= 238 Hz).

After hydrolyzing the GSH imprinted in the PoPD polymer film with 0.5 M
NaOH solution, the piezosensor was tested for the response to a solution of 5 mM
GSH. The time transient recorded upon injection of GSH is presented in Fig. 9.19.
The total mass change Am = 10.5 ng was observed in the 300 s recoding time. The
transient represents a kinetically slow recognition process. The concentration range
of sensor response, from 0.5 to 10 mM, corresponds to the GSH level in body fluids
and cytosol. The reproducibility between sensors is high, ca. 90%, and with automa-
tion of the sensor fabrication, it should be further improved.

The next sensor investigated was a AuNP-SG templated QC/Au/PoPD(AuNP-
SG) sensor. The results obtained for this sensor are presented in Fig. 9.20. A
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Fig. 9.21 a Chronoamperometric (1) and chronogravimetric (2) transients for the initial elec-
tropolymerization of a GSH-templated poly(oPD) film T3 on a layer of AuNP-network assembled
on a SAM of MES on a QC/Au electrode, from 5 mM oPD + 10 mM GSH + 10 mM HCIO,
solution by a potential step from £, = 0to £, = +0.8 V vs Ag/AgClLb Apparent mass vs. time
response of a T3-type sensor after injection of a free GSH solution (5 mM) (from [35], with per-
mission from the Electrochemical Society)

large total mass o the film obtained after subsequent polymerization stages was
Am = 1322 ng (Af'= 1147 Hz).

After hydrolyzing the GSH and removal of imprinted AuNP-SG in the
PoPD(AuNP-SG) polymer film with NaOH solution, the piezosensor was subjected
to a solution of GSH analyte. The time transient recorded upon injection of GSH
is presented in Fig. 9.20. The total mass change of Am = 27 ng was observed in the
300 s recoding time. The responsiveness of this sensor is much higher than that of
the previous one (approximately three times higher) due to the high mass of the
gold nanoparticle labels. This translates to a higher measurement resolution which
is important for precision analyte determinations.

The process of molecular imprinting of a POPD(GSH) film synthesized in-situ
on a QC/Au/SAM/AuNP substrate is illustrated in Fig. 9.21. The total mass depos-
ited was Am = 265 ng. After the template removal from the PoPD,, polymer film,
the piezosensor was tested in a solution of 5 mM GSH. The time transient recorded
upon injection of GSH is presented in Fig. 9.21. The total mass change Am =7 ng
was observed. The reproducibility of this sensor fabrication (ca. 80%) was not as
good as for other types of sensors tested, most likely due to the differences in the
amount and packing density of AuNP in the film. However, this film design still
shows a good promise since further improvements can be achieved through a better
film microstructuring (i.e., the improvement in the film texture).

Therefore, by highest mass gain was attained for the sensor templated with GSH-
capped gold nanoparticles (design T2, QC/Au/PoPD(AuNP-SG) in Fig. 9.15b). The
nanoparticle labeling enhances the nanogravimetric biosensor response because of
the larger mass of the AuNP-labeled analyte.
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9.5 Conclusions

The monolayer-protected gold nanoparticles interact strongly with biomarkers of
oxidative stress, such as glutathione, homocysteine, and cysteine. Strong binding
of these biomarkers to gold through the thiolate bonding results in an easy replace-
ment of a self-assembled protecting monolayer on a core—shell gold nanoparticle
with the biomarker SAM. By carefully controlling the solution pH, it is possible to
fine-tune the biomarker-induced nanoparticle assembly mediated by interparticle
zwitterionic interactions and hydrogen bonding. The surface plasmon band shift
associated with the assembly can be employed for simple and inexpensive detection
of the oxidative stress biomarkers. By utilizing the RELS spectroscopy, the detec-
tion of biomarker interactions with gold nanoparticles is made even more sensitive.
A strong dependence of scattering cross-section on GSH concentration has been
found for small AuNP (5 nm dia.). For larger AuNP (22.5 nm dia.), a dramatic rever-
sal of this dependence has been observed, where the addition of GSH causes a sharp
decrease in /. This effect has been ascribed to the extensive GSH-cross-linking
and sedlmentatlon of AuNP networks. By carefully controlling the solution pH, the
analysis of biomarkers of oxidative can be fine-tuned to distinguish GSH, Hcys, and
Cys. For GSH, the strong RELS signals were observed in the low pH range (2-3.5)
whereas for Heys and Cys, the strongest RELS signals were seen in the pH range
4-5. The use of a fluorosurfactant ZONYL FSN, has enabled to differentiate RELS
responses to Heys and Cys, as the former is able to penetrate the fluorosurfactant
SAM faster the latter. The functionalized gold nanoparticles have also been shown
to enhance the design of molecularly-templated conductive polymer films for the
detection of biomolecules. Novel designs of molecularly imprinted orthophenyl-
enediamine (oPD) sensor films have been investigated for the detection of GSH.
The template films were synthesized by in-situ electropolymerization of oPD in the
presence of target molecules: GSH or GSH-capped gold nanoparticles. The templat-
ing has proven to be feasible and an enhancement of the templated sensor response
to the GSH analyte has been obtained for imprinting GSH-capped gold nanopar-
ticles in poly(oPD) films. Other sensor designs including a AuNP network sub-layer
were also tested in an attempt to increase the interface sensitivity to the biolyte. By
employing the EQCN technique, it is possible to follow each stage of the template
formation and control the polymer thickness and its electrical conductivity. The
molecular imprinting technique can be applied in polymer sensor designs based on
biorecognition principles with piezoelectric transduction.

9.6 Materials and Methods

9.6.1 Chemicals

All chemicals used for investigations were of analytical grade purity. DL-
Homocysteine  (HS(CH,),NH,COOH), L-Cysteine (HS(CH,),NH,COOH),
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tetrachloroauric(Ill) acid trihydrate (HAuCl,-3H,0) with 99.9+% metals basis, D-
Methionine, and L-glutathione (GSH) reduced (minimum 99%), were purchased
from Sigma Aldrich Chemical Company (Atlanta, GA, U.S.A.) and used as re-
ceived. ZONYL FSN-100, a fluorocarbon-ether surfactant (FES), with nominal
composition CF,(CF,), (C,H,0), CH,OH and average molecular mass M = ~950 g/
mol was obtained from Sigma Aldrich. Sodium citrate dihydrate (HOC(COONa)
(CH,COONa),-2H,0) was received from J.T. Baker Chemical Co. (Phillipsburg,
NJ, U.S.A.). Sodium borohydride (NaBH,) was obtained from Fisher Scientific
Company. L(+) Histidine was purchased from Eastman Organic Chemicals (Roch-
ester, NY, U.S.A.). Other chemicals were obtained from Sigma Aldrich Chemical
Company. Solutions were prepared using Millipore (Billerica, MA, U.S.A.) Milli-Q
deionized water (conductivity ¢ = 55 nS/cm). They were deoxygenated by bubbling
with purified argon.

9.6.2 Apparatus

The imaging analyses of Au nanoparticles were performed using high-resolution
transmission electron microscopy (HR-TEM) with Model JEM-2010 (Jeol, West
Chester, PA, U.S.A.) HR-TEM instrument (200 kV). The elastic light scattering
spectra were recorded using LS55 Spectrometer (Perkin Elmer) equipped with a
20 kW Xenon light source operating in 8 Us pulsing mode allowing for the use of
monochromatic radiation with wavelength from 200 to 800 nm with 1 nm resolu-
tion and sharp cut-off filters: 290, 350, 390, 430, 515 nm. The dual detector system
consisted of a photomultiplier tube (PMT) and an avalanche photodiode. The RELS
spectra were obtained at 90° angle from the incident (excitation) light beam. The
excitation beam monochromator was either scanned simultaneously with the detec-
tor beam monochromator (A4 = 0) or set at a constant excitation wavelength. The
UV-vis spectra were recorded using Perkin Elmer Lambda 50 Spectrophotometer
in the range 400900 nm or Ocean Optics (Dunedin, FL, U.S.A.) Model R4000
Precision Spectrometer in the range from 340 to 900 nm.

9.6.3 Procedures

The Au nanoparticles were synthesized according to the published procedure [201].
Briefly, to obtain 5 nm AuNP, a solution of HAuCl, (10 mM, 2.56 mL) was mixed
with a trisodium citrate solution (10 mM, 9.6 mL), ratio 1: 3.75, and poured to
distilled water (88 mL). The obtained solution was vigorously stirred and fresh
cold NaBH, solution (5 mM, 8.9 mL) was added dropwise. The solution slowly
turned light grey and then ruby red. Stirring was maintained for 30 min. The ob-
tained citrate-capped core—shell Au nanoparticles (AuNP) were stored at 4°C. Their
size, determined by HR-TEM imaging and UV—vis surface plasmon absorption was
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5.0 nm. The concentrations of AuNP’s are given in moles of particles per 1 L of
solution (usually, in the nM range). Larger AuNP’s were synthesized using the gal-
lic acid procedure [202]. The RELS and UV—vis spectra for samples were obtained
with 1 min of mixing of AuNP with biomolecule solutions, unless otherwise stated.

9.6.4 Calulations

Quantum mechanical calculations of electronic structures for a model fluorocarbon-
ether surfactant, citric acid, cysteine and homocysteine were performed using modi-
fied Hartree-Fock methods [203, 204] with 6-31G* basis set and pseudopotentials,
semi-empirical PM3 method, and density functional theory (DFT) with B3LYP
functional. The molecular dynamics simulations and quantum mechanical calcula-
tions were carried out using procedures embedded in Wavefunction (Irvine, CA,
U.S.A.) Spartan 6 [144]. The electron density and local density of states (LDOS)
are expressed in atomic units, au—, where 1 au = 0.529157 A and 1 au™ = 6.749108

A=
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Chapter 10
Stimuli-Responsive Fine Particles

Approaching Smart Drug Delivery Systems

Sergiy Minko

Abstract New generations of advanced intelligent materials and technologies
will use fine particles that are hierarchically organized, multifunctional, and well-
defined by size and shape, capable of programmed and controlled responses to
changes in their environment or to external signals. The major long-term goal of
the current research programs in the area of fine particles for biological applications
is the development of novel hybrid organic—inorganic particles as active complex
functional materials for applications such as smart drug delivery capsules, minia-
turized biosensors for in vivo diagnostics, scaffolds for cell culturing and tissue
engineering, microprobes and sensors for monitoring the particle’s environment and
smart materials for personal care and beauty.

Keywords Stimuli-responsive fine particles ¢ Capsules * Nanogels ¢ Core-shell
particles

10.1 Introduction

New generations of advanced intelligent materials and technologies will use fine
particles that are hierarchically organized, multifunctional, and well-defined by size
and shape, capable of programmed and controlled responses to changes in their en-
vironment or to external signals. The major long-term goal of the current research
programs in the area of fine particles for biological applications is the development
of novel hybrid organic—inorganic particles as active complex functional materials
for applications such as smart drug delivery capsules, miniaturized biosensors for
in vivo diagnostics, scaffolds for cell culturing and tissue engineering, microprobes
and sensors for monitoring the particle’s environment and smart materials for per-
sonal care and beauty.

The synthesis of such particles is designed to address architecture of multi-
level structured (hierarchically organized) colloidal particles (MSP) that possess a
unique combination of physical and chemical properties. The engineered structure
of the MSP will provide synergetic interactions across different levels of structural
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Fig. 10.1 Schematics of a complex multilevel particle designed as hierarchically organized mul-
tifunctional structures composed of functional polymers, compartments and particles [3]. For
example, if a porous particle is decorated with a pH-responsive polymer, changes in the environ-
ment will affect the permeability (gating properties) of the polymer shell [4], and thus, external
stimuli can be used to tune uptake or release of small molecules through the pores [5]. This hollow
structure accommodates functional molecules, e.g. enzymes [6], and thus the permeability of the
polymer shell can be coupled with an enzymatic process occurring in the capsule interior. The
intraparticle processes could be monitored using optical effects, e.g. plasmonic coupling, etc. [7,
8]. (Reprinted with permission from Ref. [3])

organization to yield active hybrid nanostructured particles. The optimization of the
shape and dimensions of the fine particles, and their structural organization, chemi-
cal composition, and functionalization with synthetic molecules and biomolecules
will enable the development of a diverse collection of novel colloidal structures.
These new complex colloidal structures (Fig. 10.1) will be dynamically changing
materials that undergo reconfiguration and switching (similar to active miniaturized
devices). Such intelligent colloids will be activated, manipulated and reconfigured
by physical or chemical stimuli (signals) [1, 2].

