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PREFACE

There has been tremendous excitement in the hybrid research field of
Bionanotechnology. The importance of nanotechnology stems from the ability to
custom-design the properties of a material by changing the material’s composition,
size, and shape. For biological and medical researchers, novel detection systems
and tools can be systematically designed to address research or application needs.
The amount of grant dollars invested and number of published reports in this field
have been growing at an exponential rate in the last ten years.

In this edited book, we highlight this exciting hybrid research field. We
highlight the central players in the Bionanotechnology field, which are the
nanostructures and biomolecules. We start the book by describing how nanostructures
(Chapter 1) are synthesized and by describing the wide variety of nanostructures
available for biological research and applications. We also show the techniques used
to synthesize a wide variety of biological molecules (Chapter 2). Hopefully, the
placement of these two chapters end-to-end shows similarities between how we
make useful nanostructures and how nature makes useful molecules. Next, we fo-
cus on the assembly of nanostructures with biological molecules, which could lead
to the design of multi-functional nanosystems. In Chapters 3 to 11, examples of the
unique properties of nanostructures are provided along with the current applications
of these nanostructures in biology and medicine. Some applications include the use
of gold nanoparticles in diagnostic applications, quantum dots and silica nanoparticles
for imaging, and liposomes for drug delivery. In Chapters 12 and 13, the toxicity of
nanostructures are described. This book provides broad examples of current devel-
opments in Bionanotechnology research and is an excellent introduction to the field.
Enjoy reading!

Warren C.W. Chan, Ph.D.
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CHAPTER 1

Synthetic Strategies to Size and Shape
Controlled Nanocrystals and Nanocrystal

Heterostructures

P. Davide Cozzoli and Liberato Manna*

Abstract
T he recognition of the strongly dimensionality-dependent physical-chemical properties

of inorganic matter at the nanoscale has stimulated efforts toward the fabrication of

nanostructured materials in a systematic and controlled manner. Surfactant-assisted
chemical approaches have now advanced to the point of allowing facile access to a variety of
finely size- and shape-tailored semiconductor, oxide and metal nanocrystals (NCs) by balanc-
ing thermodynamic parameters and kinetically-limited growth processes in liquid media. While
refinement of this synthetic ability is far from being exhausted, further efforts are currently
made to provide NCs with higher structural complexity as means to increase their functional-
ity. By controlling crystal miscibility, interfacial strain, and facet-selective reactivity at the
nanoscale, hybrid NCs are currently engineered, which consist of two or more chemically
different domains assembled together in a single particle through a permanent inorganic junc-
tions. In this chapter, we will review the strategies that have been so far developed for the
synthesis of colloidal nanostructures, ranging from mono-material NCs with tailored dimen-
sions and morphology to multi-material NC heterostructures with a topologically controlled
composition.

Introduction

In the last decade, chemically synthesized colloidal nanocrystals (NCs) have become model
systems to verify the dimensionality-dependent laws of nanosized materials, as advances in
their synthetic protocols have made them available at the milligram-to-gram scale in a wide
range of monodisperse sizes and morphologies.'™

Two major reasons for the uniqueness of NCs: the significant fraction of atoms residing at
the surface, as compared to that found in the corresponding bulk counterparts, and the restric-
tion of charge carrier motion to a small material volume. Owing to these contributions, the
chemical and physical properties systematically correlates with the NC size and shape.>'* For
instance, NCs melt at much lower temperatures than those required for extended solids and
can be easily trapped in crystalline phases that are unstable in the bulk.'*!® In semiconductors,
quantum confinement sets in once a critical threshold size is reached, leading to a widening of
the band gap and of the level spacing at the band edges.'*!” In noble metals, the decrease in

*Corresponding Author: Liberato Manna—National Nanotechnology Laboratory of CNR-INFM,
Unita di Ricerca IIT, Distretto Tecnologico ISUFI, Via per Arnesano, Km 5, 1-73100 Lecce,
Italy. Email: liberato.manna@unile.it

Bio-Applications of Nanoparticles, edited by Warren C.W. Chan. ©2007 Landes Bioscience
and Springer Science+Business Media.




2 Bio-Applications of Nanoparticles

size below the electron mean free path leads to intense surface plasmon absorption bands aris-
ing from the collective oscillations of the itinerant conduction electron gas on the particle
surface.'® In general, the size-dependence of the NC electronic structure provides a tool for
tuning the red-ox potentials of the charge carriers and for modulating the dynamics of red-ox
processes, while the dominance of electronic surface states in NCs confers them improved or
unprecedented catalytic properties.'”** Finally, nanostructured magnetic materials behave as
single magnetic domains whose magnetization can be easily influenced by thermal fluctuations
of the local environment, depending on the particle size and on a variety of surface effects.?>%4

Colloidal NCs are synthesized in a liquid solution containing some stabilizing organic
molecules, broadly termed as surfactants. As extracted from their growing medium, they are
typically made of a crystalline core with the desired chemical composition and a monolayer
surface shell of tightly coordinated surfactants that provide them with solubility and, hence,
with colloidal stability. These particles are chemically robust and thus amenable to be further
processed after the synthesis to achieve disparate purposes, such as their integration with exist-
ing devices, or their incorporation into biological environments without substantial loss of the
original properties.”>?? Additionally, organization of NCs into ordered superstructures holds
promise for the fabrication of new solid state materials whose chemical-physical behaviour
would result from the collective interactions among proximal particles with individually rel-
evant size-related properties.®*

In colloidal solutions, NC growth evolution is driven by the interplay between thermody-
namic factors (e.g., relative stability of crystal polymorphs) and kinetically-limited processes
(e.g., diffusion of reactants, surface adhesion of surfactants). However, control over most of
these parameters can be achieved by judicious adjustment of just a few experimental condi-
tions, such as the type and the relative concentration of molecular precursors, catalysts, and
organic stabilizers, in combination with a suitable growth temperature.***° Indeed, NCs have
been accessed with nanometer level precision in a variety of dimensional regimes, as well as in
shapes as diverse as spheres, cubes, 18 rods, 2444 wires, 435953 tubes, stars, > disks,®>8 and
polypods, 232964 by employing relatively inexpensive equipment. The substantial piece of
knowledge gained from such synthetic success has contributed to trace useful size and shape
guiding criteria, although these are yet far from being applicable in general to any material. A
powerful extension of these concepts has been more recently devised with the synthesis of
elaborate hybrid NCs possessing a topologically controlled composition, i.e., particles consist-
ing of two or more chemically different material sections grouped together through an inor-
ganic junction. The formation of such NC heterostructures depends on the ability to control
additional parameters at the nanoscale, such as crystal miscibility, interfacial strain, and
face-selective reactivity, by applying the same techniques as those used to fabricate single mate-
rial NCs. Examples of these elaborate nanostructures include: (i) core/shell NCs, in which one
or more layers of additional inorganic materials are uniformly grown around a NC core, form-
ing an onion-like structure; (ii) hetero-dimers or hetero-oligomers, in which two or more spherical
domains of different materials are joined together sharing specific couples of facets; (iii)
matchstick- and dumbbell-shaped NCs, made of a rod-like section with one or two spherical
particles of another material grown either on one or on both of its terminations, respectively;*>’
(iv) multi-armed hybrid NCs comprising linear sections made of consecutive segments of dif-
ferent materials.® As a result of the combination of the properties that distinguish each crystal-
line domain, hybrid NCs hold promise as first prototypes of “smart” nanosized objects, poten-
tially able to perform multiple technological tasks, such as in biomedical engineering, diagnostics,
sensing, and catalysis.

This chapter will describe the general strategies that have been so far developed for the
synthesis of size and shape controlled colloidal nanocrystals, and how such methods are cur-
rently being implemented to fabricate more elaborate hybrid nanocrystal heterostructures.
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Colloidal Approaches: A Few General Concepts

In a colloidal synthesis, molecular precursors containing the atomic species that will form
the NCs are introduced into a flask and allowed to react or decompose at a suitable tempera-
ture. Reactive species, commonly referred to as the NC “monomers”, are consequently gener-
ated, inducing the nucleation of the NCs and sustaining their progressive enlargement. The
key condition to achieve size- and shape-controlled growth of NCs is the presence of one or
more surfactant species in the reaction environment. Surfactants are amphiphilic molecules
composed of a polar head group and of one or more hydrocarbon chains with hydrophobic
character. The most commonly used ones in colloidal syntheses include alkyl thiols, amines,
carboxylic and phosphonic acids, phosphines, phosphine oxides, phosphates, phosphonates,
and various coordinating (e.g., ethers) or noncoordinating solvents (e.g., alkanes, alkenes).
Surfactants can act in two different ways, i.e., either by forming dynamic templates which pose
physical constraints to the uncontrolled NC enlargement, or by behaving as surface complexing
agents. Both mechanisms can ultimately guarantee slow growth rate, impart stability inhibit-
ing inter-particle agglomeration, and ensure post-synthesis processability of the resulting NCs.

Dynamic Templates

When water and a nonpolar solvent are mixed in the presence of amphiphilic molecules
(such as surfactants, lipids, some polymers and also some proteins), thermodynamically stable,
either hydrophilic or hydrophobic micelles can spontaneously form, having different sizes and
shapes depending on parameters, such as the relative ‘water’ to ‘oil’ phase abundance, solvent
polarity, ionic strength, concentration of surfactants and additives. Therefore, micelles repre-
sent preformed compartments of nanometer size which can serve to confine the NC growth.*®

Terminating Agents

In monophasic liquid systems, surfactants behave as terminating agents and perform two
important tasks. They modulate the monomer reactivity by forming complexes with the pre-
cursors and assist particle growth by dynamically coordinating to the surface of the NCs, pre-
venting them from aggregating irreversibly. The choice of surfactants varies from case to case: a
molecule that binds too strongly to the surface of the particles is not useful, as it would not
allow them to grow. On the other hand, a weakly coordinating molecule could promote the
production of comparatively larger particles, or even insoluble aggregates.”’

When the growth is stopped, a monolayer of surfactants remains tightly bound to the sur-
face of the particles. Depending on its chemical nature, this capping shell can make NCs
soluble in a wide range of liquid media. If desired, the coating can be deliberately exchanged
with other organic molecules having different functional groups or polarity to purposely
functionalize the NC surface. Based on such processing flexibility, after their synthesis NCs can
be embedded into polymeric matrixes, conjugated with biological molecules, linked to other
types of particles, immobilized onto substrates, or integrated with existing devices for creating
a variety of electronic and sensor components.

Size Control

To obrtain satisfactory control over the NC size, two basic conditions must be ideally ful-
filled during the synthesis: a discrete, i.e., limited in time, nucleation event should occur first,
that should be followed by a much slower growth process of the initially formed nuclei. As
predicted by theoretical models, if the growth step occurs under a relatively high and nearly
constant flux of monomers, the size distribution tends to narrow over time, as the smallest NCs
in the population grow faster than the largest ones. In such “size focusing” regime, detrimental
Ostwald ripening is inhibited until the monomer concentration does not become exceedingly
consumed. The relative depletion of monomers between the nucleation and the growth stages

will ult(imately dictate the final NC size. An example is reported in Figure 1 for the case of
COPtg. 69
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Figure 1. Example of size control achievable for
colloidal NCs: Transmission Electron Microscopy
(TEM) pictures of spherical CoPt; magnetic NCs
with mean size of 1.5 nm(a), 3.8nm (b), 6.3 nm (c),
respectively (reprinted with permission from Fig. 1;
J Am Chem Soc 2002; 124:11480. Copyright 2007
American Chemical Society).

The above requirements can be often practi-
cally fulfilled by employing the so-called “hot in-
jection technique”, which relies on the fast addi-
tion of a comparatively “cold” (e.g., at room
temperature) precursor solution into a high tem-
perature (100-350°C) bath of surfactants. The
rapid injection raises the monomer concentration
above the nucleation threshold, resulting in a burst
of nucleation that partially relieves the solution
supersaturation. The simultaneous sudden drop in
temperature that follows the injection greatly ar-
rests nucleation, keeping it temporally
seperatedfrom the subsequent growth stages. These
latter are allowed to proceed at a temperature lower
than that used for the injection, which allows
monomers to be slowly released into the reaction
mixture and the system to be maintained in a
"size-focusing” regime for a long time.

In some cases, however, it is more advantageous
to simply mix the reagents at low temperatures and
then slowly heat the resulting mixture up to a tar-
get temperature. This syntetic scheme is especially
suitable for those systems in which the rate limit-
ing step is the nucleation stage, which is indeed
naturally delayed as it is depends on the accumula-
tion of a sufficiently high monomer concentration
upon slow decomposition of surfactant-precursor
complexes.

Relatively monodisperse colloidal NCs of a
wide range of materials can be easily synthesized
by means of variously modified approaches, all
based on the above general synthetic schemes.
Frequently, NCs synthesized as described above are
roughly spherical or only slightly faceted, as high
reaction temperatures and moderate monomer
concentrations favour the formation of more thermodynamically stable isotropic shapes.

Shape Control

The production of NCs with anisotropic shapes (wires, rods, discs, branched shapes and so
on) can be achieved in solution by several strategies. The most effective approaches exploit: (i)
reactions confined in micelles;>®3%7071 (ij) catalysis with a metal particle;47’53‘72‘74 (iii) seeded
growth;lz’éws’78 (iv) oriented attachment mechanisms;®>7?"®? (v) surfactant or solvent induced
anisotropy;>+3>41:48:50.54:5683 41 d (vi) application of external electric or magnetic fields.345
Figure 2 shows a few selected examples of variously shaped colloidal NCs of different materials.
We will briefly review here each of these approaches.
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Figure 2. Examples of colloidal NCs with different shapes: TEM images of star-like PbSe NCs
(synthesized according to ) Phys Chem B 2002; 106:10634) (a), y-Fe,Oj5 tetrapods (synthesized
according to Nano Lett. 2006, 6, 1986) (b), FePt faceted NCs (synthesized according to J Am
Chem Soc 2006; 128:7132) (c), rise-shaped CdSe NCs (synthesized according to ref. 29) (d),
pencil-shaped CdS NCs (synthesized according to ref. ] Am Chem Soc 2006; 128:7132) (e), high
aspect ratio TiO, nanorods (synthesized according to J Phys Chem B 2005; 109:5389) (f), Ag
spheroids (synthesized according to Chem Commun 2001; 7:617) (g), and rectangular-shaped
Au nanorods (synthesized according to ] Phys Chem B 2005; 109:13857) (h). The scale bar in
each panel corresponds to 100 nm.
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Figure 3. Mechanisms for the growth of colloidal nanocrystals with anisotropic shapes. Repro-
duced by permission of The Royal Society of Chemistry. Scheme 1; Chem Soc Rev 2006; 35:1195.

Growth in Micelles

A certain degree of shape control is achievable by performing chemical reactions inside
micelles, as the latter can indeed evolve from spherical into rod-like or cylindrical aggregates,
and planar bilayers, depending on their formation conditions. NCs grown in such confining
“nano-reactors” can adopt morphologies resembling those of the micelles themselves (Fig. 3,
panel 1). Although rod-, wire- and platelet-shaped NCs have been prepared by this ap-
proach,*387971 it remains prohibited to materials requiring high temperatures to anneal crys-
tal defects.

Growth in the Presence of a Catalyst Particle

The vapour-liquid-solid (VLS) growth mechanism in which a solid one-dimensional struc-
ture departs from a catalyst particle® " has been recently translated into the solution-liquid-solid
(SLS) growth of colloidal nanorods and nanowires of several materials, such as of CdSe, InAs,
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InP, Si, Ge*23727492 414 branched CdSe nanowires’> (Fig. 3, panel 2).47’53’72’74’92 In this
version, the solution containing the NC molecular precursors is loaded with colloidal metal
nanoparticles that act as catalysts, possibly becoming supersaturated with the monomers and
offering a preferential site for their deposition. This helps to interrupt the spherical symmetry
of growth, thereby promoting unidirectional crystal elongation. Recently, formation of PbSe
rods, cubes, stars and multi-pods has been obtained by analogous approach,’® although in the
latter case a heterogeneous nucleation of PbSe on the existing catalyst seeds is more likely to be
operative.

Oriented Attachment

In this mechanism,*7%52 nearly isotropic NCs are first formed in solution, which then
tend to fuse epitaxially along well-defined crystallographic directions as a means to eliminate
some high-energy facets; hence, this leads to a decrease in the overall surface energy. Wires,”?
rings,80 rods,®! and branched NCs® (Fig. 3, panel 3) can be accessed especially when the initial
NCs are only weakly passivated by organic ligands, so that dipole-induced inter-particle attrac-
tive forces are enhanced and one-directional NC attachment is spontaneously promoted. One
peculiar advantage of this method is that it allows materials that crystallize in highly symmetric
structures (i.e., PbSe in the rock-salt structure®” or ZnS in the zinc-blende structure®!) to grow
anisotropically without any catalyst or additive.

Surfactant or Solvent Directed Growth

For many materials, surfactants can be found that are able to adhere with different bonding
strengths to the various facets of the NCs, thereby inducing their preferential development
along those crystallographic directions which grow the fastes®*3>41:48:5%56 (Eig 3 panel 4).
Such morphology changes are kinetically controlled processes which occur far from thermody-
namic equilibrium when the system is overdriven by a high concentration of monomers.”®
These conditions accentuate the growth rate of the most unstable facets that are usually pro-
tected less efficiently by the organic ligands. At low concentration of monomers, the growth is
more under thermodynamic control, and the situation can be reversed so that atoms can de-
tach from the most unstable facets and will feed other facets. Over time the overall habit of the
crystals evolves toward the shape that minimizes the overall surface energy (such as spheres or
cubes).

The surfactant-adhesion growth mechanism produces pronouncedly faceted NCs in mate-
rials that crystallize in highly symmetric phases,”® whereas it leads to strongly anisotropic shapes,
such as discs, rods, wires, when the NCs occur in phases with unique axis of symmetry (ex-
amples are the hexagonal close packed structure for Co,’® the wurtzite structure for CdSe,
CdS and in some cases for ZnSe,” the hematite structure in FeZO3,96 the anatase structure for
TiO,””?®). For instance, in rod-like or platelet-shaped NCs, the unique symmetry axis direc-
tion coincides with either the fast or the slow direction of crystal growth, respectively.

Branching can also occur in NCs, leading to multi-armed structures, like tetrapods, in
which several rod sections are connected at tetrahedral angles from a branching point. So far,
this NC shape has been explained by the formation of planar defects at the junction region
between the branching point and each arm.®" There are reported cases, however, in which
the nonsymmetric crystal structure is not a key requirement in order to grow anisotropic NCs.
PbS in the rock salt phase has been grown in shapes ranging from rods to multipods, stars and
cubic shapes, depending on the experimental parameters.”® Recently, magnetic iron oxide tet-
rapods in cubic spinel structure of maghemite have been also synthesized.'® While also in this
case the surfactants can play a role in modulating the growth rate of the various facets, kinetic
factors are likely to be more relevant.
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Figure 4. Sketch of possible mecha-
nisms leadingto core-shell nanocrystal
heterostructures: growth of a single, of
a multiple or of an asymmetric shell
on nanocrystal cores (paths 1a-c, re-
spectively); shell formation following
aredox replacement reaction with the
initial core (path 2); formation of a
uniform shell upon thermal annealing
of an initially amorphous and/or dis-
continuous coating (path 3). Repro-
duced by permission of The Royal
Society of Chemistry. Scheme 2; Chem
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Anistropic Growth Induced by External Biases

In few cases, it has been possible to induce anisotropic growth of magnetic materials by
performing their synthesis in the presence of an external magnetic field. In such circumstances,
a preferential elongation of the NCs along the easy magnetization axis direction has been ob-
served.!?M102 (Fig, 3, panel 5). Nanowires have been produced also in the presence of electric
fields.®® These approaches can be advantageous in that one-dimensional NCs can be produced
at the locations where they are needed, for instance, between two electrodes, as the anisotropic
growth direction is often the one along a field line.

Seeded Growth

Anisotropic growth of noble metal materials (Ag, Au, Pt) has been easily achieved by
seed-mediated reaction schemes'>®*7>7¢ (Fig. 3, panel 6). In these approaches, preformed (usu-
ally spherical) NC “seeds” of the desired metallic material are mixed with metal ion-surfactant
complexes and eventually some additives. The seeds behave as efficient red-ox catalysts for
metal ion reduction, greatly enhancing heterogeneous nucleation by fast monomer addition to
their surface. Under the assistance of facet-selective surfactant adhesion, such process leads to
nanorods, nanowires and also branched nanostructures.® This method has been also extended
to the size and shape control of other materials.””

Hybrid Nanocrystals

The most recent developments of colloidal syntheses involve elegant extensions of the above
described techniques that allow the fabrication of more elaborate hybrid nanocrystals (HNCs).
Such nanostructures are comprised of crystalline domains made of different materials fused
together in a single particle without bridging molecules. The increase in the degree of struc-
tural complexity is expected to naturally enhance the particle functionality, as the
chemical-physical properties characteristic of each material are grouped and/or modulated as a
consequence of the mutual interactions among the components.

HNC:s can be expected to satisfy both fundamental interests and disparate technological
requirements. For instance, HNCs based on combinations of semiconductors, metals and ox-
ides in a centrosymmetric core-shell type configuration often exhibit improved behavior as
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Figure 5. Examples of core/shell nanocrystals. TEM images of: (a) CdSe, (b) CdSe/CdS, and (c)
CdSe/CdS/ZnS NCs prepared by consecutively growing CdS and ZnS shells around the same
CdSe cores. Reprinted with permission from Figs. 4a-c of ] Phys Chem B, 2004; 108:18826.
Copyright 2007 American Chemical Society.; (d) Fe/Fe304 NCs. Reprinted with permission from
Fig. 1A of ) Am Chem Soc 2006; 128:10676. Copyright 2007 American Chemical Society.; (e)
FePt/SiO, NCs. Reprinted with permission from Fig. 1B of J Phys Chem B 2006; 110:11160.
Copyright 2007 American Chemical Society.; (f) Au nanorod/SiO, NCs. Reprinted with permis-
sion from Fig. 3S of Chem Mater, 2006; 18:2465. Copyright 2007 American Chemical Society.

compared to that inherent to the individual components, such as enhanced or tunable plasmon
absorption103 106 ¢ luminescence,'” 112 modified magnetic behaviour,!311? and improved
photocatalytic and photoelectrochemical responses. ' In noncentrosymmetric HNCs made
of well distinct inorganic sections, such as small groups of spherical and/or rod-like NCs, the
properties inherent to each domain, such as magnetism, optical absorption or fluorescence, can
be altered to a varying extent because of the contact junction with another material. In semi-
conductor heterostructures, depending on the relative band gap alignment of the components,
the charge carriers can be either localized preferentially in one domain or separated more effi-
ciently, which can have important implications in optoelectronic and photovoltaic applica-
tions. Furthermore, HNCs allow for the introduction of anisotropic distributions of surface
functional groups, facilitating the site-specific anchoring of biomolecules'! or the controlled
assembly of NCs.'*

The most widely exploited technique for the synthesis of HNC:s relies on a simple principle
deriving from the classical nucleation theory, according to which the activation energy for the
generation of novel NC nuclei in solution (homogeneous nucleation) is usually higher than the
barrier for enlargement of preexisting particles (heterogeneous nucleation). This concept has
been translated into a simple and general reaction scheme, referred to as “seed-mediated”. In
this scheme, one deliberately introduces preformed NCs of one material (the “seeds”) into a
solution containing the monomers to build a second different material which triggers preferen-
tial heterogeneous growth of the latter onto such seeds in contrast to the independent formation
of novel embryos. The architectural configuration adopted by resulting hybrid architecture will
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Figure 6. Examples of nanocrystals hetero-oligomers. TEM images of: (a) dumbbell-like Fe304-Au
dimers. Reprinted with permission from Fig. 1 of Nano Lett, 2005; 5:379. Copyright 2007
American Chemical Society; (b) dumbbell-like PbS-Au-PbS ternary NCs. Reprinted with permis-
sion from Fig. 3¢ of Nano Lett, 2006; 6:875. Copyright 2007 American Chemical Society; (c)
PbSe nanorod-Fe;O4-Au ternary NCs (taken from Fig. 2b of Adv Mater 2006; 18:1899); (d)
CoPt3-Au dimers (synthesized according to ] Am Chem Soc, 2006; 128:6690).

ultimately depend on the interplay among parameters, such as crystal miscibility, interfacial
strain between the materials, and facet-selective reactivity of the seeds.

Core-Shell Nanocrystals

A large interface can be shared between two materials if the respective lattice constants do
not differ significantly and/or if the interfacial energy is kept low during the synthesis. These
conditions lead to the formation of onion-like nanostructures, referred to as core/shell HNCs,
in which the starting core is uniformly covered by one or more different inorganic layers. The
general strategy to synthesize these objects relies on performing a rather slow addition of the
shell molecular precursors to a solution containing the target NC cores at relatively low tem-
peratures, which usually prevents homogeneous nucleation of the second material. Core/shell
associations of metal, semiconductor, magnetic and oxide materials have been successfully ob-
tained by various mechanisms, such as: (i) by coreacting all the necessary molecular precur-
sors'331% or by alternating deposition of monolayers of each atomic species that will compose
the shell'® (Fig. 4, paths 1a-c); (iii) by replacin% the outermost layer of the core with the shell
material by means of a sacrificial redox reaction!03106:136:137 (Fig. 4, gath 2); and (iv) by ther-
mally annealing an initially amorphous and/or discontinuous shell'” (Fig. 4, path 3). In few
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Figure 7. Sketch of possible mechanisms leading to nanocrystal oligomers: formation of a
heterodimer by phase segregation of two immiscible materials (path 1), by coalescence of an
initially amorphous shell (path 2), or by selective nucleation on a starting seed (path 3); growth
of a trimer upon formation of a domain which bridges two preformed NCs (path 4); formation
of a trimer by fusion of two reactive domains from distinct dimers (path 5); formation of a trimer
by selective nucleation on a preformed heterodimer seed (path 6) Scheme 3 of Chem Soc Rev
2006; 35:1195). Reproduced by permission of The Royal Society of Chemistry.
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Figure 8. TEM images of nanocrystal heterostructures based on rod-like seeds: (a) dumbbell-like
NCs made of a CdSe nanorod with PbSe tips located at both ends (synthesized according to Nano
Lett., 2005, 5, 445); (b) matchstick-like NCs made of a CdS nanorod with one PbSe tip (synthe-
sized accordingtoNano Lett, 2005; 5:445); (c) matchstick-like NCs made of a CdSe nanorod with
one Au tip synthesized according to Nat Mater, 2005; 4:855; (d) NCs made of CdS rod with one
CdTetip on one end and a branching point on the opposite end (synthesized according to Nature
2004; 430:190).

cases, a “priming” of the core surface with appropriate molecules is required to activate it for
the shell coating procedure.'?” A few examples of typical core/shell NCs are presented in the
overview in Figure 5.