The designed particles will resemble but not exactly mimic synthetic (artifi-
cial) cells in several conceptual principles: compartmentalization; combination of
compartments with different functions; controlled transport of chemicals between
compartments through permselective walls between the compartments; selective in-
teractions between encapsulated molecules and structures; and exchange of chemi-
cals and energy with surrounding environment [3, 9, 10]. The multilevel structured
particles, in contrast to living cells, will not be able to reproduce themselves. How-
ever, they will behave as robust and multifunctional units capable of responsive and
programmable behavior for various applications.
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10.2 Synthesis of Hierarchically-Organized Fine Particles

10.2.1 Engineering of Compartmentalized
Structure of Particles

Synthesis of hierarchically-organized colloidal structures generally is based on fine
particles with a core—shell morphology where the core, or some components of the
core, can be selectively dissolved and extracted from the particles to form hollow
containers or capsules. Hollow containers obtained in this way are loaded by small-
er-in-size fine particles and various molecules using two different approaches. First,
the ingredients can be embedded in the core’s material in the step of the fabrication
of the sacrificial core. After the completion of the assembly of the shell and the dis-
solution of the core’s material, the entrapped ingredients are liberated in the interior
of the capsules. Second, the ingredients can be encapsulated by diffusion through
gates (pores) in the shell. Some functional components can be built in the shell so
that a variety of structures schematically shown in Fig. 10.1 can be synthesized with
the multistep method.

One of exciting examples of such synthesis has been published by Kreft et al.
[11]. The synthesis consists of six steps. Initially, biomolecules A (e.g., enzymes),
fine particles, and magnetic particles were precipitated with CaCO,. The obtained
composite particles were coated with a polyelectrolyte (PE) shell using the layer-
by-layer consecutive deposition of two oppositely charged polyelectrolytes (LbL
method). Then, the PE shell-coated particles were used as colloidal templates for
the precipitation of biomolecules B with other fine particles and CaCO,. Thus, the
ball-in-ball structures were synthesized. A separation in a magnetic field was used
to extract the ball-in-ball particles from side products. The ball-in-ball particles
were then coated again by a PE multilayer shell using the LbL method. Finally,
CaCO, was selectively extracted with an ethylenediaminetetraacetic acid solution
to liberate all inclusions in the inner compartment and the outer shell. The resulting
structure is a capsule-within-capsule particle loaded with two different kinds of bio-
molecules and colloidal particles (Fig. 10.2). Two different types of biomolecules
located in the different compartments (shells) are separated by a semipermeable PE
membrane. Two different enzymes, glucose oxidase (GOx) and peroxidase (POx),
were selected as biomolecules A and B, respectively, to demonstrate a potential
application of these hierarchically organized MPS. Oxidation of glucose by GOx
led to the formation of H,0O,, which, in the presence of an electron donor, Amplex
Red, was converted into the highly fluorescent resorufin by POx. After successive
addition of glucose and Amplex Red to the dispersion of the particles, resorufin
fluorescence occurred within a few seconds in the inner compartment and then ex-
tended into the outer compartment. This structure is an excellent platform for the
development of hierarchically organized MSP where the compartments can be used
to mediate a complex combination of enzymatic reactions.

Applications of polymersomes for the fabrication of the “smart” MSP have re-
cently attracted great interest because a thin polymer wall of these vesicles resem-
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Fig. 10.2 General route for the synthesis of shell-in-shell microcapsules. A4 initial core, B, core—
shell particle, C ball-in-ball particle (type I), D ball-in-ball particle (type II), E shell-in-shell
microcapsule. (Reprinted with permission from Ref. [11] Wiley. 10.1002/anie.200701173)

ble a lipid membrane and can be used for the reconstruction of proteins and other
biomolecules. Such MSP demonstrate a complex response, e.g., selectively gate
the transport of ions and molecules across the shell, mimicking some functional
behavior of living cells [12—14]. For example, multiprotein polymersomes and pro-
teopolymersomes were used for reconstructing the cellular process of adenosine
diphosphate (ATP) production using coupled reactions between a light-stimulus-
driven transmembrane proton pump, bacteriorhodopsin (BR), and a motor protein,
F,F,-ATP synthase (Fig. 10.3) [15]. The polymersomes were prepared from an
amphiphilic triblock copolymer, poly(2-ethyl-2-oxazoline-block-dimethylsiloxane-
block-2-ethyl-2-oxazoline (PEtOz-b-PDMS-b-PEtOz). The polymersomes had a
wall thickness of about 4 nm, which was similar to a typical lipid bilayer thickness.
Both BR and ATP synthases were reconstructed simultaneously into the polymer-
somes. BR is a light-driven proton pump that creates a proton gradient across the
cell membrane via a light-induced BR photocycle. When coupled with ATP syn-
thase, this proton gradient is used to synthesize ATP from adenosine diphosphate
(ADP) and inorganic phosphate. ATP synthase maintained its rotating activity in the
synthetic polymersomes and produced ATP utilizing the photoinduced proton gradi-
ent generated from BR’s activity. This work demonstrated a successful biosynthesis
through the coupled reactions between reconstituted transmembrane proteins in a
single proteopolymersome and a molecular motor functionality in a synthetic poly-
mer capsule. It is expected that this ATP-producing proteopolymersome will enable
not only propelling biomotors, but also the development of ATP-driven nanoscale
devices.

Recently, another very promising approach to the fabrication of hierarchically
organized responsive particles has been attracted interest of researchers. This ap-
proach is based on templating Pickering emulsions [16—19]. For example, an o/w
emulsion was stabilized with microgel particles from a poly(N-isopropylacryl-



10 Stimuli-Responsive Fine Particles 287

Fig. 10.3 Schematic repre-

sentation of proteopolymer-

somes reconstituted with both  Light
bacteriorhodopsin and FOF1-

ATP synthase. (Reprinted
with permission from [15]
Copyright 2005 American
Chemical Society)

amide-co-(acrylic acid)) (poly(NIPAAm-co-AA)) random copolymer. An addition
of a diblock copolymer, poly(butadiene-block-N-methyl 4-vinyl pyridinium iodide),
to the oil phase helped to form a composite membrane that locked the microgel par-
ticles at the interface. The extracted material yielded a dispersion of stable hollow
capsules responsive to changes in pH and temperature. Hence, this method provides
an opportunity to synthesize compartmentalized particles where the shell of the hol-
low structure is constituted of the responsive microgel particles. The cavity in the
particle and the microgel particles that surrounds the cavity could serve as separate
compartments and carry different chemicals. Thus, the integrated structure could be
used similarly to the capsule-within-capsule structure discussed above.

These several examples demonstrated that quite complex multifunctional prop-
erties of fine particles can be approached by engineering of the compartmentalized
structure with embedded functional molecules. Building of a core—shell structure
is an efficient approach for engineering MSP. Various core—shell structures were
synthesized in two steps where the synthesis of particles from metals, oxides, or
polymers of different sizes and shapes is followed by their functionalization with
stimuli-responsive polymers. A polymeric, metallic, or metal oxide core can be
synthesized by one of the known methods of fine particle fabrication. Then, the
polymeric shell is formed around the core. A number of methods for the polymeric
core—shell structures have been reviewed published by Hoffman-Caris [20] and Ca-
ruso [21].

The mostly used methods for the fabrication of functional core—shell structures
are briefly discussed below.
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10.2.2 Coacervation/Precipitation Method

The polymer coacervation denotes a process of liquid—liquid phase separation of a
polymer solution into a polymer-rich phase (coacervate phase) and a polymer-lean
phase (equilibrium phase) caused by changing the solution temperature, the pH in
the case of weak PEs, by adding a nonsolvent for the polymer to the solution or
by the formation of PE complexes between PEs and di- and trivalent counterions
[22]. The coacervation process leads to the formation of microscopic droplets of the
coacervate phase in the stirred liquid phase. The resulting colloidal dispersion is
usually unstable unless it is stabilized by chemical crosslinking or physical gelation
of the polymer in the coacervate phase [23]. An important advantage of the fabrica-
tion methods based on the coacervation is that stable micro- and nanoparticles can
be prepared under mild conditions without using organic solvents, surfactants, or
steric stabilizers. For an example, polymers with low critical solution temperature
(LCST) or weak PEs can be precipitated via hydrophobic collapse by gradually
changing the solution temperature or pH, respectively. Addition of a nonionic sur-
factant terminates the macroscopic phase separation, resulting in the formation of
colloidally stable polymer particles with low polydispersity. For example, tempera-
ture-responsive PNIPAAm [24] and pH-responsive poly(N-methacryloyl-L-valine)
and poly(N-methacryloyl-L-phenylalanine) [25] fine particles were prepared using
this approach. Obviously, the particle formation is a reversible process, suggesting a
potential application of such particles as vehicles for triggered drug delivery.

Complex coacervation is an increasingly popular approach for the fabrication of
particulate drug delivery systems, in particular for the delivery of delicate macro-
molecules. Stable water-soluble colloidal particles are often formed by oppositely
charged PEs mixed together under certain conditions in a ratio when a nonstoichio-
metric electrostatic complex is formed. The existing studies on complex coacervate
particles stem from the early works of Tsuchida’s and Kabanov’s groups [26, 27]. In
the vast majority of studies, chitosan, a naturally occurring weak polycation, and its
derivatives are used as one of the components. Besides biocompatibility, biodegrad-
ability, and low toxicity, the popularity of chitosan is explained by its mucoadhesive
properties, making it useful for transmucosal drug delivery as well as its ability
to open tight junctions between epithelial cells, enhancing the transport of macro-
molecules across epithelia [28]. Due to the high positive charge on its backbone,
chitosan interacts with negatively charged biomacromolecules. Colloids based on
electrostatic chitosan-DNA, chitosan—protein, and chitosan—polysaccharide com-
plexes along with chitosan hydrogels crosslinked with polyion tripolyphosphate
(TPP) are among most studied. These colloidal systems were reviewed by Alonso
and co-workers [28, 29] and Zhang and co-workers [30] Because of the electrostatic
nature of these complexes, they are intrinsically pH- and ionic strength-responsive.
Examples of colloidal nanosystems with pH- and ionic strength-responsive release
properties include complexes formed between oppositely charged polysaccharides,
such as chitosan and carboxymethyl konjac glucomannan, and chitosan and dextran
sulfate [31-34].
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Controlled chemical crosslinking of certain polymers may lead to the formation
of micro- or nanoparticles by precipitation/coacervation mechanisms. For exam-
ple, colloidally stable aqueous dispersions of pH-sensitive particles were prepared
from chitosan via condensation reaction of amino groups of chitosan with di- and
tricarboxylic acids. Depending on the acid used and the crosslinking degree, the
particles with the polycation, polyanion, and polyampholyte behavior were pro-
duced by Borbely and co-workers [35, 36]. The chitosan particles crosslinked with
poly(ethylene glycol) dicarboxylic acid demonstrated pronounced swelling provid-
ed by the length and flexibility of the crosslinker [36]. Zhang and co-workers [37]
described the fabrication of temperature-responsive hydrogel fine particles from
poly(glycidilmethaclitae-co-NIPAAm) copolymer. The particles were formed in
organic solvent during the crosslinking reaction of epoxy groups of glycidilmetha-
clitae monomer units with diamine and then transferred into an aqueous medium.
Gold NPs were successfully synthesized inside the hydrogel particles in this study.
The authors reported the temperature-induced swelling—deswelling and aggrega-
tion—disaggregation of the resulting nanocomposite colloids.

A simple and robust method for fabricating polyethyleneimine (PEI) nanogel
particles has been recently developed using the precipitation-crosslinking method.
The particles were synthesized by crosslinking PEI with dibromoethane (DBE) in
organic solvents (nitromethane or dimethylformamide) [38]. Stable colloidal dis-
persions were obtained at elevated temperature and in solvents which provide the
highest rate of the PEI alkylation reaction, steric and electrostatic mechanisms of
stabilization of nanoparticles. The size of the particles swollen in water ranges from
125 to 500 nm and can be regulated by the conditions of the synthesis (solvent
and concentrations of PEI and DBE). The particles respond to pH changes with a
10-15% change in diameter. Uptake and, triggered by the changes in pH, release
of a anticancer drug, Rose Bengal, by the particles was associated with the electro-
static interaction of the drug with the charged gel. The encapsulating capacity of the
particles with respect to the Rose Bengal was determined to be 1.56 X 107* M of the
drug per 1 mg of the gel.

10.2.3 Heterogeneous Polymerization

Polymerization in heterogeneous media (emulsions and suspensions) is one of the
many strategies for fabrication of colloidal particles with complex architecture. The
technique has been extensively developed and has numerous applications for the
synthesis of monodisperse core—shell particles and for control of the particle surface
properties. Emulsion, precipitation, and dispersion polymerizations are among the
mostly used synthetic approaches for preparing particles [39, 40]. The principles and
possible applications of these techniques were recently reviewed by Matyjaszewski
and co-workers [41]. The techniques also allow the synthesis of hybrid particles by
inclusion of inorganic materials such as silica [42], alumina [43], ceolite [44], iron ox-
ide[45,46], and noble metal fine particles [47-50]. As recently reviewed [39, 40, 51],



290 S. Minko

various types of temperature, pH, ionic strength, and light responsive particles can
be designed and produced by heterogeneous polymerization processes.

For an example, PNIPAAm has long been proposed as a thermoresponsive poly-
mer and can be produced in the form of microgel and core—shell particles using
heterogeneous polymerizations. For example, thermoresponsive core—shell parti-
cles composed of a polybythilmethacrylate (PBMA) core and PNIPAAm shell were
synthesized by two-stage free radical polymerization [52]. A hydrophobic, nonre-
sponsive core of PBMA was used as a seed in the polymerization of the thermo-
responsive hydrogel. Below the PNIPAAm’s LCST, the shell was hydrophilic and
therefore highly swollen with water. Upon raising the temperature above the LCST
(=32°C), entropically favorable hydrophobic aggregation of the polymer chains oc-
curred, causing the hydrogel to deswell.

Temperature- and pH-responsive core—shell microgels particles composed of
crosslinked PNIPAAm and poly(NIPAAm-co-AA) were synthesized via precipi-
tation polymerization and then used as nuclei for subsequent polymerization of
poly(NIPAAm-co-AA) and PNIPAAm, respectively [53]. The poly(NIPAAm-co-
AA) core particles displayed a strong dependence of particle size on both tempera-
ture and pH.

A dispersion polymerization approach was applied for the synthesis of hy-
brid poly[NIPAAM-co-(2-hydroxyethyl methacrylate)-co-(methacrylic acid)]
(PNIPAAm-co-PHEMA-co-PMAA) microgels containing magnetic Fe,O, colloidal
particles [54]. According to the reported procedure, first microgels particles were
synthesized, and then the magnetic particles were prepared inside the microgels.
The particles were found to be suitable as emulsifiers for o/w emulsions with both
polar and nonpolar oils because of the particle surface activity. Both thermo and
magnetic responsive particles having a magnetic core with crosslinked PNIPAAm
shell were synthesized by a co-precipitation method using the ATRP method [55].

Armes’ and Binks’ groups have made significant advances in the synthesis of
core—shell responsive latex particles [56—58]. For example, a seeded aqueous emul-
sion copolymerization of N,N-(dimethylamino)ethyl methacrylate (DMA) and eth-
ylene glycol dimethacrylate (EGDMA) was conducted in the presence of polysty-
rene (PS) latex particles to produce a stable dispersion of core—shell latex particles,
in which the shell consisted of a crosslinked poly(DMA-star-EGDMA) overlayer
[56]. Using the resulting latex particles as a pH-responsive Pickering-type emulsi-
fier, polydisperse n-dodecane-in-water emulsions were prepared at pH 8 that could
be partially broken on lowering the solution pH to 3. Armes’ group also reported
crosslinked, sterically stabilized responsive latexes of approximately 250 nm in
diameter synthesized by emulsion polymerization of 2-(diethylamino)ethyl meth-
acrylate (DEA) using a bifunctional oligo(propylene oxide)-based diacrylate cross-
linker and a polyethylene oxide (PEO)-based macromonomer as the stabilizer at
pH 9 (see [57]). These particles exhibited reversible swelling properties in water
by adjusting the solution pH. At low pH, they existed as swollen microgels due to
protonated amine units. Deswelling occurred above pH 7, leading to the formation
of the compact latex particles.
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Fig. 10.4 Schematic illustration of the PE deposition process and subsequent core decomposi-
tion. The initial steps (a—d) involve stepwise film formation by repeated exposure of the colloids
to PEs of alternating charge. The excess PE is removed by cycles of centrifugation and washing
before the next layer is deposited. After the desired number of PE layers is deposited, the coated
particles are exposed to 0.1 M HCI (e). The core immediately decomposes, as evidenced by the
fact that the initially turbid solution becomes essentially transparent within a few seconds. Three
additional washings with 0.1 M HCI ensure removal of the dissolved MF oligomers. Finally, a
suspension of free PE hollow shells is obtained (f). SEM image of nine-layer [(PSS/PAH),/PSS]
PE shells after solubilization of the MF core (g). The outer layer is PSS. The strong electrostatic
attraction of the shells to the positively charged PEI coated glass surface leads to some spreading
of the PE shell. The drying process induces a number of folds and creases. Drying, together with
the topological constraints of the closed surface, results in a completely folded upper hemisphere
[71]: Donath E, Sukhorukov GB, Caruso F, Davis SA, Mohwald H. Novel hollow polymer shells
by colloid-templated assembly of polyelectrolytes. Angewandte Chemie-International Edition
1998;37:2202-2205. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. (Reproduced with per-
mission from Wiley)

10.2.4 LbL Method for the Fabrication of Polymeric Shell

The method of LbL deposition of oppositely charged species (organic molecules,
proteins, PEs, particles, and others) was pioneered by Iler [59] and later developed
by Decher [60], Fendler [61, 62], Lvov et al. [63], Rubner and co-workers [64],
Laurent and Schlenoff [65], and many others [66—68]. It was successfully applied
by Kunitake and co-workers [69] and Mdhwald and co-workers for the fabrication
of polymer shells around particulate cores [70] and transformation the core—shell
particles into hollow spheres with LbL gel walls [71]. For example, they used a
stepwise adsorption of oppositely charged PEs onto melanin resin templates which
were later dissolved (Fig. 10.4). These capsules have mechanically unstable walls.
The stability of the capsule has been improved by the deposition of inorganic par-
ticles on the inner surface of the capsule walls [72].

The LbL approach was explored by many groups for the fabrication of core—shell
structures with responsive polymer shells. For example, a mesoporous silica core
was used as a template to form an LbL gel capsule around the core. The mesopo-
rous core retains in the capsule and can be used as a container for drugs and other
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molecules [73]. Low capacity of the mesoporous silica is the major drawback of
this method. The solution to this problem has been proposed by Shi and co-workers
[74]. The authors used hollow mesoporous silica particles loaded with ibuprofen
and coated by LbL-gel shell.

The LbL method was also extended to the systems interacting due to the forma-
tion of hydrogen bonds. For example, polyanilin [75], PAA and PMA were com-
bined with polyvinylpyrrolidone (PVPON) and PEO [76—78] for the fabrication
of LbL films. A click chemistry approach for the LbL assembly of ultrathin pH-
responsive nanocapsules has been developed by Caruso and co-workers [79]. The
LbL approach was used to fabricate pH-responsive capsules from bovine serum
albumin through glutaraldehyde-mediated covalent LbL assembly [80].

10.2.5 Precipitation on Colloidal Templates

If solid or polymer particles are present in a solution in which the coacervation/
precipitation process occurs, then the coacervate/precipitate phase may deposit on
the particle surface producing core—shell particles. This phenomenon is referred as
to surface-controlled precipitation and heterocoagulation of polymers on colloidal
particles. As compared with an LbL assembly technique, the surface controlled pre-
cipitation method allows preparing relatively thick, microscopically homogeneous
coatings in a single or a few steps from either charged or noncharged polymers [81].
However, this method has not received much attention because of the problems as-
sociated with the concurrent and undesired process of polymer flocculation (also
referred as to homocoagulation) and the low colloidal stability of polymer-precip-
itate-coated particles [82]. Theoretical models of surface-controlled precipitation
can be found in the papers of Méhwald and co-workers [82, 83]. So far, the surface
controlled precipitation onto sacrificial colloidal templates (e.g., calcium carbon-
ate particles) was used in combination with the LbL assembly as an approach for
encapsulation of various delicate macromolecules (such as proteins and DNA) and
poorly water-soluble drugs inside LbL capsules [83, 84].

10.2.6 Grafting to the Surface of Particles

The grafting techniques imply chemical attachment of functional polymers to the
surface of colloidal particles such as latexes, silica, magnetite particles, and no-
ble metal fine particles. Therefore, a carrier particle forms an organic or inorganic
core, and it is surrounded by a polymeric shell. The responsive properties of such
core—shell structures originate from the grafted polymer chains that are sensitive to
changes in solvent quality, pH, ionic strength, temperature, and so forth.
“Grafting-to” and “grafting-from” are two major approaches that have been ex-
tensively investigated for covalent binding polymers to fine particles. The “graft-
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ing-to” method involves a chemical reaction of functionalized polymers with the
particle surface modified by complementary functional groups. The grafting-from
method involves polymerization using an initiator functionalized surface. The ma-
jor advantages of the “grafting-to” method are in its simplicity, robustness, and the
use of well-characterized polymers. The procedure starts from the functionalization
of the particle surface using an appropriate anchoring agent. This step is followed
by grafting a polymer from a solution or melt. The “grafting-to” method results in
polymer brushes of a moderate grafting density because the grafting is limited by
diffusion kinetics of end functionalized polymer chains through the crowded brush-
like layer. The “grafting-from” method can produce tethered layers of high grafting
densities because the active centers (radicals, ions, and ion pairs) of the growing
chains are easily accessible for monomer molecules in the swollen brush in the
course of polymerization [85, 86]. A number of polymerization techniques have
been used for the fabrication of polymer brushes on the surface of fine particles,
including free radical polymerization, ATRP, living anionic surface initiated polym-
erization, ring opening metathesis polymerization, living cationic polymerization,
and hyperbranching [85, 87—-89].

A grafted polymer shell may consist either of chains of a single polymer (homo-
polymer or random copolymer), of two or more different homopolymers (mixed
brushes), or of block-copolymers.