Nanocrystal Hetero-Oligomers

Nanocrystal hetero-oligomers are nanostructures comprising two or more nearly spherical
inorganic particles connected epitaxially via a small junction area. So far, they have been ob-
tained for a limited number of material combinations only. Some representative examples of
this type of HNCs are reported in Figure 6.

When attempting to synthesize an alloy of two compounds characterized by partial misci-
bility and large interfacial energy, then the two materials can phase-segregate into separate
domains, respectively, to form a dimer-like structure (Fig. 7, path 1). This concept has been
verified in the growth of Co-Pd and Cu-In sulphide heterodimers by the coreaction of the
respective molecular precursors.'*®13 In these cases, the selective nucleation of one material is
followed by growth continuation with the second one, which emerges by developing an inter-
face of graded composition.

Several types of nanocrystal hetero-oligomers have been synthesized by various seed-mediated
mechanisms. The high interfacial energy between the component materials has explained the
formation of FePt-CdS'° dimers and y-Fe;O03-MeS (where Me= Zn, Cd, Hg)59 oligomers by
thermal coalescence of an initially deposited amorphous metal sulfide shell into a separate
spherical grain attached at one side of the initial seed (Fig. 7, path 2). Au-Fe304 dimer- and
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Figure 9. Sketch of possible paths
leading to complex nanocrystal
heterostructures starting from
rod-like seeds: a rod-like seed can
be continued eitherinalinearman-
ner at both ends (path 1), or in a

7 4 linear manner at just one side and
) with a branching point at the oppo-

1 \ 3, £ v site side (path 2), or with one (path
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heterostructure (path 5) can evolve
=, into a matchstick-like structure via
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B of the four terminations (path 7)
£ Y (taken from Scheme 4; Chem Soc
o Rev2006;35:1195) Reproduced by
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flower-like HNCs have been obtained by heterogeneous growth of preformed Au particle seeds,
followed by oxidation under air at room temperature (Fig. 7, path 3).14! The ability to tune
separately the size of the two single domains in a heterodimer has been recently demonstrated
for the Au-CoPt; system.#> These HNCs were prepared by heterogeneous nucleation of Au on
preexisting CoPt3 NCs of different size (Fig. 7, path 3). The latter provided substrates with
varying degree of reactivity toward gold, while the relative concentration ratio between the
seeds and the Au ions regulated the final size of the Au domains. A series of heterodimers of
Fe304-Au(Ag), FePt-Ag, and Au-Ag has been achieved in a biphasic aqueous/organic system
via ultrasonic emulsification.'®® In this strategy, hydrophobically coated seeds (Fe3Oy, FePr,
and Au, respectively) provide catalytic sites at the water-oil interface onto which the metal ions
(Ag*, AuCly) can be reduced sonochemically and form metallic domains. (Fig. 7, path 3). An
aqueous synthesis of Ag-Se hybrid NCs has been also developed,'* in which sequential reduc-
tion of the Ag and Se ions caused the initial nucleation of Ag onto which the reduction of Se
ions followed. By increasing the concentration of the ions, it was possible to synthesize hybrid
NCs in which either a single or more Se domains were attached to a Ag particle.

A rather comprehensive approach to hybrid NC oligomers comprising several new combi-
nations of materials in a variety of heterostructure geometries (in terms of number of domains,
their respective shapes and mutual spatial arrangement) has been reported recently.!*> Two
interesting concepts have been introduced. First, NC heterodimers can react with each other,
as they were small molecules combining together via their functional moieties to form larger
molecules. An example is represented by the heating of peanut-shaped Au-Fe;04 dimers in the
presence of sulfur where Au domains of separate dimers fuse together. This yielded
dumbbell-shaped heterostructures made of a single larger Au domain joining two Fe;Oy4
nanoparticles (Fig. 7, path 5). Second, HNCs themselves can be used as seeds for growing
more complex nanostructures. This fact has been proven with the formation of ternary HNCs
(Fe304-Au-PbSe) in which a rod-like PbSe section grew out of a Fe304-Au dimer seed (Fig. 7,
path 6).

It has to be remarked that in NC hetero-oligomer growth, the most frequently observed
couples of planes which form the interface junctions are usually those that allow the best lattice
fit between the respective crystal structures of the two domains. Indeed, such condition allows
the interfacial energy to be minimized as predicted by the Coincidence Site Lattice (CSL)
theory.'® In some cases,'®! the solvent can play an important role in the mechanism of
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hetero-oligomer growth. When a patch of second material domain nucleates on the initial
seeds, an induced polarization charge at the seed interface occurs. A relatively polar solvent can
facilitate the redistribution of the charge over the seed surface, leading to a higher probability
of formation of multiple domains of the second material, resulting in flower-like HNCs or
particle hetero-oligomers. Differently, a nonpolar solvent can be expected to sustain mainly
single heterogeneous nucleation event.

Hybrid Nanocrystals Based on Rod-Like Sections

Several examples of HNCs based on rod-like domains have become also available. A se-
lected overview of these structures is shown in Figure 8. Most of the structures developed so far
have been based on cadmium chalcogenide materials in the wurtzite phase, as these can be
easily grown in rod-like or in branched shapes with a high control over their geometrical
parameters.®®! The rod sections, elongated in the c-axis direction, terminate into polar facets
that are the most chemically reactive in such anisotropic NCs. This opens up the possibility of
nucleating a second material exclusively at these locations. One additional peculiarity of the
wurtzite structure is the absence of a plane of symmetry perpendicular to the c-axis, meaning
that two basal sides of the rods are chemically dissimilar. Combined with facet-selective surfac-
tant adsorption, this fact translates into the possibility of controlling the growth mode of lat-
eral sections of a second material onto the tips of a starting nanorod.”® By tuning the monomer
reactivity in the solution, it has been possible to decide whether, starting from one rod-like
seed, either both ends of the rod are continued in a linear manner (Fig. 9, path 1), or only one
termination is continued in linear manner while the opposite one develops into a branching
point, from which three distinct arms depart (Fig. 9, path 2). Architectures of this type have
been demonstrated in the case of hybrid CdS-CdSe, CdS-CdTe and CdSe-CdTe NCs.%® The
chemical diversity of the basal facets of wurtzite nanorods has been clearly shown with the
nucleatio?( of a PbSe domain either on both tips or just on one tip of a CdS rod (Fig. 9, paths
3 and 4).°°

HNC:s resembling either a matchstick or a dumbbell have been synthesized by nucleating a
Au domain either on one or on both ends of a CdSe nanorod, respectively (Fig. 9, path 5).*
Interestingly, it has been observed that the dumbbell-shaped CdSe-Au HNC:s are less stable
heterostructures, that can evolve into matchstick-like ones (Fig. 9, path 6) via an intra-particle
Oswald ripening.'¥” The driving force for the latter process arises from the inevitable small
difference in the size of the two Au tips, which makes the smaller one more unstable and
susceptible to oxidation compared to the larger one when a high concentration of Au ion
monomers is present in the solution. During this ripening, the smaller Au tip dissolves progres-
sively, while the released electrons reach the bigger Au tip traveling through the CdSe rod
section. Then, reduction of additional gold ions onto the larger tip makes it grow further; this
ultimately leads to the matchstick-like CdSe-Au HNC:s.

Finally, an extended strategy to access several types of Au-tipped dumbbell-like nanocrystal
heterostructures has been developed recently, which involves the selective oxidation of either
PbSe or CdTe sacrificial domains, initially grown on CdSe and CdS nanorods, with a
Au(IlD):surfactant complex.'*® This approach is especially advantageous in that Au domains
can be grown via an indirect two-step procedure onto the tips of nanorods of materials, like
CdS, for which direct metal deposition is impracticable.

Conclusions

The field of nanocrystal preparation by surfactant-based wet-chemistry approaches is
currently divided into two main important directions. The first area involves refinement in the
ability to generate highly homogeneous nanostructures with precise control over their sizes
and/or shapes, as this ultimately dictates their optoelectronic, catalytic, and magnetic behaviour.
Anisotropic NCs are especially appealing in that they offer additional degrees of freedom for
extending the properties of individual materials and for engineering NC-based devices. The
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overall progress in this regard has been definitely relevant, even though further investigations
are certainly needed to assess more general size and shape guiding synthesis criteria. The other
outstanding research direction is related to the programmable fabrication of hybrid NCs in
which spherical, rods or branched sections of different materials are connected together in a
single particle. The preparation of NC heterostructures is naturally more challenging task, as
the ability to tailor specific nanosized materials must be integrated with the understanding of
the parameters which dictate heteroepitaxial growth at the nanoscale. This is the reason why
just a few types of hybrid architectures have been realized up to date; currently, these structures
can not be engineered in such a way to prevent possible detrimental effects on the properties of
individual components. The possibility to design and synthesize elaborate NCs with the pur-
posely defined topologically composition appears a fascinating research field which is still in its
infancy. It is conceivable that future progress in this synthetic ability will open up access to a
completely novel generation of colloidal structures suitable to uncover optoelectronic, mag-
netic, biomedical, photovoltaic and catalytic applications with a higher level of performance.
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CHAPTER 2

Current Approaches for Engineering Proteins
with Diverse Biological Properties

Isaac T.S. Li, Elizabeth Pham and Kevin Truong*

Abstract
n the past two decades, protein engineering has advanced significantly with the emergence
of new chemical and genetic approaches. Modification and recombination of existing pro-
teins not only produced novel enzymes used commercially and in research laboratories,
but furthermore, they revealed the mechanisms of protein function. In this chapter, we will
describe the applications and significance of current protein engineering approaches.

Introduction

The ultimate goal of protein engineering is to create proteins that are perfectly suited to
particular biological applications. Proteins, polymers consisting of 20 distinct amino acids,
play a pivotal role in many biological activities such as catalysis, signal transduction, structural
reinforcement and cell motility, to name a few. The diversity in the choice of amino acids and
total length of proteins (ranging from tens to thousands of amino acids) allows for a tremen-
dous combinatorial sequence space. Through evolutionary pressure over time, organisms have
found specific sequences of amino acids that fold into unique molecular structures that deter-
mine their biochemical functions. The molecular structures of over thirty thousand proteins
have been solved and this number continues to grow steadily alongside new initiatives in struc-
tural proteomics. Nevertheless, the total number of distinct proteins found in nature represents
only a small fraction of the possible polypeptides that could be permutated with the 20 amino
acids. By exploring the combinatorial sequence space around these natural proteins, many
current approaches in protein engineering can create novel proteins with desirable properties.
In this chapter, we will discuss these approaches and their diverse biological applications.

Random Mutagenesis

Random mutagenesis is the process of introducing random point mutations to generate a
diverse gene library for screening desired protein properties. It has been successfully used to
identify key residues in proteins as well as to improve or alter protein activities.''? Random
mutagenesis samples the local sequence space of the starting protein (Fig. 1A). As a result, the
properties of the mutants will not diverge far from their parents. If the mutation rate is too low,
the diversity in the resulting library may be insufficient, as quite often, biological advantages
are conferred from multiple cooccurring mutations. On the other hand, if the mutation rate is
too high, potentially advantageous mutations may be silenced by mutations that destroy the
protein function altogether. Thus, the rate of mutation is a very important parameter to study
and fine tune in mutagenesis experiments. In this section, we summarize three commonly used
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Figure 1. Sequence space representations of different protein engineering approaches. The
solid black dots represent the locations of parent genes; the grey dots, mutants. Distance
between the dots represents extent of divergence between their corresponding sequences. A)
Random mutagenesis samples the sequence space isotropically to generate a library of mutants
with a Gaussian distribution centred at the parent gene. B) Site-directed mutagenesis samples
small and predefined regions close to the parent gene. C) DNA recombination on mutagenesis
libraries results in a larger divergence of mutants around the parent gene than compared to
random mutagenesis alone. D) DNA recombination of three distinct genes results in even
greater sequence space coverage by including the sequence space between regions. E) Di-
rected evolution can reach far from parent gene by following the path of generations of
improved sequences. Starting from the parent gene at GO (Generation 0), mutagenesis and
recombination is used to generate a library of mutants. The mutant with the most improved
properties is selected as the parent gene for the next generation—G1. This process is repeated
for subsequent generations until the desired improvement of enzymatic properties is achieved.
F) Introduction of noncanonical amino acids adds new dimensions to the existing sequence
space. The horizontal plane shows the canonical sequence space, where the vertical axis
illustrates the new dimension created by noncanonical amino acids.
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techniques in random mutagenesis: error-prone polymerase chain reaction (PCR), bacteria
mutator strains and chemical mutagens.