10.2.7 Self-Assembly of Amphiphilic Block-Copolymers

Block-copolymers form various types of self-assembled structures from micelles to
continuous bilayers, depending on solvent selectivity of the different blocks. Blocks
with higher compatibility with the solvent are stronger swollen and exposed to the
exterior of the structures, whereas less compatible blocks are densely packed in
the interior of the aggregates. The packing parameter, p, is used to differentiate the
type of aggregates formed by amphiphiles [90, 911, p = v/al where v is the volume
occupied by the densely packed copolymer block (e.g., hydrophobic for aqueous
media); [, is the statistical critical length normal to interface, which correlates with
the counter length of the polymer chain; and a is an effective cross-sectional area
per the amphiphilic block-copolymer molecule at the interface [12, 92].
Amphiphiles with p below 1/3 form spherical micelles. When p is between 1/3
and 1/2, amphiphiles form micelles, whose shape varies gradually from spherical to
cylindrical (worm-like). For p values between 1/2 and 1, a gradual variation from a
cylindrical micelle through vesicles (also called polymersomes [93] in the case of
block copolymer vesicles) to a planar bilayer at p = 1 is expected. Finally, at p>1,
more complex systems of the inverted aggregates can form [90, 91]. For block
copolymers, all mentioned parameters are much more sensitive to the properties of
the surrounding medium than for the low molecular weight amphiphiles. Changes
in the surrounding environment can cause subtle changes in each of the three char-
acteristic parameters determining the packing parameter. The latter may lead to the
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gradual changes in aggregate dimensions or to the reorganization of the aggregate
architecture and changes in its stability. Such a flexibility of block copolymers be-
havior reveals the great potential for gradual or sharp responses of the structures to
external stimuli.

The self-assembled structures formed by block-copolymers can be also corre-
lated with the volume fraction /(0 <f< 1) of one of the blocks in the copolymer mol-
ecule (see e.g. [92, 94]). A correlation was found, both experimentally and theoreti-
cally, between the fraction of the hydrophobic block in different block copolymers
and their packing parameter [95, 96] expressed as f=e?# (= 0.66) [92].

The discussion of the theories on self-assembled block copolymer architectures,
experiments, and applications can be found in a series of comprehensive reviews
[97-99]. The analysis of recent achievements in the field can be also found in the
following references [12, 92, 100—105]. A significant number of publications re-
ported systems which undergo changes upon the application of external stimuli.
Responses of block-copolymer aggregates to pH, ionic strength, thermal, and redox
stimuli are among those most commonly considered.

Self-assembled structures from block copolymers could be chemically modified
and transformed into MSP of different architectures such as nanogels, capsules, and
composite particles.

Block-copolymers assemblies have been also used in the fabrication of core—
shell MSP using the LbL method discussed earlier in this chapter. For example,
multilayers on the surface of anionic polystyrene latex particles were prepared by
sequential deposition of poly(sodium styrene sulfonate) (PSS) and micelles of the
partially quaternized PDMA-b-PDEA copolymer loaded with hydrophobic dye.
The resulting colloids retained dye incorporated in the micelles; the micelles main-
tained their integrity at pH 9.3 and pH 4 [106].

Checot et al. reported on the synthesis of capsules from polymersomes based
on PB-b-poly(L-glutamic acid) (PLGA) [107]. The polymersomes changed their
hydrodynamic radii from 100 to 150 nm in response to changes in the pH and ionic
strength of aqueous solutions. The stimuli-responsive capsules were prepared by
crosslinking the polymersomes via double bonds of the PB blocks.

10.3 Mechanisms of Response

The list of practically important external stimuli used to regulate the properties of
MSP includes temperature, light, mechanical force, gradient of magnetic field, elec-
trical potential, and chemical composition of the biological environment [108—111].
The resulting demanded changes in the particles are alternations (reversible or irre-
versible) in their mechanical, optical, magnetic, and surface properties, and in their
permeability for molecules and charge carriers. A properly engineered combination
of sensitivity to external stimuli with resulting changes in the particles’ proper-
ties is critically important for drug delivery capsules, capsules for diagnostics and
particles-biosensors. It is important to emphasize that MSPs are seen as complex
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systems that could recognize signals and respond in an intelligent way. Thus, mech-
anisms of high selectivity of signal recognition, amplification of the signal, and
transduction of the signal into changes in the particles’ properties using energy ei-
ther stored in the material or received from the external environment of the materi-
als should be secured and combined in the engineered materials. The scenario of the
MSP’ response must be programmed and encoded in the structure of the particles.
Such a complex response can be tailored by a combination of several basic mecha-
nisms that were developed for stimuli-responsive polymeric and colloidal systems.

10.3.1 Selectivity

Mechanisms of high selectivity rely on molecular recognition phenomena and have
been mimicked from natural systems by the conjugation of responsive polymers
with biological molecules such as DNA [112, 113], enzymes [114, 115], antibod-
ies [116], and various other proteins [117—120]. These biomolecules have a high
affinity to specific biological molecules and form molecular complexes with those
molecules. The complex formation typically is highly selective and characterized
by large values of the equilibrium constant of the interaction.

Biorecognition events that involve DNA and proteins may cause a direct re-
sponse of the particles (e.g., swelling, formation, or cleavage of junction points)
or an indirect response (e.g., a shift in the critical temperature or pH of the phase
transition in the responsive polymeric ingredient). Applications of enzymes refer
to two major types of responsive polymeric systems: (1) polymers with enzymes
(adsorbed, covalently attached, or physically entrapped) [121] and (2) polymers
with fragments that are substrates for enzymes [122]. In the first type of materials,
a substrate diffusing into the polymer from the surrounding aqueous medium can be
biocatalytically converted into products of the enzymatic reaction. These products
then interact with the polymer and cause chemical changes in the material. For ex-
ample, catalytic oxidation of glucose by glucose oxidase yields gluconic acid and,
consequently, results in a decrease of pH in the local environment. These changes
are then used to trigger response in thin polymer films [5]. The second type of poly-
meric materials is typically designed in such a way that the enzyme is used as an
“external stimulus” that cleaves the chemical bonds in the material. For example,
this approach was used to prepare erasable polymeric structures [123].

The high costs and low stability of many biological molecules are the major
drawbacks of these materials. Alternative synthetic approaches explore artificial
polypeptides [124—126] and aptamers [127]. Future developments of more stable
classes of molecules with recognition motifs, for example, such as polypeptoids
[128], could be a promising direction for the development of intelligent MSP.

A less selective synthetic approach is based on molecular imprinted polymers
[129-132]. In this case, the molecules of interest (templates) are used for the fabri-
cation of footprints of the signaling molecules in the polymer network synthesized
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around the template. The cavities with the specific spatial distribution of functional
groups left after removal of the templates are used as recognition sites. Binding the
signaling molecules results in changes in properties of polymeric structures [133].

There are many examples of specific complex formation between synthetic poly-
mer materials and ligands, e.g., glucose-responsive polymers with phenylboronic
side groups [134]. The number of examples of highly specific recognition will be
increasing because of the high demand and expectation for the development of new
sensors and drug delivery devices.

In many applications for sensors and drug delivery, the concentration of bio-
molecules (biomarkers) or chemicals (e.g., toxins) that can trigger the response is
in pico- or nanomolar range. This small concentration in many cases may be insuf-
ficient to cause changes in properties in MSP directly. Thus, low concentrations of
important biomarkers may cause limitations for the range of very important bio-
medical applications of the MSP. This problem could be solved by the development
of particles with built-in amplification mechanisms where a small amount of the
biomarker could initiate a cascade of events resulting in the response of the parti-
cles. Practically, the demanded amplification effects should be in the range of up to
several orders of magnitude. A source of energy for this cascade can be in the form
of either chemical reagents stored in MSP or external sources (e.g., electrochemical
processes or light-induced reactions).

10.3.2 Transduction Mechanisms

Transduction mechanisms involve conformational changes in polymer chains, or a
combination of both the chemical and conformational changes, and phase transition
triggered by external stimuli. These mechanisms result in substantial alternations of
polymer shell or compartment’s membrane properties [135-137]. The major driv-
ing force of large changes in polymer conformation is a shift in a tiny balance of the
polymer chain interaction with the surrounding environment in gels or melts. This
misbalance can be brought about by changes in solvent quality (changes in the tem-
perature or chemical composition of the solvent) or by chemical changes in polymer
molecules typically as a result of polymer-analogous reactions of side groups, or
less frequently, as a result of the cleavage or formation of chemical bonds in the
backbone of the polymer chain. The chemical changes are introduced by changes
in the chemical composition of the material environment (e.g., changes in pH, ionic
strength, concentration of reactive biomolecules or biomarkers) or by electrochemi-
cal or photochemical reactions. These transduction mechanisms have been inten-
sively developed and studied in recent decades by many research groups [109-111,
137, 138] for bulk materials, thin films, molecular assemblies, and, recently, on the
level of single polymer molecules [139-142].

The largest fraction of the reports on the study of swollen or melted responsive
thin polymer films is based on the transduction mechanisms triggered by changes
in temperature, pH, or intensity of light. The most known examples of temperature
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responsive systems are based on temperature-induced phase transition (sol-gel tran-
sitions) of PNIPAAM, PEO, polypropylene oxide (PPO), poly(lactic acid) homo-
and copolymers, proteins, and polysaccharides in aqueous environment [143—145].
Polypeptides and polysaccharides, typically, undergo sol-gel transition upon de-
creasing temperature below the upper critical solution temperature (UCST) due to
the coil-helix transition followed by aggregation or crystallization of helixes. These
aggregated helixes form junction points in the gel. PNIPAAM undergoes a sol-gel
transition upon increasing temperature above the LCST (32° C for PNIPAAM) due
to the dominating effect of hydrophobic interactions at elevated temperature. Ex-
amples of pH-responsive polymers refer to weak polyelectrolytes with acidic or
basic functional groups (carboxylic, phosphoric, or amino functional groups). A
pH-dependent ionization of weak polyelectrolytes is manifested in the swelling and
shrinking of thin films as a result of an increase or decrease in the osmotic pressure
inside the film with entrapped counterions [146]. Implementation of photoactive
groups (such as azobenzene, spirobenzopyran, triphenylmethane, or cinnamonyl)
that can undergo reversible structural changes was used for the fabrication of light
responsive polymers. These functional fragments changed size or shape or formed
ionic or zwitterionic spices upon irradiation [147].

Chemical changes my cause small conformational changes in polymers in the
glassy state. However, these changes may result in substantial changes in the trans-
port of charge carriers or of absorption and excitation spectra. Electroconductive
polymers are typical examples of such materials where changes in the red-ox state
may strongly affect the electrical conductivity and color of the thin polymer films
[148].

In some cases, the demanded response must be triggered by a combination of
more than one external stimulus. Depending on this combination, the scenario of
the response varies. For example, release of a drug is expected if signals are re-
ceived simultaneously from two biomarkers, while the presence of only one of these
two biomarkers may not be sufficient to validate release. An intelligent drug deliv-
ery film could process several signals and could release the drug based on analysis
of the multiple signals. Such prototype systems have been recently demonstrated
on the level of proof of concept [1, 5, 149-151]. Future intelligent drug delivery
systems and sensors will likely broadly use these principles of logic operations on
signals received from a complex biological environment.

10.3.3 Kinetics

The kinetics of the changes in polymer materials due to external stimuli is very
important for many applications. A rapid response is possible for mobile polymer
chains in gels or melts. Swelling and deswelling kinetics vary from milliseconds to
minutes and hours depending on the system (see, for example, [152]). In general,
the kinetics of the response depend on chain dynamics, diffusivity of the signaling
molecules, and kinetics of chemical changes in the responsive polymer [153]. If
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the response is limited by diffusion of the signaling molecules, thin films (a shell
of the fine particles or walls of the capsules) have an advantage because of a much
lower diffusion pass for signaling molecules compared to bulk materials. The swell-
ing rate is inversely proportional to the square of the thinnest dimension of the gel
sample [ 154]. However, diffusivity of molecules is slower for thin films (< 100 nm)
compared to the bulk materials due to the confinement effect. For example, for the
3-nm-thick poly(4-ammonium styrenesulfonic acid) film, there is a five-orders-of-
magnitude decrease in the diffusion coefficient for water molecules [155]. Chain
dynamics may play an important role in systems where the local chain environment
affects ionization processes. For example, a strong swelling-deswelling hysteresis
loop due to the hydrophobic interactions in the poly(allylamine hydrochloride)/
poly(sodium 4-styrenesulfonate) multilayer thin film was attributed to the slow ki-
netics of the polymer segments in hydrophobic domains formed by the polyelectro-
lyte backbone [156].

10.3.4 Basic Design of Polymer Structures in MSP

Polymers, that form either polymeric shell, polymeric core or a membrane to sepa-
rate compartments in MSP, are typically grafted to the particle surface (capsule’s
walls) or envelope particles with physically or chemically cross-linked polymeric
network. Thus, two major structures are used to design MSP: tethered polymer
chains and thin films of polymeric networks.

Polymer chains grafted by end-functional groups form polymer brushes if the
surface concentration of the grafted chains is high so that the chains overlap and
experience repulsion due to the excluded volume effect in the given environment
[157] In general, the thin films of polymer networks [158] and polymer brushes
[137] respond to changes in their environment or to changes in the chemical struc-
ture of their side groups in a similar way. Grafted polymer chains or strands in poly-
mer networks undergo transitions from compact coil to extended coil conformation
if the solvent quality changes from poor to good, or if some molecules interact with
the side groups of the polymers. This transition results in swelling and expansion of
the thin film. In the case of ionizable side groups, changes in the ionization (due to
changes in salt concentration or, for weak acidic or basic functional groups, due to
changes in pH) result in alternation of the counter ion concentration in the thin poly-
mer film. The counterions are entrapped inside the film, causing its strong osmotic
swelling. An increase in the grafting density of chains for brushes and the density of
cross-links for networks both result in a decreased swelling of the films. A combina-
tion of two or more different polymers in the same brush (mixed polymer brushes),
in a block-copolymer brush [159], or in the same network (mixed network semi-
[160] and interpenetrating networks [161, 162]), alternatively a patterned network
[163], brings a range of additional opportunities for the regulation of the responsive
properties of thin films due to rich phase behavior. In addition, there are examples
of mixed brushes from polypetides [164].
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For example, a mixed polymer brush demonstrates lateral phase segregation
where two unlike polymers form separated domains [165]. At the same time, in a
selective solvent the mixed brush can be stratified where the selected polymer is in
the upmost layer while the second polymer segregates to the grafting surface [166,
167]. This kind of phase behavior extends the diversity and range of changes in dif-
ferent properties in the stimuli-responsive thin films.

A special kind of thin network films is a multilayer system (typically compris-
ing tens of layers) from polyelectrolyte complexes prepared by the LbL method
[168-170] or, alternatively, polymer pairs showing non-electrostatic interactions
(hydrogen bonding) [171, 172]. Selecting the appropriate polymeric constituents
of the multilayer and adjusting the assembly conditions can render the thin films
sensitive to pH and salt concentration changes.

Stimuli-responsive thin films can be composed of complex macromolecules,
e.g., multiarm block-copolymers [173], or stimuli-responsive assemblies, such as
micelles or microgel particles [174, 175].

The stimuli-triggered changes of polymer thin films built into the structure of
MSP will be used to regulate several important phenomena: transport of mass and
charges across the film, in and out of compartments and the MSP, sensing and re-
porting changes in the particle’s environment, actuation (mechanical work), and in-
teractions with the environment (e.g., wetting, adhesion between different materials
and tissues). An opportunity to regulate the listed properties with external stimuli is
being explored for the development of various intelligent biomaterials and devices.
In many cases, we are still in the stage of “proof of concept,” since a lack of appro-
priate materials and level of technology are limiting factors for commercialization.
Much yet should be done to approach practical solutions.

10.4 Outlook and Future Directions

There are several sound directions in the recent development of multifunctional
fine particles for biomedical research and applications. The first direction is the
development of MSP that respond by changing stability of colloidal dispersions
for applications in a very broad area of biosensors. The second important direc-
tion is stimuli-responsive capsules that can release the cargo upon external stimuli.
These capsules are interesting for delivery of drugs and contrasting agents, and
for biocomposite materials (release of chemicals for various self-healing effects).
Many interesting examples were demonstrated on the level of “proof of concept”.
The most challenging task in many cases is to engineer systems capable to work
with demanded stimuli. That is not a simple task for many biomedical applica-
tions where signaling biomolecules are present in very small concentrations and
a range of changes of many properties is limited by physiological conditions. An
additional and well-known challenge is related to the size of capsules. Majority of
publications reported microcapsules with the diameter greater than 200 nm. Many
medical applications could benefit from much smaller capsules less than 50 nm in
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diameter. Fabrication of capsules with a narrow pore size distribution and tunable
sizes could substantially improve the mass transport control. Recent developments
in the stimuli-responsive porous thin gel films [176—179] could be adapted for the
design of the capsule shells.

Finally, MSP could respond to weak signals, to multiple signals, and could dem-
onstrate a multiple response. They can store energy, perform logical operations with
multiple signals, absorb and consume drugs/chemicals, and synthesize and release
drugs/chemicals. In other words, they could operate as an autonomous intelligent
miniaturized device. The development of such MSP can be considered as a part of
biomimetics inspired by living cells or logic extension of the bottom up approach in
nanotechnology. Anyway, the development of the intelligent MSP faces numerous
challenges related to the coupling of many functional building blocks in a single
hierarchically structured MSP. These particles could find applications for intelligent
drug delivery, removal of toxic substances, diagnostics and monitoring physiologi-
cal functions.
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Chapter 11
Medicine in Reverse

Colloid Technologies for Combating Chemical
Overdoses
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Abstract The axiom “all life is dependent on chemicals” is true but the chemicals
must be the right kind and in the right proportions for healthy growth. A second
truth is that “external or internal contact with chemicals in overdose concentrations
may result in either discomfort, disease or in death”. Often the very therapeutic
chemicals (medicines by any other name) created to reduce or eliminate one type of
malady result in complications elsewhere in the body when taken accidently in too
high dosage. Furthermore, overdoses of illegitimate drugs and exposure to biotox-
ins damage organs and may lead to death. Examples of some molecules commonly
overdosed are shown in Fig. 11.1. This chapter gives fundamental and applied infor-
mation on oil-in water microemulsion and on functionalized carrier particle colloids
designed to selectively bind and physiologically deactivate in vivo several com-
monly overdosed chemicals. EKG and NMR techniques have been employed to
obtain important diagnostic information.

Keywords Chemical overdoses ¢ Chemical overdose remediation * Medicine in
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11.1 Introduction

The axiom “all life is dependent on chemicals™ is true but the chemicals must be the
right kind and in the right proportions for healthy growth. A second truth is that “ex-
ternal or internal contact with chemicals in overdose concentrations may result in
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Fig. 11.1 Representative molecules which cause undesirable reaction if overdosed. a local anes-
thetic, b antiarrythmic, ¢ antidepressant, d analgesic, e alkaloid, f estrogenic plasticizer

either discomfort, disease or in death”. Often the very therapeutic chemicals (medi-
cines by any other name) created to reduce or eliminate one type of malady result
in complications elsewhere in the body when taken accidently in too high dosage.
Furthermore, overdoses of illegitimate drugs and exposure to biotoxins damage or-
gans and may lead to death. Examples of some molecules commonly overdosed are
shown in Fig. 11.1.

One method of reducing complications from overdoses employs ionic attraction
of the chemical to the surface of a microemulsion oil droplet, with subsequent ab-
sorption of the molecule into the oil. The other concept involves adsorption, bind-
ing the chemical to ligands attached to the surface of functionally modified carrier
nanoparticles. Figure 11.2 depicts two types of colloids capable of achieving the
two phenomena [1].

This chapter summarizes the synthesis and physicochemical characterization of
the microemulsion and spherical nanoparticle species, the proposed mechanisms by
which each type of dispersed phase lowers overdosed therapeutic or cocaine con-
centration in blood, analytical data on the efficiency of phase transfer of toxin out of
normal saline, blood plasma and whole blood, and efficacy of the microemulsions
when employed in vivo in rats [2—4]. Furthermore, evidence is presented on applica-
tion of both atomic force microscopic (AFM) and diffusion nuclear magnetic reso-
nance (NMR DOSY) analyses to verify that the concepts have merit for predicting
the structure of a new inhibitor for Ricin biotoxin.
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Fig. 11.2 Representation of a colloidal oil droplet (yellow) in water stabilized by surfactants (blue
and purple) and showing absorbed overdosed chemical (orange) (lefi); and of a carrier particle
with chemical adsorbing functions attached (blue) for binding overdosed chemical (right)

Fig. 11.3 Representation of internally functionalized nanotube, of microgel and of core—shell
microemulsion colloids

The research has been interdisciplinary and international in scope between an-
esthesiologists, chemical and materials engineers and chemists at Clarkson Univer-
sity, the University of Florida [5], Kyungwon University, Korea [6] and the Univer-
sity of Jordan, Amman [7].

Evaluation of microgels [8], core—shell microemulsions [9] and of nanotubes
with ligands [10] for remediation of overdoses are outside the scope of this chapter
(Fig. 11.3).

11.2 Colloidal Oil-in-Water Microemulsion Studies

11.2.1 General Discussion on Emulsions

Emulsions and microemulsions abound in nature and in the synthetic chemical
world. They are widely employed in, e.g., food processing, paint manufacture, and
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Fig. 11.4 Detail of oil-

in-water microemulsion

structure showing oil (yel- Pluromc
low), Pluronic and fatty acid ‘_\,ﬂ
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droplet Oil M
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drug delivery. Most are composed of droplets of oil dispersed in water but the re-
verse is becoming more widely studied as new applications demand. In either case,
their stability is enhanced by the addition of one or more surfactants, molecules
which have both hydrophobic and hydrophilic regions that transcend the interface
between droplet and bulk medium (Fig. 11.4).

Time honored research on the preparation of emulsions and microemulsions,
and their applications for drug delivery are well documented by Shah [11-13], and
others [14]. That information is seminal to the present quest for “Medicines in Re-
verse”, biocompatible oil-in-water microemulsions for in vivo removal of com-
monly overdosed molecules shown in Fig. 11.1 from free circulation in blood.

An oil-in-water emulsion differs from a microemulsion by the size of the dis-
persed oil droplets, the latter being controlled by the type and ratio of the chemical
components. Typically, oil droplets in an emulsion are greater than 200 nm in di-
ameter and scatter visible light, causing the dispersion to have a milky, opaque ap-
pearance. A multicomponent oil-in-water microemulsion having droplets less than
100 nm in diameter is usually optically isotropic, clear and thermodynamically sta-
ble. That is, the oil and water components do not separate over time. The examples
shown in Fig. 11.5 are soybean oil-water mixtures having the same oil-water ratio
prepared with different surfactants.

Several combinations of non-ionic and ionic surfactants and oils were used in the
present work to obtain preliminary data on the preparation and stability of micro-
emulsions and their possible employment as absorbants of toxins. Proof of concept
has been achieved using the relatively biocompatible components ethyl butyrate
(LD4,>250 mg/kg in dogs) as the oil, Pluronic (LD,,~10 g/kg in dogs) and fatty
acid co-surfactants.

“Pluronic” is a generic name for a series of triblock copolymers composed of
different ratios of more hydrophobic propylene oxide (PPO) monomers flanked on
each side by more hydrophilic ethylene oxide (PEO) monomers [15-18]. Several
commercially available analogues of Pluronics are shown in Fig. 11.6.
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Fig. 11.5 Appearance of an
emulsion versus microemul-
sion and comparison of oil
droplet sizes and surface
areas

Emulsion Microemulsion

Particle Size : ~ 400 nm ~30 nm
Surface Area : ~ 15 m%/ml ~215 m?/ml
Fig. 11.6 Structures of some
commercially available Plu- 0 (CH,CH0)x -H PEO
ronic surfactants. PEO refers |
to polyethylene oxide and ppo |CH; — CH
PPO refers to polypropylene |
oxide segments having repeat CH.O
units of X and Y in length : (CH,CH0)x —H  PEO
Y
Representation of Pluronic
surfactant shown in Figure 11.4
Pluronic X Y
F127 100 64
F87 59 43
P104 27 61
F88 104 39

These amphiphilic molecules aggregate and form micelles when mixed with wa-
ter. However, with oil droplets present Pluronic molecules assemble at the interface
between the oil core and water, with the hydrophilic PEO termini extending into the
water phase.