Error-prone PCR is an in vitro technique to increase the DNA copy error rate by altering
the PCR conditions. For example, high Mg** concentration stabilizes base-pair mismatch, the
addition of Mn** reduces base-pair specificity, imbalanced nucleotides (NTP) enhance the
mismatching probability during PCR and a higher concentration of 7zg DNA polymerase
encourages elongation of mistakenly primed termini. Statistics show that under normal condi-
tions, PCR reactions using 7zg DNA polymerase has an error rate of ~-0.01%, while under the
error-prone PCR conditions, the error rate increases to ~1%. Of the total mutations, 90% are
nucleotide substitutions and of these mutations, ~30% are silent and ~70% result in amino
acid substitutions. The remaining 10% of mutations are insertions or deletions, which usually
result in frame shifts and subsequently, incorrect gene expressions. Multiple cycles of error-prone
PCR can further control the amount of mutations introduced to the template. This technique
has recently helped identify key residues in the M3 muscarinic acetylcholine receptor, epider-
mal §rowth factor receptor (EGFR) and Saccharomyces cerevisiae Hal3 salt tolerance regula-
tor.">4 From the engineering/design aspect, PCR random mutagenesis has been used to im-
prove enzymatic properties of subtilisins E, Thermus aquaticus amylomaltase, cyclodextrin
glucanotransferase and Rbizopus niveus lipase.>

Random mutations can also be introduced in vivo by mutator bacteria strains such as
mutD5-FIT and XL1-Red (Stratagene).u’14 These Escherichia coli strains have mutations in
genes (such as the mutD, mutS, mutL, mutH and mutT) found in the DNA repair pathway
which increase the rate of mutation to over a thousand fold higher than the wild type strain.!>¢
It is estimated that the error rate after 30 cell generations is ~0.05%. The advantage of this
technique is in its simplicicy—transform and harvest. Although the mutation rate is not as
high as error-prone PCR, it is proven sufficient to generate diversity in many studies.>*'”"*?
Random mutagenesis with mutator strains was used to identify the essential residues respon-
sible for the function of Erm(B) rRNA methyltransferase.® A 5-fold improvement of enzy-
matic activity using this technique was demonstrated for polyhydroxyalkanoate (PHA) syn-
thase.” In another example, mutator strains also helped alter protein properties as seen in the
conversion of oxidosqualene-cycloartenol synthase specificity to that of oxidosqualene-lanosterol
cyclase.!?

A third way to introduce random mutations in DNA is by chemical mutagens. One class of
chemical mutagens are DNA base analogs such as 5-bromo-deoxyuridine (5BU), which exist
in two tautomeric forms, mimicking cytosine (C) and thymine (T). Therefore, when mutagens
in this class are introduced to the cells during DNA replication, the mutagens are likely to be
incorporated into the DNA, causing mutations to occur. Another class of mutagens are alkylators
such as ethyl methane sulfonate (EMS), which reacts with certain bases on the DNA. Other
mutagens such as sodium bisulphite converts cytosine to uracil, achieving substitution directly
on the target DNA.%

Site-Directed Mutagenesis

Site-directed mutagenesis allows the introduction of a mutation to a specific location on a
gene. It is commonly used for studying the effects of individual point mutations and designing
novel proteins with key mutations (Fig. 1B). There are in vivo and in vitro site-directed mu-
tagenesis techniques and among them, two common techniques will be summarized here:
oligonucleotide mismatch mutagenesis and PCR based mutagenesis.”'*> The in vivo oligo-
nucleotide mismatch mutagenesis was originally proposed by Michael Smith in 1979, who
later won the Nobel Prize in 1993. This technique incorporates a point mutation to an oligo-
nucleotide whose sequence is otherwise complementary to the region of mutation on the gene
of interest. This oligonucleotide is then annealed to the gene of interest and the full-length
plasmid DNA is synthesized with mismatching double strands at the point of mutation. Then,
cells are transformed with this plasmid DNA, which replicate the mismatching gene into two
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Figure 2. Oligonucleotide mismatch mutagenesis. The cross “x” donates a point mutation on a
primer or strand of DNA.

species of proteins—one containing the mutation and the other retaining the natural form
(Fig. 2). Site-directed mutagenesis can also be performed in vitro by PCR. Primers with desired
point mutations first amplify regions of the parental DNA on both sides of the mutation site,
which creates two portions of the parental DNA with overlapping regions (Fig. 3). Then a
PCR is performed using the mixture of the two overlapping portions to create the full length
DNA, which now contains the point mutation.

Site-directed mutagenesls studies provide valuable information on the structure-function
relationship of a protein as shown in numerous recent examples.?*?’ In addition to learning
about proteins, site-directed mutagenesis is applied to the rational design of proteins based on
the knowledge of structure-function relationships. For example, improvements on catalytic
activities were shown in the Aspergillus niger NRRL 3135 phytase and Bacillus protease by
targeted mutations of residues in the catalytic sites revealed by their molecular structures.’®!
Alteration of enzymatic properties has been demonstrated in the 150-fold change of relative
substrate spec1ﬁc1ty of the oncoprotein V—Fsgs by mutating the recognition element at the argi-
nine residue at position 1130 (Argl130).”* Similarly, the excitation and emission spectra of
green fluorescent protein (GFP) was red-shifted by replacmg the Thr203 with Tyr or His to
promote aromatic interactions with the fluorophore.’

Non-Canonical Amino Acid Substitution

The introduction of noncanonical amino acids provides a new perspective to engineering
proteins by expanding the combinatorial sequence space (Fig. 1F). Most natural organisms
can only synthesize and incorporate the 20 canonical amino acids as the building blocks for
their proteins. By substituting noncanonical amino acids for natural residues, we overcome
this limitation. In general, there are two types of noncanonical amino acid substitutions:
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Figure 3. PCR-based site-directed mutagenesis. The cross “x” donates a point mutation a primer
or strand of DNA.

residue-specific and site-specific. In residue-specific substitution, a specific type of amino
acid is replaced by a noncanonical one. For instance, the replacement of tryptophan in the
barstar protein by a noncanonical pH sensitive aminotryptophan created a pH sensor.?* In
site-specific substitution, the amino acid at a particular location is replaced by a noncanonical
amino acid. Similar to site directed mutagenesis, this facilitates protein engineering based on
structure-function relationships. The challenge of noncanonical amino acid substitution lies
in the synthesis of the modified proteins. Measures must be taken when synthesizing pro-
teins with noncanonical residues in vivo to ensure the proteins of the expression host do not
acquire the noncanonical amino acids, which could be fatal to the host cell. Furthermore, in
site-specific substitution, one must also ensure that only specific amino acids on the protein
are targeted.
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Common approaches in residue-specific substitution rely on gene expression in an aux-
otroph grown in a media containing the noncanonical amino acid.”> Auxotrophic bacteria lack
the ability to synthesize a certain amino acid, hence relying on the supply of that amino acid in
the growth media. To maximize expression of target protein with noncanonical amino acids,
auxotroph bacteria are first grown in media with the natural amino acids. During this stage, the
expression of the target protein is strongly repressed to minimize its expression with natural
amino acids. After the cell density threshold is reached, the expression of the target protein is
induced in a new growth media containing the noncanonical amino acids. Using this tech-
nique, noncanonical amino acids were incorporated into enhanced cyan fluorescent protein
(ECFP) to produce ‘gold” fluorescent protein (GAFP) that had an emission spectrum red-shifted
by 69 nm.?® The noncanonical protein expression level can be further improved by
over-expressing the corresponding aminoacyl-tRNA synthase (aaRS) to the replaced natural
amino acid. The 20 aaRS, one for each type of amino acid, create tRNA amino acid complexes
between particular amino acids and tRNAs according to the genetic code. Since the rate at
which aaR$ incorporates noncanonical amino acids is over a thousand-fold less than that for
natural amino acids, over-expression of the particular aaRS would produce more tRNA amino
acid complexes and hence allow the cell to incorporate noncanonical amino acids in target
proteins more efficiently.

There are other techniques for incorporating noncanonical amino acids to target proteins
including modifications to aaRS that favor recognition of noncanonical amino acids and inac-
curate hydrolytic editing.”” Alternatively, heterologous aaRS and tRNA from other organisms
that have different codon usage can be introduced into the host organism.*® Hence, the codon
degeneracy is broken as long as the noncanonical amino acids and tRNA do not interfere with
the tRNA synthesis pathway of the host. This technique allows for a codon-specific substitu-
tion. Global noncanonical amino acid substitution can also be achieved by in vitro
post-translational chemical modifications.*

To achieve site—speciﬁc substitution of a noncanonical amino acid, one approach is by breaking
the codon degeneracy using 4-base or 5-base codons to code for the noncanonical amino acid
through in vitro protein synthesis.“** The specificity and efficiency is increased by using these
4- and 5-base codon systems. One example is the incorporation of a fluorescent noncanonical
amino acid to a specific site of streptavidin by 4-base codons.’**! The fluorescence of the
incorporated amino acid is highly sensitive to the binding of biotrn, which can be used for low
concentration detection. In another example, the Tyr66 of GFP was mutated to 18 distinct
noncanonical aromatic amino acids by the 4-base CCCG codon tRNA, resulting in two
blue-shifted mutants.*®

DNA Recombination

Novel protein characteristics can be created by swapping the regions of one gene with an-
other in a process called DNA recombination. This process samples a larger sequence space
compared to mutagenesis alone (Fig. 1D). In many cases, mutagenesis and recombination are
used together to create gene libraries with even greater drversrty It can enhance or alter rotern
activities by preserving advantageous mutations while removing disadvantageous ones.*>%¢ Here,
we discuss two DNA recombination techniques: DNA shuffling and the staggered extension
process.

In 1994, William Stemmer introduced the DNA shuffling techm%ue to create a chimera of
B-lactamase with a 32,000-fold increase in tolerance to its inhibitor.”*8 In DNA shuffling, a
library of homologous genes is first randomly digested by DNase I (Fig. 4). Then, DNA frag-
ments with sizes from 10 to 50 base pairs are isolated. PCR amplification of the gene library
with these isolated fragments as primers will produce many PCR products from different ho-
mologous templates. For this step to be effective there must be significant homology (> 70%)
in the gene library. Next, an additional PCR step is performed to extract the desired genes
using primers that define the start and end of a full-length gene. Finally, these PCR products
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Figure 4. DNA shuffling. There are three homologous parental genes identified by their distinct
shades. The white dots labelled on each gene fragments represent their relative order to the
parental gene, which is preserved after reassembly from the self-PCR process. Only the full length
reassembled genes can be amplified using primers that specify the two ends of the gene.

are inserted into vectors, expressed and screened for desired properties. Using 3 cycles of DNA
shuffling on a GFP mutant library, a combination of three mutations were discovered that
improved folding properties and increased fluorescence intensity by 45-fold.** A family of
serum paraoxonases were recombined and screened to create a variant with 40-fold higher
enzymatic activity and over 2000-fold specificity.”® Applying DNA shuffling to eight cefE
homologous genes in combination with directed evolution created chimeras with 118-fold
increased activity.”! In another example, Lipase B protein homologs from three organisms were
subjected to DNA shuffling, resulting in a chimera with improved stability and a 20-fold higher
hydrolysis activity towards diethyl 3-(3',4'-dichlorophenyl)glutarate.>*

In 1998, Zhao and colleagues proposed another in vitro recombination technique called
the staggered extension process (StEP).>® The recombination was achieved in one PCR reac-
tion with optimized conditions. Similar to DNA shuffling, a library of homologous genes is
used as the template. The annealing and extension steps in each PCR cycle are replaced by an
extremely short annealing step (-1s) (Fig. 5). This short annealing step amplifies only a frac-
tion of the template. Since a mixture of templates is used, the partly extended primer will
randomly anneal to a different template in the next thermal cycle. Consequently, the primers
are extended to full length by fragments from each of the homologous genes. Next, these
fragments are inserted into the expression vector and screened. StEP was used to recombine the
aroA gene from Salmonella typhimurium and Escherichia coli, creating 4 chimeras with a2 to 10
fold increase in activity.” In another study, by combining random mutagenesis and StEP, the
1,6 regioselectivity of AgaB gene from Bacillus stearothermophilus was removed and 1,3
regioselectivity was retained.’
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Figure 5. Staggered Extension Process (StEP). There are three double-stranded homologous
parental genes that are distinguished by their shade and used as PCR templates. In the first PCR
cycle, the primer anneals to the single-stranded parental template after melting. Following
annealing, the extension time of the PCR reaction is short enough to allow only partial extension
of the primer on the parental gene. The same process is repeated in subsequent cycles until the
extended primer reaches full length as the parental genes.