11.2.2  Quantitative Data on Drug Absorption by Microemulsions

Experimental results reveal that 10 nM Pluronic F-127 is the most effective for the
phase transfer of bupivacaine from water, blood plasma or whole blood into ethyl
butyrate microemulsion droplets. The fundamental reason why F-127 Pluronic iso-
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Fig. 11.7 Extraction of 100 1
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mer participates in better phase transfer of the drug into the microemulsion com-
pared to other derivatives is not known.

As indicated in Figs. 11.2 and 11.4, fatty acid co-surfactants are also used in the
optimized formulation of the microemulsions. A fatty acid co-surfactant having a
chain length at least eight carbons long not only helps stabilize the dispersed phase
in blood but enhances phase transfer of drug from blood into the ethyl butyrate
droplet (Figs. 11.7 and 11.8). Comparison studies on the efficiency of extraction
of amitriptyline versus bupivacaine as a function of the type of ionic co-surfactant
reveal that longer chain carboxylic acid salts greatly increase bupivacaine partition-
ing from normal saline. Also, extraction efficiency of toxin from blood into the
microemulsion droplets is increased by increasing the concentration of the ionic co-
surfactant in microemulsions; and, depending on the chemical system, amitriptyline
extraction is more sensitive to this variable (Fig. 11.9).

Extraction of bupivacaine from normal saline was also evaluated using bio-
compatible microemulsions composed of ethyl butyrate oil, fatty acid salts and
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Fig. 11.10 General structure of Tween surfactant derivatives. For Tween-80, X +Y+W+Z = 80

polyethylene glycol surfactants commonly referred to as Tween (Fig. 11.10) and
PEG.

Chromatography data show that increasing Tween-80 from 0.07 to 0.20 M, while
holding the PEG, sodium caprylate and ethyl butyrate concentrations constant, re-
sults in an increase in drug extracted from 7 to 22%. Using the same chemicals but
increasing PEG concentration from 0.0 to 0.5 M reduces by 60% the amount of
bupivacaine extracted.

Replacing fatty acid salts with the more organophilic dioctyl sulfosuccinate ester
salt surfactant (AOT) enhances bupivacaine extraction even more (Fig. 11.7).

In summary, the concepts and data presented in Sects. 11.2.1 and 11.2.2 are proof
that a microemulsion can efficiently remove two of the therapeutic drugs of concern
from saline. An optimized composition for extraction of bupivacaine from normal
saline at pH 7.4 contains 9 mM Pluronic F127, 36 mM sodium laurate, and 155 mM
ethyl butyrate [19]. The slight turbidity upon addition of butyrate oil quickly dissi-
pates during stirring. Dynamic light scattering and photon correlation spectroscopy
was employed to determine oil droplet size in the microemulsions. The diameters
depend on the amount and type of surfactants and range from 11 to 40 nm with an
average polydispersity index of 0.251 nm. These small sizes are compatible for
recirculation in humans without disruption [20].
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11.2.3  Electrocardiogram Data on Success of Microemulsions
to Reduce Cardiotoxin Activity

The optimized microemulsion was next tested for ability to restore a toxin-induced
decreased rate of heart beat, otherwise referred to as an increased QRS time inter-
val, of an isolated rat heart. In these experiments, carried out by team members
Morey and Dennis at Shands Medical School, University of Florida [5], the heart-
beat was continually monitored while the being infused first with normal saline
doped with bupivacaine and then with the optimized microemulsion defined at the
end of Sect. 11.2.2 above.

The experiment was repeated using an emulsion having larger oil droplets com-
pared to those in a microemulsion. As shown in Fig. 11.11, the emulsion is much
less effective in restoring the heartbeat to normal even after 5 min.

Thromboelastography and cell lysis experiments using whole blood verified that
the microemulsions showing better drug removal properties did not cause excessive
thrombosis or rupture of blood cells.

Two variations of experiments were carried out to determine if microemulsions
ME617 and ME627 (see Fig. 11.7 for compositions) could reverse in vivo cardiac
arrest induced by amitriptyline in rats. When ME617 was administered 5 min prior
to infusion of the drug, the undesired percent change increase in QRS interval was
not as great as when infusing normal saline. This experiment served to demonstrate
that ME617 functioned in vivo as an antidote for the cardiotoxicity of amitriptyline.
More relevant to a real-life drug overdose senario is the fact that the drug-induced
increase in the QRS interval is greatly reduced within 30 min after ME627 is admin-
istered (Fig. 11.12). This latter sequence of administering chemicals into the blood
stream indicates that the microemulsions being developed may serve as antidotes
for persons previously overdosed on amitrityline, bupivacaine or related toxins [21].
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11.2.4 Effect of pH on Drug Absorption by Microemulsions

Several of the target drugs included in this study for removal from blood by micro-
emulsions are molecules containing amino groups (Fig. 11.1) and are administered
as therapeutics in the form of water soluble hydrochloride salts. However, due to the
hydrophobic aromatic ring portions of their structures the protonated forms of the
molecules assume surfactant-like properties [22].

At physiological pH of 7.4 an equilibrium is established between protonated
and unprotonated amine functionalities. The neutral unprotonated forms of the mol-
ecules are lipophilic and are more susceptible to partitioning into the microemul-
sion oil droplets than the ionic protonated form. Amitriptyline has a pK, of 9.4 and
is 99% protonated at pH 7.40; bupivacaine has a pK, of 8.1 and is 83% protonated
at the same pH [22]. It is interesting that these rather small percentage differences
play a major role in the amount of each of these drugs that can be removed from
normal saline by a microemulsion. Chromatography data show that while amitrip-
tyline extraction from saline declines from 100% at pH 6.5 to near 0% when the
saline is at pH 10 (Fig. 11.13), the amount of bupivacaine extracted increases with
increasing pH.
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Fig. 11.14 Computer model
of bupivacaine structure
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Fig. 11.15 Proposed interac-
tion of amitriptyline with
microemulsion droplet.
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The data show that at physiological pH 99% amitriptyline undergoes phase trans-
fer from saline into the ME617 microemulsion. This suggests that steric differences
in molecular structures may play a role in the phase transfer processes. Close ex-
amination of the molecular structures of amitriptyline and bupivacaine (Fig. 11.1)
reveals that in the former therapeutic the hydrophobic aromatic portion is sterically
voluminous and the amine portion is much less hindered. In bupivacaine, however,
the amine nitrogen atom is positioned deep inside a cage-like hydrocarbon region, a
steric hindrance factor that controls the pK_ and ability of the drug to partition into
oil (Fig. 11.14).

The above described molecular features of amitriptyline and bupivacaine allow a
prediction why amitriptyline hydrochloride salt undergoes partitioning into micro-
emulsion oil droplets at or below physiological pH, and why bupivacaine does so
to a much lesser degree. Figure 11.15 is a hypothetical drawing of the approach of
the protonated form of amitriptyline to the surface of a microemulsion droplet. Data
in Figs. 11.8 and 11.9 shows that fatty acid salts present in the co-surfactant shell
around core ethyl butyrate droplets greatly enhance amitriptyline absorption. This
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suggests that electrostatic attraction between the co-surfactant carboxylate groups
protruding into the aqueous medium around an oil droplet, and the sterically un-
encumbered protonated amine group of amitriptyline, is one factor favoring parti-
tioning of amitriptyline into the oil droplet at lower pH. Hydrophobic interaction
between the aromatic portion of the molecule, the propylene oxide repeat units of
the Pluronic and the oil in the droplet also may be a factor.

The interfacial transport of bupivacaine into oil droplets is not controlled to the
same extent by the amine/protonated amine ratio. Hydrophobicity of the unpro-
tonated form of bupivacaine at pH 7.40 may be the controlling molecular feature
for extraction because the amine group in protonated bupivacaine is sterically bur-
ied inside hydrocarbon moieties and partially shielded from the carboxylate head
groups.

11.2.5 NMR Evaluation of Drug Interacton with Microemulsions

Nuclear Magnetic Resonance (NMR) spin relaxation measurements is a technique
that measures changes in chemical shifts of protons positioned on molecules in solu-
tion as they diffuse [23]. The technique was employed to measure the time-depen-
dent interaction of protonated amitriptyline with ME617 microemulsion oil droplets.
The chemical shift intensities in Fig. 11.16 show that the protons associated with the
propylene oxide portion of the triblock Pluronic surfactant are magnetically altered
first at low amitriptyline concentration. This data may be interpreted by referring to
Fig. 11.4. It suggests that amitriptyline diffuses quickly through the hydrophilic eth-
ylene oxide repeat units (green region in Fig. 11.15) more external to the oil droplet,
then associates with the more hydrophobic propylene oxide units embedded in the
surface of the oil droplet. With increasing concentration of the drug the protons on
the alpha carbon of the fatty acid (yellow bar in Fig. 11.16) are affected. At the high-
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est amitriptyline concentration the chemical shift data show magnetic interaction
with propylene oxide repeat unit protons and those of the core ethyl butyrate mol-
ecules (blue bar); however, interaction with the fatty acid protons (yellow) dominate.
Overall, the data suggest that the postulated interactions for amitriptyline with the
colloidal oil droplets shown in Fig. 11.15 may be correct. If the NMR data has been
correctly interpreted, it appears that the oil droplet core, the ethyl butyrate, serves
mostly as a final reservoir in removing amitriptyline from saline.

11.3 Selective Absorption of Drugs by Microemulsions

In the section above it has been amply demonstrated that oil-in-water microemul-
sions successfully absorb representative chemicals commonly overdosed. The ethyl
butyrate-based oil droplets used in those studies cannot differentiate aromatic ver-
sus aliphatic chemicals. This fact resulted in evaluating how a different oil might be
used that could show selectivity in absorption. The choice reduced to making a mi-
croemulsion with oil having a benzene ring as part of its structure. The fundamental
reason for this choice is explained in the next section.

11.3.1 TI-I1 Charge Transfer Concepts

Charge transfer m—mt complexes between aromatic rings have been a well-known in-
teraction since the early discoveries made by Benesi and Hildebrand [24], through
the pioneering work of Briegleb [25] and the valence-bond, and molecular orbital de-
scriptions by Mulliken [26], and Dewar and Lepley [27], respectively. IT- interac-
tions are one of the principal noncovalent forces governing the fundamental process
of molecular recognition between molecules in biology and chemistry [28—40]. For
example, charge transfer interactions between benzene rings influence structures of
proteins, DNA, host—guest complexes and self-assembled supramolecular architec-
tures. The diversity and significance of charge transfer complex formation in chemi-
cal and biological recognition has been illustrated in recent reviews [28, 29].

Aromatic -7 interactions are driven mostly by electrostatic forces between two
rings with relatively small binding energies in the range 2—5 kcal/mol [41-43]. Such
interactions are enhanced when the p orbitals of one ring are enriched in electron
density (donor), and the p orbitals of the other ring are deficient (acceptor). Fig-
ure 11.17 shows the influence of the two types of substituents on NMR proton
chemical shifts in each of the donor and acceptor molecules measured separately.
The arrows pointing away from the benzene ring on the left and towards attached
functional groups indicate depletion of p orbit electron density from the ring. The
functional groups on the ring on the right have the opposite effect. Chemical shifts
for the protons on unsubstituted benzene are shown in the center.
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The efficiency of electron density removal from or donation to a ring for differ-
ent functional groups can be estimated from Hammett substituent constant values
[44, 45]. The-NO, groups are very strong electron withdrawing groups while-CH,
groups are electron donating (Table 11.1).

11.3.2 NMR Chemical Shift Concepts for I11-11 Complexes

NMR spectroscopy is a proven technique for evaluating charge-transfer binding
between aromatics [41, 42]. Before mixing the two aromatic compounds suspected
of undergoing m—7 interaction, the chemical shift values for the protons on each
ring are measured (Fig. 11.17). When acceptor and donor molecules are mixed the
chemical shifts of the protons on the acceptor aromatic ring are compared to the
shifts before mixing. IT-t complexation causes the protons on the acceptor ring to
be shifted upfield to the right on the parts per million (ppm) scale because of elec-
tron density transferred to the acceptor ring from the donor ring (Fig. 11.18).

An upfield chemical shift for acceptor nuclei results from a change in the mag-
netically induced ring current and stacking interactions between the aromatic rings
[46, 47]. Hanna and Ashbaugh developed a mathematical expression to evaluate
NMR data similar to the Benesi-Hildebrand equation using UV—vis data for corre-
lating -1 complexes formed between 7,7,8,8-tetracyanoquinodimethane (TCNQ)
and various aromatic donors [24, 41]. The equations are valid if the donor:acceptor
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concentration ratio is large (e.g. >20). Figure 11.19 depicts the interaction between
an acceptor dinitroaromatic and the donor aromatic portion of bupivacaine.

NMR chemical shifts have been reported even for t— complexes of antimalari-
als with heme species [48, 49], for paraquat probes of certain aspects of polypeptide
and protein conformations [50], and for charge transfer complex formation between
trinitrobenzene and a structural analog of the important neurochemical dopamine
[51].

11.3.3 NMR Data for Binding Overdosed Chemicals

In the work summarized in this chapter, bupivacaine (BPC) (Fig. 11.14) and its mo-
lecular mimics 2,6-dimethylaniline (DMA) and 2,6-dimethylacetanilide (DMAc)
were evaluated as donors for m—m complexation with the series of acceptors. Fig-
ure 11.20 identifies acceptors (A) as well as the donor (D) synthesized. As an ex-
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Fig. 11.20 Structures of acceptor (4) and donor (D) molecules synthesized in this study

ample, EDNB was prepared from 2,4-dinitrobenzoyl chloride reacting with ethyl-
amine.

The protons on the rings of the acceptor molecules N-methyl-3,5-dinitrobenza-
mide (DNB) and N-ethyl-dinitrobenzenesulfonamide (EDNS), when mixed with
DMACc or BPC, exhibit upfield shifts as shown in Table 11.2. It is noted in Ta-
ble 11.2 that all acceptor ring protons have upfield shifts but the magnitude of the
shifts for protons H3, HS and H6 attached to different positions on the ring of EDNS
or DNB are not equal.

This can be understood in terms of their positions relative to the electron with-
drawing groups in the acceptor molecule. The stacking of one ring over another may
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Table 11.2 Observed changes in the chemical shifts of N-ethyl-2,4-dinitrobenzamide and
N-ethyl-2,4-dinitrobenzenesulfonamide when complexed with 2,6-dimethylacetanilide (DMAc)
and bupivacaine (BPC) in chloroform-d

Donor Observed chemical shift changes (ppm)

Benzamide (DNB) Sulfonamide (EDNS)

H3 H5 H6 H3 H5 H6
DMAc 0.2496 0.3242 0.3663 0.2252 0.3014 0.2514
BPC 0.3531 0.3686 0.2903 — — —

Shielded Region

Fig. 11.21 Examples of offset stacking of acceptor—donor n—m complexed aromatics. Monocyclic
aromatics (/eft); porphyrins (right)

not be perfectly vertical and symmetrical and the same for the induced magnetic
influence on the shared rings currents (Fig. 11.21) [27, 49].

11.3.4  Use of Fluorinated Acceptor Aromatics in Microemulsions
to Achieve Selective Aromatic Drug Absorption

Recalling the title of Sect. 11.3 of this chapter, it was of interest to select an aromatic
molecule for use in vivo as oils in microemulsions to evaluate differential T—m bind-
ing between two or more overdosed donor chemicals.

Recent reviews report that fluorine-containing compounds have enjoyed a rich
history in bioorganic and medicinal chemistry [52, 53]. Replacement of fluorine
atoms for protons in therapeutics has been widely studied as a result of their diverse
functions, ranging from being isosteric and isoelectronic replacements for hydroxyl
groups, to enhancing the metabolic stability of drugs and modifying electronic and
physical properties (for example, lipophilicity, acidity, and steric hindrance).
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The precedent that fluorine substitution into molecules intended for use in the
human body retains biocompatibility encouraged our use of 1,3-bis(trifluoromethyl)
benzene (BTFMB) and N-methylpentafluorobenzamide (MPFB) as acceptor oils in
microemulsions. Fluorine atoms are more electronegative than carbon or proton
atoms and have a Hammett substituent constant indicating they are capable, like
nitro groups (-NO,), of withdrawing electron density from a benzene ring to which
they are attached.

The bupivacaine mimic DMAc (Fig. 11.20) and cocaine (Fig. 11.1) were used as
donors in separate experiments. As expected, all proton and fluorine atoms on the
two acceptor molecule rings exhibit upfield shifts, signifying that both DMAc and
cocaine act as T—1 donor molecules and enter into T—1 complex formation with the
fluorinated acceptors.

As with the differently positioned protons in the acceptors shown in Table 11.2,
the magnitude of the shifts are not equal for all of the fluorine or proton atoms in
different positions in the BTFMB and MPFB acceptor molecules. For example, in
BTFMB acceptor there are three different positions on the ring where protons are
located. They are positions 2 (1H), 4 and 6 (2 H’s) and 5 (1H).

Microemulsion studies for demonstrating selective removal of one chemical
over another from saline were carried out using a mixture of both DMAc and co-
caine donor molecules in the same solution. Importantly, for the first time a smart
microemulsion has been prepared which has selective absorption for one bioactive
molecule over another in a mixture. Using BTFMB as the oil rather than ethyl bu-
tyrate, and Pluronic and fatty acid co-surfactants for dispersion stabilization, the
dispersion shows remarkable selectivity for extraction of bupivacaine over cocaine
(Fig. 11.22) [54].

It is proposed that the increased partitioning of bupivacaine from normal saline
over that of cocaine into BTFMB oil in the microemulsion is due at least in part to
cocaine’s benzene ring having less negative polarity and donor ability than the ring
of bupivacaine. The acyl carbonyl attached to the benzene ring in cocaine has elec-
tron withdrawing capability according to Hammett (Table 11.1), while the methyl
groups on the bupivacaine ring are electron donating (Fig. 11.23).

11.3.5 TI-I1 Concepts for Proposed Ricin Biotoxin Inhibitors

Ricin powder is a lethal protein from Castor beans that has been used at very low
microgram/kilogram levels for assassination of humans. Robertus has been one of
several leaders in elaborating the structure of Ricin, how it functions to kill cells,
and determining what structural features an inhibitor must have [55-58]. It is com-
posed of two peptide chains, RTA and RTB, with the former protein hosting the
active site which has two exposed tyrosine amino acid molecules across opposite
sides of the opening (Fig. 11.24). Furthermore, Robertus has defined an “iterative
crystallographic inhibitor search” algorithm and from it has shown that a derivative



326 R. Partch et al.

90 80
80 - 70 - 68
70
- —~ 60
> S
:E: %‘ 50 -
‘S 50 42 39 o
b= b=
= = 40
R e
2 2 301
£ 30 £
= =
= = 20 -
20
10 10
2
0 : 0 B .
Bupivacaine Cocaine Bupivacaine Cocaine
Microemulsion Smart Microemulsion
(oil = ethyl butyrate) (oil = TFMB in Fig. 22)
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of the aromatic heterocyclic amine pteridine shows reasonable inhibitor activity
[55].

A key connection between the discovery that pteridine derivatives enter and
partially close off the binding site, and the discussion in this chapter about n—m
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Fig. 11.24 Ricin RTA protein binding site showing the exposed tyrosine amino acid residues

complex formation between acceptor and donor aromatics, is that there is evidence
that the heterocycle inhibitor interacts with the toxin near the two exposed tyrosine
residues in the opening of the binding site. It may that the pteridine derivative is
attracted to and held in position by n—r interaction between the aromatic portion of
the heterocycle and a tyrosine molecule. However, the inhibitor activity is claimed
to be due mostly to multivalent hydrogen bonding with amino acid residues in the
distant back region of the binding site (Fig. 11.25) [59-61].

11.3.5.1 Measurement of I1-IT Bonding Using AFM

As an extension of the work reported by the authors of this chapter on n—r concepts
for binding overdosed chemicals, NMR and atomic force microscopy (AFM) ex-
periments have been carried out yielding encouraging results that T—t concepts may
lead to an improved inhibitor for Ricin.

Demonstrated in sections above is that upfield NMR chemical shifts for accep-
tor protons occur when acceptor—donor complexes form. Relevant to binding an
acceptor to Ricin, it was of interest to evaluate such shifts when acceptor DNB
was exposed to tyrosine and related donors. Table 11.3 data shows that only proton
B shown on the DNB molecule is shifted upfield when any of the four donors are
present. This suggests that the stacking of the two aromatic rings in the complex is
asymmetrical as in Fig. 11.21 (left).
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Fig. 11.25 Two representa-
tions of interaction of a pteri-
dine derivative with amino
acids in the binding site of
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Table 11.3 Chemical shift data for the various protons on acceptor DNB when the four different
donors are present. Std. Dev. +0.03%

A
O,N H
O
H
NH, CD
O,N H
A
Donor Molecules (Chemical Shifts are in ppm)
Acceptor p—Cresol L—Tyrosine-HCI 4—aminophenol 4—methylanisole
Protons
A N/A —0.00318 —0.01109 —0.06860
B 0.09758 0.06150 0.02184 0.10940
C —0.01124 —0.16259 —0.03620 —0.12611
D 0.03421 0.00168 —0.03066 —0.14311

Atomic Force Microscopy (AFM) was developed in 1986 and is well known for
its ability to examine the topography of a surface on the nanometer scale in 3-di-
mensions [62]. Another interesting aspect of AFM is using a force probe to measure
the long-range and adhesive forces between an AFM tip and a substrate. The micro-
scope is sensitive to the order of a few picoNewtons of force and can easily detect
electrostatic, Van der Waals, hydrogen bonding, and other molecular forces between
molecules. The tip and the substrate can be chemically modified in order to perform
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Fig. 11.26 AFM apparatus configuration (/eff) and representative graph of standard AFM adhe-
sion force curves. Orange and red lines are for cantilever tip approach and retraction from a sub-
strate, respectively

such experiments. A standard adhesion force curve between the cantilever deflec-
tion and sample Z position can be seen in Fig. 11.26 [63].

In Fig. 11.26 graph the orange line is showing the tip approaching the substrate
surface from right to left. No interaction is evident between the tip and the substrate
on the approach until the tip is a few angstroms from the surface. Then, as shown,
there is repulsion between the molecules on the tip and the molecules on the sub-
strate due to the contact electrostatic interactions between the tip and substrate. This
effect can be seen by the upward curve of the approach line from right to left. This
region of the force curve is known as the contact regime.

The interesting part of a force curve is during the retraction of the tip from the
substrate after they have been in contact. In the force curve shown, the red line
is showing the retraction of the tip from the substrate from left to right. Once the
tip has come out of the contact regime the curve dips sharply downward showing
that the cantilever tip is adhering to the substrate. When the tip detaches from the
substrate there is a break in the curve and the line returns back to the natural resting
position of the cantilever. For statistical accuracy force curve data is collected many
times and the adhesion between the molecules on the tip and the molecules on the
substrate can be calculated.

11.3.5.2 AFM Force Measurement Data on Donor—Acceptor Pairs

The AFM technique is useful for evaluating the attractive forces between a -
acceptor DNB and 3,5-dimethylacetanilide (DMAc), the latter being a donor mol-
ecule like tyrosine in the opening of the active site of Ricin. The adhesion calculated
in this study directly correlates to the stacking of aromatic rings and the interaction
of m—n complexes formed.