Directed Evolution

DNA mutagenesis and recombination alone are often insufficient to yield desired enzy-
matic properties because the sequence space is sampled around the parent genes. However, the
coding sequence of the desired enzymes may be significantly divergent from the parent.
Directed evolution creates a path in the sequence space to guide mutagenesis and recombina-
tion (Fig. 1E). There are four essential steps involved in directed evolution (Fig. 6). First, a large
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Figure 6. Directed evolution. The cross “x” donates a point mutation; a grey dot, colony on a
culture plate. The first generation of genes contains the parental gene and/or its homologs as
identified by distinct shades. Then, mutants are created, expressed, selected and amplified for
subsequent generations.

and diverse gene library is generated by mutagenesis or recombination from parent genes.
Second, the library of genes is expressed by cells or phages. Third, cells exhibiting more desired
properties are selected through either a manual process of choosing colonies from agar plates or
an automated process such as flow cytometry. Note here that it is important to devise an evolu-
tionary pressure in the selection process that is strong enough to reduce the selection cycles, yet
sensitive enough to discriminate between proteins with small differences in properties. Lastly,
the genes from the selected cells are amplified and extracted before they are used as parents in
the next cycle. Several cycles of this process may be necessary to generate proteins with signifi-
cantly enhanced properties.

Directed evolution has been successfully applied to enhance or create enzymatic activity,
cellular pathways, molecular switches and fluorescence properties. Recently, directed evolution
has been used to enhance enzymatic activity and thermal stability.**%® In other examples, di-
rected evolution was applied to alter properties of proteins involved in cellular pathways. For
instance, modified proteins were introduced into cells to create cellular pathways that form
disulfide bonds; in another case, proteins in the carotenoid biosynthetic pathways were altered
to create new carotenoid products.®*®> Molecular switches were also created by evolving the
hybrid of maltose binding protein and p-lactamase.®*® After applying mutagenesis and 3
generations of directed evolution to the EcoRV restriction endonuclease, a variant was created
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with altered DNA substrate specificity.!! Recently, a superfolder GFP was created with a 50-fold
brighter fluorescence and a higher tolerance to circular permutation and chemical denatur-
ants.”> This superfolder GFP was created by screening for brighter GFP mutants that were
fused with a poorly folded peptide, which effectively targeted the folding properties of GFP.

Fusion Proteins

Fusion proteins are created by joining two or more proteins at their N- and C- termini (Fig.
7A), thereby forming a single protein with the combined functions of the components. By
exploiting the intramolecular interactions among components, fusion proteins can create
biosensors and molecular switches. As genetic engineering of fusion proteins can be tedious, a
fluorescent cassette technique was introduced to make fusion proteins more efficiently.®’

Fluorescent protein biosensors represent a major class of fusion protein applications. For
example, the N- or C-terminal fusion of a fluorescent protein (FP) to a target protein (Fig. 7B)
allows tracking of the target protein’s expression, localization and movement inside cells. By
fusing a sensor protein to the middle of a FP gene, researchers have created split-FP biosensors
whose fluorescence is modulated by stimulus-induced conformational change of the sensor
protein (Fig. 7C). For example, when maltose is bound, the adjacent N- and C-terminal of
maltose binding protein (MBP) allows two halves of FP to fold together, hence fluorescence
increases; when maltose is released, the large conformational change of MBP separates the two
halves of FP and decreases fluorescence.”” Another class of biosensors is based on the principle
of fluorescence resonance energy transfer (FRET) where the distance and orientation between
a donor and an acceptor FP governs their fluorescence emission spectral properties. Typically,
the donor and acceptor FP are fused to the N- and C-termini of a sensor protein that responds
to a biological event with a large protein conformational change. This conformational change
alters the relative position between the donor and acceptor FP and hence a change in FRET
efficiency is correlated to the biological event (Fig. 7D,E). FRET biosensors based on the
intrinsic conformational change of the sensor proteins have been demonstrated using IP; re-
ceptors, cGMP-dependent protein kinase I, MBP and bacterial periplasmic binding proteins
(Fig.7D).”"74 Alternatively, conformational change caused by the conditional binding of a
protein to its peptidal substrate can also induce FRET efficiency changes (Fig. 7E). A classic
example is the Ca** biosensor. Calmodulin and its Ca**-dependent binding peptide M13 are
fused and sandwiched between cyan fluorescent protein (CFP) and yellow fluorescent protein
(YFP). When Ca®* increases, the binding of calmodulin to M13 shortens the distance between
CFP and YFP and hence FRET efficiency increases.”>”” Using similar concepts, FRET biosensors
have also been created to detect protein kinase activities.”5*!

Protein fusion was also used to create molecular switches. Since the function of a protein is
closely related to its conformation, the simplest approach to engineer a protein switch is by an
allosteric effect (Fig. 7F). This can be achieved by fusing an effector protein with a sensor
protein. For example, circularly permutated f-lactamase (BLA) was inserted into specific loca-
tions in MBP such that the enzymatic site of BLA is distorted by the conformational change of
MBP upon the release of maltose, resulting in the loss of BLA activity.%¢%8

One drawback of fusion proteins is that the functions of proteins are not always preserved.
Fusing proteins together may cause one or more of the fusion partners to fold improperly. It
has been experimentally observed that well folded proteins make the fusion protein fold better,
whereas poorly folded proteins could destabilize the entire fusion. Steric restrictions between
fusion partners may also cause the loss of function. In addition, fusion proteins are more prone
to aggregate due to their large size and flexibility, destroying their activities as well. Besides the
limited guidelines provided by semi-rationally studying the protein structure of each fusion
partner, fusion protein engineering is still a trial-and-error process.
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Figure 7. Fusion protein and application mechanisms. The grey cylinder represents CFP, while
the white, YFP. Arrows entering the cylinder represent excitation light, while arrows leaving the
cylinder represent emission light. A) The concept of a fusion protein. B) FP tagged fusion protein.
C) Split-FP biosensor modulates fluorescence by the conformational change of the sensor pro-
tein. D) FRET of the biosensor is increased by the conformational change of the sensor protein
that brings the FRET pairs together. E) FRET of the biosensor is created when the sensor binds to
the substrate and vice versa. F) An example of the protein switching mechanism. The white and
black boxes are the substrate and converted substrate of the effector enzyme. Stimulation changes
the conformation of the sensor protein, which alters the enzymatic site of the effector enzyme
that allows enzymatic activities to be carried out and hence turns it “on”.

Circular Permutation

Circular permutation of a protein creates new N- and C- termini at nonnatural locations on
the protein by fusing together the natural N- and C- termini (Fig. 8A). This can be achieved
easily by fusing two copies of the target gene in tandem and then amplifying at specific circular
permutation locations by PCR (Fig. 8B).%* Circular permutation has been used to study the
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Figure 8. Circular permutation. A) Four possible circular permutations from the original protein.
N1-4 and C1-4 are the newly created termini. B) A technique to generate circular permutations
of a gene. Each pair of primers with the same shade will be used in a PCR reaction to create
circular permutation at that location.

biochemical properties of proteins such as folding and functional elements. In one example,
dihydrofolate reductase was circularly permutated systematically to break its backbone at each
amino acid and the resulting variants were tested for functionalities. The correlation between
the circular permutation location and the activity of the variant helped to determine the re-
gions crucial for folding and function.®*** In addition to identifying critical regions of a
protein, circular permutation was used to engineer proteins with enhanced properties.
The catalytic activity of Candida antarctica Lipase B was improved in its circularly permutated
variants due to better active site accessibility and backbone flexibilities.®” In another example,
circular permutation of yellow fluorescent protein improved the dynamic range of FRET Ca**
biosensor because it changes the orientation factor between the donor and acceptor fluorescent
proteins.5

Conclusions and Perspectives

Nature tinkers with new protein designs by random processes that alter genomic DNA such
as mutations, insertions, deletions, inversions, gene fusions and translocations. Then through
natural selection arising from environmental conditions, the best protein designs are discov-
ered. These natural evolutionary mechanisms have inspired the techniques discussed in this
chapter. Random mutagenesis and DNA recombination can create random gene libraries that
can then be screened through successive generations by directed evolutionary techniques for
incrementally better designs. Protein fusion, another natural evolutionary mechanism, can com-
bine functions from two different proteins. Furthermore, by hijacking the natural processes for
protein translation, we can expand protein design by introducing noncanonical amino acids.
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Finally, with a strong understanding of protein structure-function relationships, site directed
mutagenesis provides the most direct route to protein design.

These techniques, however, are restricted by the starting templates—the natural proteins.
This limits the functions of engineered proteins to those similar to natural proteins. In order
to engineer proteins with truly novel structures and customized functions, we need to be able
to predict the structure and function of a protein from its primary structure. This requires
overcoming two major hurdles in understanding: first, how proteins fold into unique
three-dimensional structures and second, how structure determines biochemical function. As
a deeper insight is gained into sequence-structure-function relationships, rational protein design
will become more feasible. Looking ahead, protein engineering will play increasingly impor-
tant roles in making new molecular tools, in designing better industrial enzymes, in produc-
ing biomaterials with novel properties and in rewiring cellular pathways related to human
diseases.
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CHAPTER 3

Past, Present, and Future

of Gold Nanoparticles

Travis Jennings and Geoffrey Strouse*

Abstract

olloidal gold nanoparticles have been around for centuries. Historically, the use of gold
‘ nanoparticles has been predominantly found in the work of artists and craftsman

because of their vivid visible colors. However, through research, the size, shape, surface
chemistry, and optical properties of gold nanoparticles are all parameters which are under con-
trol and has opened the doors to some very unique and exciting capabilities. The purpose of
this chapter is to review some of the important discoveries and give background in regard to
gold nanoparticles. First, the most common wet chemical methods toward their synthesis are
reviewed, specifically discussing routes toward spherical colloidal synthesis and controllable
rod formation. Next, because many applications of gold nanoparticles are a result of their
magnificent interactions with light, some of the basic optical-electronic properties and the
physics behind them are elucidated. Finally, by taking advantage of the optical-electronic prop-
erties, numerous proven applications for gold nanoparticles are discussed, as well as their pre-
dicted applications in the future.

Introduction to Gold Nanoparticles

The future success of nanotechnology is akin to capturing a wild horse: powerful and full of
potential but must be tamed before it will be useful. The taming of any beast requires a deep
understanding of the basic fundamental traits that govern behavior, which, for a nanomaterial,
is a combination of primarily composition, size, and shape. In order to advance nanotechnology
for applications in bioengineered devices and high speed electronics, development of methods
to understand and control the behaviours of nanomaterials is needed.

A nanomaterial may be defined as any material (insulator, conductor, semiconductor), which
has been controllably synthesized on the size range of roughly 1 to 100 nm. At this size and
dimensional range, essentially any material will exhibit different properties than it would as an
atomic cluster or as the larger bulk material. In fact, a change in the nanomaterial’s size confers
dynamic properties upon the system, and is commonly used to manipulate the light absorption
and photoluminescence properties, as well as magnetization and electrical conductivity. Metal-
lic gold nanoparticles have long been a popular choice of nanomaterial for many scientists to
work with due to their facile methods of synthesis, the high degree of control over shape and
size, their long-term stability in a wide variety of solvents and pH conditions, and their condu-
cive nature toward surface-molecule (ligand) modification. The ability to controllably choose
the ligand attached to a nanoparticle (NP) surface, such as proteins or nucleic acids, introduces
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a means by which the nanoparticle may be directed to a targeted site in a body or in a cell for
either detection, diagnostics, or therapeutic purposes. Further, the effective use of a nanomaterial
probe requires an understanding of both the relationship that exists between the material type
chosen and the physical dimensions of the nanomaterial as well as the effect of ligands on the
optical-electronic properties of the NP.

The purpose of this chapter is to provide an overview of the wide variety of different gold
nanomaterials and their optical, electronic, and magnetic properties. At the end of this discus-
sion, a review of their use in medicine and diagnostic applications will be discussed.

Synthetic Routes of Materials Synthesis

In comparison to most inorganic nanomaterials, gold nanoparticles can be synthesized in
the largest variety of shapes and sizes. The most common shape, and arguably one of the easiest
to synthesize, is the simple sphere. In the synthesis, gold chloride is added to aqueous solvents
in the presence of a reducing agent. Gold nanoparticles are quickly formed, as observed simply
by the change in the color of the solution (light yellow goes to red). Growth is rapid and no
crystallographic face is favored over others when a neutral stabilizing agent such as citrate is
used to bind the surface. In most solution-phase synthetic methods, stabilizing agents such as
phosphine, thiol, carboxylate, or amine containing molecules are often used. These molecules
are important primarily in mediating the interactions between the NP surface and the sur-
rounding bath. Without stabilizing agents, particles in solution are more susceptible to either
oxidation or the attractive interparticle Van der Waal’s forces which cause them to aggregate
and precipitate from solution. The most successful approaches to controlling nanoparticle size
and dispersity are therefore often dependent upon the choice of ligand, surfactant, or stabiliz-
ing agent.

Spherical Metal Nanoparticle Synthesis

Figure 1 outlines a scheme for the size-controlled growth of gold nanoparticles where the
ultimate size is chosen by the ratio of tannic acid to citrate used to reduce Au(III) into metallic
gold nanoparticles. Tannic acid is a more aggressive reducing agent than citrate and will nucle-
ate gold centers rapidly, followed by the more mild citrate reduction onto the existing nuclei.
Geuze et al. used this difference in reduction activity to selectively grow gold nanoparticles at
sizes from ~3 to 17 nm with very narrow size distributions.! With a smaller amount of tannic
acid, upon mixing with a solution of Au(III), a small number of nuclei are formed, leaving the
citrate to finish reducing the rest of the Au(III) onto these cores. The extra reducing step results
in larger nanoparticles. However, the injection of higher concentrations of tannic acid results
could lead to smaller nanoparticles because this higher concentration leads to the rapid forma-
tion of a greater number of nuclei. This method could also be used to prepare larger sized gold
nanoparticles (up to ~-50 nm diameter),however this could lead to greater heterogeneity in size
distribution.

The formation of smaller particles, below 3 nm diameter, requires even more aggressive
reducing agents. Murray et al. and Hutchison et al. have both shown separately that the use of
sodium borohydride at room temperature is aggressive enough to nucleate and form small
nanoparticles from 1.5 nm? up to 5.2 nm.’ For studies such as these, stabilizing agents such as
phosphines or alkanethiols are important to control the reaction and maintain narrow size
distributions.

Gold nanoparticles are stable in aqueous media and require no special handling or storage
for up to many months. In order to clean the nanoparticles from the reaction solution, it is
common to precipitate the nanoparticles through the addition of salt. Cleaning refers to the
purification of gold nanoparticles from the reducing agents, excess ligand, or other impurities
in the solvent. The increased salt concentration helps screen charge between neighboring par-
ticles in solution so that Van der Waal’s attractive forces take over and the aggregated particles
will precipitate out. The aggregation of colloidal gold nanoparticles is easily characterized by
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the visible shift in color from ruby red to a dark blue. A researcher may run into trouble,
however, if citrate is the only stabilizing ligand available in solution because the particles may
never resuspend after the first precipitation. Therefore, it is generally a good idea to perform a
ligand exchange using a ligand with greater binding affinity to the metal surface, such as a
phosphine or a thiol, prior to cleaning procedures.

Rod-Shaped Metal Nanoparticle Synthesis

Metallic nanorods differ from spheres because they have a particular aspect ratio in which
the material is elongated along a single dimension, keeping the other two dimensions approxi-
mately equal. In order to synthesize nanorods, it is necessary to limit growth direction to a
single axis. Physically, this is accomplished by reducing metal salts inside either rod-shaped
micelles such as those formed in solution by cetyl trimethyl ammonium bromide (CTAB), or
by a hard template approach such as anodized porous alumina.? The use of a spherical gold
nanoparticle as a seed may aid the rod growth inside a micelle to form gold and silver nanorods
of high uniformity and controllable aspect ratio in solution.’ The advantage of hard templated
routes for nanorod synthesis is the ease of adjusting the length and hence the aspect ratio of the
rod. Further, this method can be used to prepare rods up to microns in length. Micellar tem-
plates, on the other hand, require less work or special equipment and may be more practical for
large scale synthesis but have greater difficulty in controlling the morphology and aspect ratio

of the rod.

Optical and Electronic Properties

An excellent example of how colloidal metal particles interact with light is the stained glass
windows from any European Gothic cathedral up to the 15th century. The artisans of the day
achieved the brilliant blues, reds, yellows, and greens in the glass windows by mixing metal
chlorides into molten glass before pouring it. The metal chlorides nucleated and formed
nanoparticles in the molten glass before cooling, making art one of the first uses for
nanotechnology.

Although bulk gold and silver are widely known for their lustrous surfaces and colors, there is
a drastic color difference when the metal reduces in dimensions. As mentioned above, gold and
silver nanoparticles are responsible for transmitting the brilliant colored light through stained
glass windows, yet these colors do not resemble the characteristic yellow or bluish reflective sur-
faces of the bulk metals. Although the artisans did not know it at the time, the mixing of the metal
chlorides with molten glass led to the formation of metallic nanoparticles of different shape and
size, hence the physical dimensions of the metal nanoparticles had interesting interactions with
light and produced visibly beautiful colors. How do these nanoparticles interact with lighe? The
answer to this question lies in the understanding of surface plasmon resonance (SPR) phenom-
ena, which are deeply affected by the nanometal shape and environment.

Figure 2 shows the differing electronic interactions that NP structures may exhibit with
passing photons of light. The oscillating electric field of a light ray propogating near a colloidal
gold nanoparticle will interact with the free electrons. This causes a concerted oscillation of
electron charge that is in resonance with the light frequency. These resonant oscillations are
known as surface plasmons, which may also be thought of as giant electronic dipoles whose
strength and energy depend upon the both shape and size of the NP. For example, colloidal
rods display two plasmon modes that differ in energy due to the length and width of the
nanoparticle. A sphere is symmetric about any perspective, and may only be characterized by a
transverse plasmon mode, while a rod will display longitudinal modes as well as transverse due
to the elongation about a single axis. The longitudinal plasmon mode is shifted to lower and
lower energy as the aspect ratio of the rod increases, while the transverse mode is consistently
centered around 520 nm absorption wavelength. Indeed, this effect may be seen colorimetri-
cally because a well-dispersed spherical colloid solution of gold nanoparticles will appear a
magnificent ruby red, while a dispersion of gold nanorods will take on a brownish color to the
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Figure 2. Free electron clouds will interact with the electric field of a glancing light ray. The type
and magnitude of this interaction will depend upon the size and shape properties of the nanometal.

eye as the longitudinal plasmon absorption removes red wavelengths from the transmitted
light. Aside from the characteristic longitudinal plasmon shifts with differently shaped struc-
tures, NP size will yield a pronounced affect upon the transverse plasmon mode. To better
understand the affect of nanoparticle size on the optical-electronic properties of gold nanospheres,
we will approach the scenario from a “bottom up” view.

The properties of bulk solids can often be described through an inspection of the evolution
of electronic states from atoms to clusters to bulk solids. Metals are no different. Fermi-Dirac
statistics state that no two electrons may occupy the same quantum state at the same time. The
ramifications of Fermi-Dirac statistics into band structures of matter can be illustrated with a
simple state-splitting model (see Fig. 3). As more and more atoms are added to any system, that
system will go from atomic-like electronic energy levels to more complex levels, yet still discrete
energy splitting in the cluster form, until the difference between neighboring energy levels
becomes indistinguishable. In this case, the energy levels are considered to be a continuous
“band” of energy and no longer discrete. Although all matter types exhibit this behavior, band
structure is most commonly split into 3 relativistic categories: Insulators, Semi-Conductors,
and Metals. The difference between each of these categories relies upon the relative energy
difference between the bottom of the conduction band and the top of the valence band. For
metals, the Fermi energy, Ef (defined as the highest energy level achieved for all fermions at
absolute zero), overlaps with the conduction band; this allows movement of energetic electrons
within the solid. This property of electronic states for metals gives rise to their conduction
properties, which directly influences the optical properties.

In the past couple of decades, research has shown an intensified interest in the electronic
and optical properties of materials as their dimensions are reduced to the nanometer scale. The
electronic properties are changed drastically as the density of states decreases and the spatial
dimensions of electronic motion become confined. These changes in properties are also trans-
lated into dynamic optical properties because the interactions of a material with light are pri-
marily electronic in nature. Surface plasmon modes are one of the most interesting dynamic
properties of metals as dimensions become confined.

The physical origins of SPR bands come from the coherent interaction of conduction elec-
trons with an incident light wave. When the frequency of the external electric field (incoming
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Figure 3. Scheme of energy splitting from the atomic level up to bulk solid. Electrons follow
Fermi-Dirac statistics and therefore split levels as more atomic states are added. Eventually there
are enough states that the energy splitting between states becomes indistinguishable and is
considered to be a continuous band of energy. This demonstrates band formation for a semicon-
ductor where there is an energy gap between the valence and conduction bands. For a bulk metal
system, these bands form one continuum.
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light frequency) becomes resonant with the coherent electronic motion, the glancing light ray
is strongly absorbed by the metal electrons. In general, a passing electromagnetic field may
interact with the conduction electrons in any metal as described by absorption features, how-
ever the interaction is greatly enhanced within the bandwidth of surface plasmon modes. In the
planar metal case, the metal film must be illuminated through a material of higher dielectric for
the observation of surface plalsmons.6 However, for metal NPs this condition is relaxed and
there are no special requirements for the generation of SPR.”® This is the reason that colloidal
noble metal NPs display vivid colors in solution under ambient conditions.

When Mie solved for the optical extinction of colloidal metal particles, he performed his
calculations under the Drude model. This assumes the positive atom cores are immobile while
the conduction electrons are treated as a gas, characterized by similar properties such as the
relationship between pressure and the mean-free path of a particle. Pressure for a gas is deter-
mined by the density of particles and the average kinetic motion for the system. The mean-free
path of a particle in such a system is therefore directly affected by these parameters, where an
increase in density or temperature inversely affects the mean-free path of a particle. The Fermi
function gives the probability that a particular energy state, E, will be occupied at a given
temperature. The function has the form:

1
(B) =y —
S\E JNE=Ef)RT M

where E¢is the Fermi energy of the metal, k is Boltzmann’s constant, and T is the temperature.

Metals have within some volume (considered to be finite but inconsequential for the bulk
system), a certain density of free-electrons above the Fermi level for a given temperature. Equa-
tion 1 relates the number of free electrons to the temperature of the system where an increase in
the temperature increases the number of free electrons in the same volume. The increased
density of electrons at higher temperature will decrease the electron mean-free path, and there-
fore the conductivity, because the electrons will tend to collide more frequently with each
other. Although this relation between temperature and decreased conductivity has been under-
stood for a long time, physical scientists have begun to ask questions regarding the optical and
electronic properties when the dimensions of a metal fall below the mean-free electron path.®!!
Figure 4 demonstrates the difference in absorption features that occur as the diameter of the
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Figure 4. Colloidal gold absorption data ford = 1.4 nm (black), 1.5 nm (blue), and 6 nm (red) NPs
in 20 mM phosphate buffer saline. Below ~2 nm diameter, gold NP’s exhibit mostly featureless
absorption data with an onset beginning at 1.7 eV (730 nm) due to interband absorption and
rising to the UV. When d >2.0 nm the NP displays SPR behavior, giving rise to the large absorption
band centered at 525 nm.

NP moves from very small (d = 1.4 nm) to the larger sizes where SPR behavior begins to
dominate the region from 450 - 650 nm, (2.8 - 1.9 eV).

Generally, for metallic NPs larger than 20 nm it is assumed that the particle is much smaller
than the wavelength of interacting light. A mathematical equation describing the absorption of
a colloidal system’s interaction with light was solved by Mie in 1908,'* which provided a rela-
tionship between absorption and scattering and the observation of distinct solution colors of
metallic NPs. When NPs are much smaller than wavelength of the interacting light (<20 nm),
only the dipole induced by the electromagnetic wave contributes significantly to the absorp-
tion cross section. Mie’s theory can then be reduced to the form:

_9-V‘£?n/2_ w'sz(w)
¢ [sl(w) +2£m]2 + e(a))2

where V is the particle volume, »° is the angular frequency of the exciting light (2zv), ¢ is the
speed of light, ¢, is the dielectric of the surrounding medium, and e(w)=¢;(w)+ie2(w) is the
dielectric of the metal. The mean-free path of an electron is the average distance that each
electron can move inside the metal structure before colliding with either another electron, a
phonon (vibration), or the surface potential. For bulk gold, the mean free path has been mea-
sured and is reported as 430 A,'> which begs the question: What happens to the optical prop-
erties and electronic states of a gold NP as its dimensions drop below 43 nm? Kriebig suggested
that once the dimensions are reduced below the mean-free path, the surface scattering of elec-
trons may begin to dominate the optical response.'® Kriebig et al. and Alvarez et al. applied

()
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theoretical dielectric functions to the experlmental results of small gold NPs to as an attempt to
model the light absorption of gold NPs as size is decreased.”