In 1999, Clear and Nealey investigated the influence of solvent polarity on adhe-
sion using AFM [64]. In their study hydrophobic methyl groups were attached to
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Fig. 11.28 Synthesis scheme for the attachment of acceptor 3,5-dinitrobenzoyl chloride (DNB) to
a polyaminostyrene particle (PS) mounted on an AFM cantilever tip

both the AFM tip and substrate. Force analyses were performed in solvents: water,
1,3-propanediol, 1,2-propanediol, ethanol, and hexadecane. According to curves
shown in Fig. 11.27, as the solvent polarity increases, the adhesion between the
functional groups on the tip and substrate also increases.

This study showed that hydrophobic attraction between the methyl functional
groups on a tip and substrate could be “cancelled out” by using an apolar solvent.
This work provides useful information for future experiments by the authors on
examining T interactions between tyrosine moieties and a known 1 acceptor mol-
ecule.

11.3.5.3 AFM Force Measurement Data on DMA-DNB Complex

The force of interaction between an acceptor—donor T—n complex of aromatic rings
was first determined using the pair of molecules DNB and DMAc (Fig. 11.20). Each
donor and receptor were covalently attached to either the AFM cantilever tip or the
substrate that the tip was going to approach and retract from. Example chemistries
employed for these attachments are shown in Figs. 11.28 and 11.29.
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Fig. 11.29 Two step modification for attachment of dimethylaniline (DMA) to the AFM silica
substrate

Both infrared spectroscopy and thermogravimetric analyses verified that the de-
sired conversions were successful.

The results for the force analysis studies performed with modified/unmodified
PS tips vs. modified/unmodified silica substrates in an aqueous environment are
shown in Table 11.4. The experiment was performed using a fluidic cell that was
filled with 1 mM KNO,. The adhesion force of 66 pN measured in water was re-
duced to 30 pN when measurements were made in octanol solvent. By comparison
with the curves in Fig. 11.27, the lower value may be the force of adhesion due
solely to m—m interaction between the donor and acceptor molecules when in contact
with each other.

This work provides useful information for future experiments by the authors on
examining T—T interactions between tyrosine-containing peptides and a T acceptor
molecule with the goal of identifying a new and more powerful inhibitor for Ricin.

11.3.5.4 Diffusion NMR Studies for Evaluating Interaction of a IT Acceptor
with Tyrosine of Ricin Peptide

Sections 11.3.5.1-11.3.5.4 has established that m—m interaction forces between ac-
ceptor and donor aromatic rings can be obtained using the AFM technique. In paral-
lel, NMR diffusion ordered spectral measurements (DOSY) yield information cor-
roborating conclusions obtained from AFM experiments.

NMR-DOSY gives information on the rate of diffusion of molecules in a solvent,
a process that is controlled by the degree of molecular association of the chemical
species being monitored [65]. Using the pulse gradient spin echo sequence, differ-
ent angles of radio frequency are used to study the Brownian motion of molecules.
To study the interactions of two molecules, the diffusion coefficient of one molecule
is measured and then the diffusion coefficient is measured of the two molecules
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Table 11.4 Force analysis summary of modified/unmodified AFM tips and substrates performed
in 1 mM KNO,

Tip Substrate Force Interaction

O,N NO, \Q/ Adhesion, 66pN’s

X

CH,CH,NH, \Q/ Adhesion

X
X
O,N NO, O,N- ; _NO, Repulsion
X
CHZCHQNHZ O,N I;(NOZ Repu]sion
X

O)N NO, Si-OH Repulsion

X
CH,CH,NH, Si-OH Repulsion

mixed together. If the diffusion coefficient decreases for molecules in the mixture,
there is strong association between the two.

In the context of the overall theme of Sect. 11.3.5 of this chapter, the DOSY
technique has been employed to determine if tyrosine forms n—m complexes with a
known acceptor like dinitrobenzamide (DNB).

Each of the chemical species, tyrosine, DNB and the desired n—m complex, have
different molecular weights and therefore should have different rates of diffusion.
The experimental data in Table 11.5 supports the conclusion that not only mono-
meric tyrosine acts as a donor to complex with DNB, but so does tyrosine residue in
a tripeptide derivative. The acceptor DNB in solution without a donor present has a
larger diffusion coefficient than when any of the three donors shown in Table 11.5
are in the solution. This information may contribute to the discovery of a new Ricin
inhibitor incorporating a strong 7 acceptor ring for n—m interaction with one of the
two tyrosine residues in the opening of the binding sight (Figs. 11.24 and 11.25).
Powerful multivalent binding may occur if a pendant group is attached to the accep-
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Table 11.5 Diffusion Sample in DMSO Diffusion coefficient
coefficients as measured by (m?/s)
the NMR DOSY technique DNB alone 1465 % 10°

for solutions of DNB

acceptor without and with DNB +Tyr({sine ('1 20) 4.684 x 10"
added 7 acceptors. Std. DNB +Bupivacaine (1:20) 5.757 x 10710
Dev. =+£5% DNB +Leu-Tyr-Leu (1:20) 1.636 x 10°1°

Decrease in D, indicates molecular association

tor ring capable of hydrogen bonding to other amino acid residues in another region
of the sight [59—61].

11.4 Functionalized Colloidal Particle Studies

11.4.1 Surface Modification Chemistry

A plethora of technical publications over the past several decades reveal that surface
modification of solid core particles of several compositions, shapes and sizes, us-
ing all types of chemical reagents and reaction techniques, is now well understood
and applied to enhance the properties of many powders used in manufacturing and
medicine [66—61]. One aspect of the present work is to attach molecular units to
the surface of carrier particles which, when introduced into the blood stream, will
complex with and deactivate overdosed toxins (Refer to Fig. 11.2) In other words,
to have controlled removal of drug/toxin molecules rather than controlled release.

A wide range of both inorganic and organic solid carrier particles exist to which
T acceptor moieties can be attached. Inorganic examples are oxides of aluminum,
calcium, cerium and silicon. An example of an organic carrier particle is oligochito-
san. Both core and surface compositions should be biocompatible and the receptors
must be able to differentiate overdosed toxin molecules from ones having similar
structures but needed for normal human health. If the modified carrier particles are
less than 10 nm in diameter they may be able to pass through the kidney carrying
the toxin with them during urination. Alternatively, carrier particles too large to be
removed by normal body function may be composed of biodegradable material of
which smaller degradation units carrying toxin may be eliminated.

Both silica and oligochitosan carrier particles have been successfully used to
establish proof-of-concept that m—m charge-transfer chemistry for binding toxic
molecules has merit. Classic Stober method chemistry was employed to prepare
several sizes of nearly monodisperse spherical silica particles (Fig. 11.30) [92, 93].
In addition, higher surface area and more porous silica particles were prepared by
the sol—gel method by incorporating pore templating molecules into the reaction
mixture and subsequently removing them by solvolysis or thermal treatment [94—
98]. An example experiment of the latter type consisted of adding bupivacaine or
its mimics 3,5-dimethyl aniline or N-acetylated derivative into the sol-gel reaction.
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Fig. 11.30 Scanning electron micrographs of two sizes of colloidal silica synthesized by the Sto-
ber sol-gel method. Both photos are at 150 K magnification

After particle formation the entrained organics were removed from the silica car-
rier particles by thermal treatment in air at 300° C. Their specific surface area was
greater than 1,000 m? g,

The surfaces of silica particles have many exposed silanol-OH groups which
undergo facile reaction with, for example, reagents having carboxylic acid chloride
functional groups [99—101]. Thus, preparation of the desired functionalized silica
carrier particles was easily accomplished by refluxing 8 nm diameter silica in a non-
hydroxylic solvent with excess m acceptor reagents such as dinitro or bis-trifluoro-
methyl substituted benzoyl chlorides. This process yielded silica particles having
numerous 7 receptor groups covalently attached to the colloidal silica (Figs. 11.30
and 11.31 [2-4)).

Attachment of T receptor groups to colloidal oligochitosan having reactive ami-
no and hydroxyl groups (Fig. 11.32) has also been achieved [102—106]. Specifi-
cally, oligochitosan having average molecular weight of 1,150 Da and containing
8% water was dissolved in DMSO containing 2,4-dinitrobenzenesulfonyl chloride
and stirred at 20°C for 48 h. Addition of ethanol caused the oligochitosan particles
having 300-500 nm diameters functionalized with the 1 acceptor to precipitate. The
T acceptors thus attached showed good ability to bind 7w donors such as bupivacaine
or its mimics dimethylaniline and dimethylacetanilide to the particles [3, 4].

Preliminary results prove that silica carrier particles functionalized with a 1 ac-
ceptor as shown in Fig. 11.31 are very efficient in removing bupivacaine hydrochlo-
ride dissolved in normal saline.

HPLC analysis showed that the silica particles not functionalized with a ® ac-
ceptor removed no drug from the liquid containing from 1,000 to 30,000 uM bupi-
vacaine. However, 0.05 and 0.10% w/v derivatized nanoparticles exhibited removal
of the drug in amounts of 1,800 and 4,000 uM, respectively when the original bupi-
vacine was 10,000 uM or more (Fig. 11.33).

The proposed mechanism of removal is depicted in Fig. 11.34. The preliminary
results do not allow differentiation as to whether 1 or 2 point interaction of the drug
with the particles occurs. If the number of 7 acceptor units attached to a particle,
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and their freedom of movement on the end of the tethers linking them to the silica
allows the basic nitrogen of a drug to diffuse close to and hydrogen bond with the
residual silanol groups, the 2 point interaction should be facilitated and improve
binding efficiency [59—-61]. Referring to Figs. 11.14 and 11.5 it may be that the less
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Fig. 11.34 Surface chemical features of a nanoparticle showing covalently attached m acceptor
aromatic rings complexed in two possible ways to the m donor aromatic rings of bupivacaine

sterically encumbered amino group of amitriptyline could reach within hydrogen
bonding distance to the Si-OH groups. The amino group of bupivacaine is sur-
rounded by considerable hydrocarbon structure and may be hindered from entering
that crowded space.

11.5 Summary and Path Forward

The experimental results presented in this chapter show that the concept of n—m
complex formation between acceptor and donor aromatic rings applies to the theme
“Medicine in Reverse”. Three types of injectable and biocompatible dispersed
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phases have been prepared which show promise as antidotes for a selection of com-
monly overdosed drugs. The oil-in-water microemulsions deplete overdoses of ami-
triptyline, bupivacaine and even cocaine through a combination of electrostatic and
hydrophobic action. A smart microemulsion has been prepared using a 7 acceptor
oil that can differentiate between strong and weak 1 donor molecules. Colloidal oli-
gochitosan and silica nanoparticles, each derivatized with 7 acceptor dinitroaromat-
ics, bind the same drugs efficiently and rapidly while their underivatized precursors
do not.

Proof-of-concept that the research may lead to clinically viable remedies for
some drug overdoses comes from the described results of in vitro and in vivo experi-
ments. Preliminary experiments show that the cardiotoxicity of at least drugs a, ¢
and e drugs in Fig. 11.1 is successfully reversed when the microemulsion or oligo-
chitosen phases are infused into excised rat hearts or whole animals.

And, preliminary results not described above reveal that compounds d and f in
Fig. 11.1 have donor properties and can be bound by complexation with an acceptor.

Finally, the results obtained both by AFM and NMR DOSY experiments hint
that through further study a new and more active inhibitor of Ricin biotoxin may
be forthcoming by incorporating both m—m complexation and hydrogen bonding
concepts into the molecule.

The path forward by the interdisciplinary team will be to (1) further improve the
compositions of the microemulsions to make them more “smart” regarding drug
adsorption, (2) adapt the  acceptor © donor concept for use with all three types of
dispersed phases, (3) test the effectiveness of the phases to reverse overdose effects
of other than the three cardiotopxic therapeutics, (4) obtain fundamental informa-
tion on interaction of molecules d and f in Fig. 11.1, and even methamphetamine,
with the dispersed phases using NMR techniques and '*C-enriched drugs [107], and
(5) enhance the biocompatibility of the optimized formulations.
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