For metals, the dielectric constant &y, is a combination of real and complex values, which
take into account the lagging response of conduction electrons in an accelerating field due to a
smeared positive background (ionic core atoms). The Drude model is often used to describe
dielectrics of metals (see equation 3):

w 12, iw [2,0)3

£1D(w) =1- +
2 2
W+ wo w(w2 +w§)

(€)

where (»pz =[ne*/(eg mes )] is the bulk plasmon frequency (8.89 eV for Au) in terms of the
free-electron density, n, the fundamental electron charge, e, the permittivity of a vacuum ¢,
and the electron effective mass meg. The frequency of inelastic collisions, w¢ from
electron-electron, electron-phonon, electron-defect, etc. is usually very small, however can be-
come a dominant term for very small NPs. The interband transitions account for the response
of the 5d electrons and are nearly constant, but response of the Drude free-electrons can be
greatly affected by the decreased size and electron-surface scattering. Therefore, the use of a
surface damping vy term for the small sizes has been suggested in place of w:’

r(r)=ro+A—ZF )

where A is called the proportionality factor which includes details of the scattering process. Its
value ranges from 1 if isotropic, to 3/4 if diffusive, and zero if elastic. vg is the Fermi velocrty of
an electron in the metal, (gold = 1 4x10% cm/s). Usrng Equation 4 as the dominant scattering
term in Equation 3 yields a full expression for the size dependent (R) dielectric constant.

w, . wy(yo+Avp/R)
w? +(yg +Avp/R)2 w? +(yo +A1/F/R)2

s(w,-R) =1- (5)

The inclusion of this surface dampmg term gave good agreement between experlrnental
and theoretical results for Kriebig' for particle sizes down to 3.1 nm but the smaller NP sizes
did not fit into this equation. Alvarez et al. developed the equation for NPs below 3.1 nm.

Alvarez et al. compared the optical absorption spectra for a series of gold NPs from d = 1.7
nm to 2.5 nm by separating out the interband and Drude components from the total dielectric
function:

81(a))= £113(60)+81D(a)) (6a)
82(w)= 5213(60)+82D(a)) (Gb)
where the Drude-like terms may be calculated by:
2
)
£1D(w)=l—m (7a)
2.
£2p(0) = — L2 (7b)
olo? + o}

By substituting Equation 4 in as the damping term, oo, these equations have size-dependence
built into them, exactly the same as Kriebig has done.

Figure 5 demonstrates the behavior of each dielectric as a function of optical energy. The
dielectrics were calculated using the values for optlcal constants of gold published by Johnson
and Christy'® together with the relationships: €, = n*-k* and ¢, = nk. The separation of the
interband and Drude terms from each other was accomplished by fitting the Drude segments
to spline graphs, analogous to the efforts of Alvarez. Doing this allows the recalculation of the
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Figure 5. (Left) Real part of the dielectric constant for gold as a function of optical energy. (Right)
Imaginary part of the dielectric. The bulk values represented by the solid line (—) have been
extracted and plotted from the published values of Johnson and Christy. The Drude contribu-
tions (...) have been spline fit and subtracted to isolate the interband contributions (- - -).

Drude contributions, which has a strong relationship to size, using Equations 7a and 7b.
Because the interband contributions (neighboring energy levels inside a band) are constant,
even at the smallest measured sizes of 1.4 nm, only the Drude terms (free electrons contribu-
tions) need to be recalculated.

The extinction spectrum can be calculated, therefore, using these new size-dependent di-
electric functions together with Equation 2. Figure 6 shows three calculated extinction spectra:
one for bulk gold, one for a 6 nm NP, and another for a 1.5 nm NP. The disappearance of the
plasmon absorption is obvious at smaller sizes, which is consistent with a lower density of free
electrons. Although the density of electrons is dropping at these smaller sizes, Alvarez et al.
realized some very interesting results when trying to fit the theoretical results to the experimen-
tally measured values.

The original attempts to fit the experimentally measured optical absorption spectra for
small gold NP’s resulted in poor agreement with the theory. Allowing the volume of the
particle to float mathematically as a variable in their extinction calculations (Equation 2)
resulted in greatly improved fits to experimental data. Essentially, this has the effect of changing
the electron density and if ligands chemisorbed onto the metal surface, the ligands can do-
nate electrons into the metal. This means gold NPs from 1.7 - 2.5 nm in diameter may have
free electron densities higher than would normally be predicted and the theoretical extinc-
tion within the dipole approximation is best obtained when electron density is allowed to
float mathematically.
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Figure 6. Theoretically generated gold extinction spectra using the dielectric terms calculated
exactly analogous to Alvarez et al. The solid line (—) is the spectrum for bulk gold calculated
using exactly the values published by Johnson and Christy. Also calculated are exctinction
spectra fora 6 nm gold NP (- - -) and for a 1.5 nm NP (---). All spectra were normalized at 4.0 eV.

Metal Nanoparticles in Energy Quenching

In the mid 1960s, Karl Drexhage performed some very interesting experiments in which
dipole emitters were suspended at well-controlled distances above planar metal surfaces.!®'®
He noticed some very surprising results from these studies in which the fluorescence quantum
yield was heavily quenched at close distances (<1-30 nm) and then began to oscillate at longer
distances more on the wavelength scale of the emitted radiation, sometimes even increasing the
quantum yield above its native value! These experiments prompted a host of theoreticians to
attempt explanations for the observed behavior of fluorescent molecules near conducting metal
surfaces. Notable among the resulting theories is the work of Chance, Prock, and Silbey as well
as Persson and Lang for explaining the quenching effect of metals on fluorescent dyes."”** The
models set up by these theoreticians explain that an oscillating excited state dipole of a dye
molecule is also an oscillating electric field which can interact with the free electrons of a
nearby metal. As Figure 7 illustrates, time-dependent changes in an electric field may induce a
current in the metal, or even form electron-hole pairs in appropriate conditions. Persson and
Lange proposed a relation in separation distance between the gold surface and the emitting
molecule which is related to the inverse distance to the fourth power. Also, just as important in
the Persson and Lang theory is a dependence on electron scattering within the metal surface to
quench the photoluminescence of a nearby molecule.
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7

Figure 7. An excited state dipole suspended over a metal surface will assert an oscillating electric
field over the surrounding environment. This can lead to the creation of electron-hole pairs in
metallic interband transitions.

The theories of Persson and Lang are profound if proven to be true, because this means that
metal nanoparticles may be used as molecular beacons and rulers in many applications (e.g.,
determining molecular distances and kinetics of reactions). This is akin the popular of Férster
Resonance Energy Transfer (FRET) technique, which is one of the key technologies in molecu-
lar biology and bioengineering. Strouse et al. compared the theory to experimental data using
double-stranded DNA for well-defined separation distances between 1.4-1.5 nm gold particles
and florescein dye.?""*? The experiments used very small gold nanoparticles in which the trans-
verse surface plasmon mode is not pronounced and yet achieved fluorescence quenching that
followed a 1/d* separation dependence as predicted by Persson and Lang. The implications of
this study are that gold nanoparticles as small as 1.4 nm diameter maintain band structure
similar to bulk gold, but display increased electron scattering frequencies against the surface
potential, as explained by Alvarez et al. which enables them to quench fluorescence emission
according to the predictions of Persson and Lang. The term, Nanometal Surface Energy Trans-
fer (NSET) was coined to describe the process of dye quenching by metal surfaces and set it
apart from FRET, which is more dependent upon separation distances and energy overlap
between donor acceptor pairs than is NSET.?" The quenching of molecular dyes by gold
nanoparticles is now well documented and described both theoretically and experimentally,
has progressed beyond the physical characterization steps, and is being utilized to monitor
molecular distances and reaction rates.”

All of the unique optical and electronic properties of metallic nanoparticles provide the
basis for the use of metallic NPs in biomedical applications. The unique relationship between
the SPR, NSET and NP size turns out to be useful in many biomedical engineering applica-
tions such as the diagnosing or treating of disease in the near future.
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Practical Uses of Gold Nanomaterials

Many of the properties of gold nanometal colloids make them particularly amenable to
biological applications, namely: they are highly customizeable in size, shape, and surface chem-
istry, they are stable in a wide variety of environments, they are inert, non-toxic, and they have
controllable optical-electronic properties. In this section, we will discuss the use of these mate-
rials for biological sensing and medical therapeutic applications.

Gold NPs demonstrate massive dipole interactions with light rays, and, like we mentioned
catlier, these SPR bands are very sensitive to their environment. Plasmon resonance is the basis
behind a popular analytical technique for biomolecular detection, where the index of refraction
changes upon biomolecular binding (e.g., protein) to thin gold films. Mirkin and coworkers used
such a technique to monitor nucleic acid interactions through shifts in colloidal gold SPR bands.?

As previously described, the aggregation of gold nanoparticles may be characterized by a
drastic shift in color from red to blue. The color shift is a result of the interacting electric fields
of neighboring particles and has a tendency to lower the resonant frequency of plasmon oscil-
lations (lower energy SPR absorption band.) The closer particles get to one another, the greater
the magnitude of this shift. Shifting SPR energies therefore give the basis for colorimetric tests
using capture-target biomolecular binding schemes. Figure 8 (left) demonstrates this colori-
metric scheme for the detection of specific DNA strands. When gold nanoparticles containing
a specific recognition strand of DNA are introduced to a solution in which the complementary
strand is also bound to gold nanoparticles, the proper hybridization will draw the nanoparticles
together and shift the SPR frequency to lower energy. A change in the color of the solution
leads to the detection of the DNA strands.

The use of gold nanoparticles in biomolecular detection schemes have advanced rapidly by
Mirkin’s group to include not only shifting in the SPR bands for colorimetric detection but to
incorporate silver ion reduction into the detection platform for enhanced detection sensitivity
via darker color intensity or surface-enhanced Raman spectroscopy (SERS).” Using a
surface-based capture assay, a gold NP containing a specific sequence of single-stranded DNA
will bind to a patterned surface of different complementary sequences. After washing the slide
to remove non-specifically bound NPs, only the patterned regions of interest contain gold NPs
via DNA hybridization. The NPs can then be detected either colorimetrically by reducing
silver ions onto the gold NPs for an enhanced color change, or using SERS. The use of many
spots combined with the unique DNA sequence on each spot can be used for high-throughput
analysis and detection of genes or for profiling hereditary disease or genomic-based pathogen
detection.

In addition to Mirkin’s group, Libchaber et al. demonstrated the use of gold nanoparticles to
detect single basepair mismatches of complementary DNA by using the electronic properties of
gold particles not in an absorption based colorimetric assay, but as the quenching species of a
fluorescent molecule.”® Figure 8 (right) demonstrates the experiment performed by Libchaber et
al. in which a hairpin loop of single-stranded oligonucleotide sequence was synthesized to contain
a small gold NP at one end and a fluorescent dye at the other. When the oligonucleotide is
wrapped up in the hairpin loop, the fluorescent dye and the NPs are very close together and the
dye is incapable of emitting photons of light. However, if a matching oligonucleotide sequence,
or sequence to be detected, with a perfect complementary match is introduced into solution, the
hairpin structure will unravel to form a linear double-stranded structure that is more stable than
the hairpin conformation. As a result, the dye and NP are spatially separated and this leads to the
dye emitting photons of light. The output output correlates to the concentration of the sequence
to be detected, which can be from cells or tissues associated with a disease. Although the ability for
a gold NP to quench the fluorescence of a dye molecule is clear, the mechanism responsible for
this observation requires further elucidation.

Aside from colorimetric assays and NSET fluorescence quenching, the SPR of spheres,
rods, and even gold shells is being hotly pursued for the potential use in photothermal therapy.
The SPR band, as described earlier, is a gigantic dipole, with extinction coefficients ranging
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Figure 8. Colorimetric detection scheme as developed by Mirkin et al. The hybridization of
complementary surface-bound DNA strands brings gold nanoparticles together, which affects
SPR behavior and will change the visible color of the solution.

into the billions (M"'cm™) if the particles are large enough. It was realized that this massive
absorption feature could extend metallic nanoparticles toward therapeutic purposes. Gold NPs
are (mostly) non-photoluminescent structures where the absorbed energy by the NP are mostly
dissipated to the surrounding environment as heat. If the NP exists in an environment such as
a tumor cell, then the heat dissipated by the NP through light absorption will locally destroy its
environment, leaving the healthy neighboring cells alone. To accomplish this goal, of course,
the gold NPs must first target specific cancerous cells and not internalize into the healthy ones.
The use of specific targeting antibodies, such as Herceptin’s affinity for breast cancer, may be
employed toward this end. Studies to understand the cell’s uptake dependence on shape and
size are being performed,?” as well as the efficiency of photothermal therapy to destroy specific
cells while leaving healthy cells in tact are being performed in-vitro.”*** Rod-shaped NPs may
prove to be particularly useful for photothermal therapy because the longitudinal plasmon
mode in the near IR wavelength range will be more accessible for external illumination through
skin tissue or blood than is the transverse plasmon mode.

We have provided some descriptions of the applications of metallic NPs. Since the applica-
tion of this technology is so broad (and difficult to describe all applications), we recommend
the interested reader to some excellent recent reviews on this topic.®'

Conclusions

Although not considered as sexy as their brightly-emitting semiconductor quantum dot neigh-
bors, gold NPs are perhaps finding the widest variety of applications in biology and medicine.
This is mostly due to their ease of synthesis and control over shape, size, surface chemistry, and
particularly their stability in almost any biologically relevant environment. While many research-
ers struggle to gain control and understanding of the semiconductor nanomaterials, gold NPs
have been reliably present, offering their unique optical properties for assistance, which has led to
their unique involvement in unconventional treatments and assays. As stated in the introduction,
the usefulness of any physical material lies within the ability to both understand and control it,
which makes the gold NP “beast” possibly the most tamed of all nanomaterials.
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CHAPTER 4

Multi-Functional Gold Nanoparticles
for Drug Delivery

Gang Han, Partha Ghosh and Vincent M. Rotello*

Abstract
ulti-functional gold nanoparticles have been demonstrated to be highly stable and
M versatile scaffolds for drug delivery due to their unique size, coupled with their
chemical and physical properties. The ability to tune the surface of the particle
provides access to cell-specific targeting and controlled drug release. This chapter describes
current developments in the area of drug delivery using gold nanoparticles as delivery vehicles
for multiple therapeutic purposes.

Introduction

Nanomaterials are of great interest in blology and medicine, owmg to their numerous appli-
cations including DNA/ protein detection,' biomolecular regulators,” cell imaging® and cancer
cell dlagnostlcs Currently, the use of nanomaterials as drug delivery systems has become an
emerging area in the field of nanomedicine. A wide variety of nanomaterials, such as nanotubes,’
nanorods,® and nanoparticles,” have been explored as carriers for delivering “small-molecule”
drugs, proteins, and genetic materials, exploiting their unique dimensions and specific physical
and chemical properties. These novel drug delivery systems offer the opportunity to improve
poor solubility, limited stability, biodistributions, and pharmacokinetics of drugs as well as
offering the potential ability to target specific tissues and cell types.

Multi-functional gold nanoparticles are attractive organic-inorganic hybrid materials com-
posed of an inorganic metallic gold core surrounded by an organic and/or biomolecular mono-
layer. They provide many desirable attributes for the creatlon of drug delivery systems. First,
the core materials of gold are chemically inert and nontoxic.® Second, essentially monodisperse
nanopartlcles can be fabricated with tunable core shape and size, providing a wide range of
attractive propertles, including controllable plasmon resonance for photo-thermal therapeutic
treatments using a light at the visible or near infrared (NIR) regions. 9Third, the umque nanoscale
dimension of gold nanoparticle prov1des a large surface area for efficient conjugation and pro-
tection of drugs and targeting ligands.'® The attachment of payload can be readily achieved by
either noncovalent interaction (e.g., DNA, RNA or proteins via electrostatic interaction) or
covalent chemical conjugation of “small molecule” drugs. Finally, the well-defined surface chem-
istry allows modulation of monolayer properties of nanoparticles in highly divergent fashion
with a wide range of ligand functionality. This provides an effective drug delivery system to
ensure cellular uptake, controlled payload release, and specific cells targeting.
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Email: Rotello@Chem.umass.edu
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Recently, a number of reviews concerning nanoparticle-based biological applications have
been published, focusing on biosensing,'! diagnostic applications,'* and nanoparticle-biomolecule
assemblies.’® In this chapter, we will detail the advances made in multi-functional gold
nanopaticles as drug delivery systems. Focus is given to the use of these systems for controllable
and targeted release of the drug.

Gold Nanoparticles as Nucleic Acid Delivery Vehicles

Gene therapy is a highly promising approach for the treatment of genetic disorders.'* One
of the current limitations with this process is in the design of effective gene-delivery vectors for
transporting plasmid DNA, small interfering RNA (siRNA), or antisense oligonucleotides con-
trollably and specifically into living cells. Although viral vectors are very effective,'® they have
raised many safety concerns such as unpredictable cytotoxicity and immune responses.'® In
this regard, nonviral synthetic materials have been developed as gene delivery carriers.'” To be
effective, those materials must meet several requirements, such as the ability to condense DNA
into compact complexes which can be readily taken up by cells, the efficient protection of
DNA from degradation by nucleases, and the release of DNA in functional form.

Nanoparticles provide attractive scaffolds for the creation of DNA delivery vectors due to
their tunable attributes, such as size, shape, and surface functionality. Rotello et al have
demonstrated that gold nanoparticles covered with quaternary ammonium groups interact
with plasmid DNA through electrostatic interactions,'® resulting in effective protection of
DNA from enzymatic digestion.'” These highly stable DNA-nanoparticle complexes provide
an effective vector for gene delivery. The effects of varying nanoparticle monolayer (e.g., posi-
tive charge coverage and various lengths of unfunctionalized alkane thiols) as well as
DNA-to-nanoparticle ratios were systemically investigated to establish the optimal parameters
on the efficiency of transfection of mammalian 2937 cells (Fig. 1).%° The results showed that
an excess amount of nanoparticles was required to enable the DNA-nanoparticle complex overall
positive charge for effective cellular uptake. It is also found that amphiphilic particles were
superior to purely cationically-functionalized systems on the transfection efficacy, which was
~8-fold more efficient than polyethyleneimine (PEI), a widely used gene delivery agent, and
60-fold more efficient than reported silica nanoparticles.

In a subsequent study, Klibanov et al have modified the surface of gold nanoparticles using
branched 2 kDa polyethylenimine (PEI) to investigate their transfection efficiencies into monkey
kidney (Cos-7) cells.” It was found that the transfection efficiency varied with the PEI:gold
molar ratio in the conjugates, with the best one being a dozen times more potent than the
unmodified polycation. Their study also suggested that increasing the hydrophobicity of the
transfection agent could enhance cellular internalization.

Very recently, Nagasaki and coworkers described a novel cytoplasmic delivery system of
siRNA using gold nanoparticles.”> The thiolated siRNA was coated on the surface of gold
nanoparticles with poly (ethylene glycol)-blockpoly(2-(N,N-dimethylamino)ethyl methacry-
late) copolymer (PEG-PAMA). These PEGylated gold nanoparticles containing thiols on the
siRNA showed a significant RNAj activity in HuH-7 cells.

Positively charged synthetic materials are generally used as nonviral transfection vectors to
ensure cellular uptake. Mirkin et al have recently shown that gold nanoparticles (Au NP) at-
tached with single stranded oligodeoxynucleotides that feature negative charges can be used for
gene therapy (Fig. 2).2* Fluorescence images obtained by incubating the cells with DNA (la-
beled with a fluorophore) conjugated nanoparticles revealed their cellular uptake. The DNA
on particle surface binds with its complementary strand with higher affinity compared to the
unmodified DNA. Moreover, the DNA strand conjugated with the particle is less susceptible
to nuclease activity. These properties render the NP-DNA conjugates excellent intracellular
gene regulation agents. By conjugation of antisense DNA with gold nanoparticle, the protein
expression level was controlled. EGFP-expressing C166 cells were incubated with antisense
DNA functionalized nanoparticles (ASNP). Due to EGFP gene knockdown, reduction in



50 Bio-Applications of Nanoparticles

ARk % "B g «|C
\—\AM/?: M E © E
15 6 H 8c w0
B i
T e, E ] a o
S i—' 5w §5
5 MMA-_.\/ Py
SRy z sE
¥ "~ £ w £ o
= 2
E B
MMPC 1 2 3 4 5 6 7 L 3 e % o 5 o 4 i i )
Covrage 100 85 68 8 S8 77 69 MMPC MMPC "

Figure 1. A) MMPCs used for transfection. B) Transfection of p-galactosidase mediated by forma-
tion of various MMPC-DNA complexes at 2200:1 nanoparticle/DNA ratio. C) Transfection with
MMPCs 5, 6, 7 (2200:1 nanoparticle/DNA ratio) and PEI (60 kDa). All transfections were per-
formed in the presence of chloroquine (100 uM) and serum (10%).
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Figure 2. A) Antisense DNA modified gold nanoparticle (ASNP). B) Before and C) after incubation
with antisense DNA functionalized nanoparticles for EGFP-expressing C166 cells. (Rosi NL, et
al. Science 2006; 312:1027-1030.%* Reprinted with permission from AAAS.)

fluorescence intensity was observed in cells incubated with ASNP compared to untreated cells
from two photon excitation confocal laser microscopy experiments. This approach provides a
highly efficient gene regulator in terms of high loading of the antisense DNA with little or no
toxicity at the concentrations studied.

Protein and Peptide Delivery Using Gold Nanoparticles

Gold nanoparticle can likewise deliver proteins and peptides of interest. Insulin dependent
diabetes mellitus (IDDM) is characterized by the marked inability of the pancreas to secrete
insulin because of autoimmune destruction of the beta cells of the islets of langerhans. Current
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treatment for IDDM includes insulin administration via subcutaneous route. Research is un-
derway for systems to deliver insulin transmucosally and avoid the traumatic subcutaneous and
intramuscular routes. In recent works, Sastry et al have demonstrated that gold nanoparticles
have the capability of binding with insulin and hence can be used as insulin carriers.?> 3.5 nm
core bare nanoparticle and aspartic acid capped nanoparticle were loaded quantitatively with
insulin presumably via covalent attachment and hydrogen bonding, respectively. Subsequently,
they have shown administration of insulin-loaded nanoparticle in diabetic Wistar rats via oral
and intranasal routes resulted in a substantial diminution of blood glucose levels.

Controlled Drug Release by Gold Nanoparticle

Glutathione (GSH) mediated release represents a nonenzymatic approach to the release of
therapeutic agents in a controlled fashion after delivery to the cells. This strategy is based on the
huge difference in intracellular GSH concentration (1-10 mM?®?”) compared to intercellular
GSH levels (e.g., 2 uM in red blood platsma).28 Recently, delivery vehicles based on disulfide
linkages have been reported the advantage of this method to release DNA and drug molecules
inside cells.?>3° Although this approach can be effective, it is a challenging task to tune the
reactivity of the disulfide linkage. Additionally, thiol-disulfide exchange reactions can occur
with cysteines on the surface of proteins in bloodstream, thus altering the drug carrier’s phar-
macokinetic profiles. However, monolayer protected nanoparticle drug carriers can be expected
to resist the exchange with proteins because of the steric shielding of the organic thiol mono-
layers on the surface. More importantly, the tunable chain lengths and headgroup functionalities
on the monolayers can be used to manipulate the release of payload in response to GSH.

In recent studies, an intracellular concentration of glutathione (GSH) has been em-
ployed as a trigger to restore the transcription of cationic nanoparticle-bound DNA.?!
Trimethylammonium-functionalized mixed monolayer protected clusters (MMPCs) 1 and
2 (Fig. 3A), with different sidechain lengths bind with DNA molecules strongly through
electrostatic complementarity. Therefore, the transcription of DNA by T7 RNA poly-
merase is completely inhibited at an appropriate stoichiometry. The DNA-particle com-
plexes were stable at extracellular GSH concentrations but labile at intracellular GSH
levels, showing dose-dependent recovery of DNA transcription (Fig. 3B). These phe-
nomena are attributed to the place-exchange of the cationic residues of the nanoparticles
with anionic GSH which diminishes the overall positive charge of the particles and sub-
sequently attenuate its electrostatic affinity towards the DNA backbone. Because MMPC
2 with a longer tether was more stable against ligand-exchange than MMPC 1, MMPC2
showed significant recovery of DNA transcription only at higher GSH concentrations.
Therefore, the release of DNA and recoveries of DNA transcription can be tuned through
the choice of monolayer coverage and intracellular GSH levels.

Recently, Rotello et al have demonstrated GSH-mediated release of a fluorophore model of
“small molecule” drug from a monolayer protected gold nanoparticle. The gold nanoparticles
(AuNP) used in this work feature a 2-nm core and a mixed monolayer composed of a
tetra(ethylene glycol)lyated cationic ligand TTMA and a thiolated Bodipy dye, HSBDP?* The
TTMA ligand is used to generate a cationic surface to enhance cellular uptake. The dye mol-
ecule doped into the particle monolayer provides an analog for hydrophobic drugs and allows
facile detection of payload release. Moreover, gold nanoparticles provide excellent fluorescent
quenchers, allowing the timely observation of release of HSBDP from nanoparticles.

GSH-mediated release was first observed in Human liver cells (Hep G2). After the cells
incubated with AuND, strong fluorescence from Bodipy was observed (Fig. 4A). The results
clearly show that multifunctional cationic nanoparticles efficiently penetrated cell membranes
and that the payload dye molecules were successfully released in living cells. The release of
payload from AuNP surfaces arose from GSH, which was confirmed by using glutathione
monoester (GSH-OEt) as an external stimulus to trigger HSBDP discharge (Fig. 4B).
GSH-OEct can offer a method to transiently manipulate intracellular GSH concentrations. In
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Figure 3. A) Structure of the MMPC1 and MMPC2. B) Normalized MMPCs bound DNA transcrip-
tions levels in presence of different concentrations of glutathione.
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Figure 4. A) Representative bright field and fluorescence images of Human Hep G2 cells incu-
bated with AuNP for 96 hours. B) Schematic representation and fluorescence images using
GSH-OFEt as an external stimulus to release HSBDP from AuNP.

this experiment, mouse embryonic fibroblast cells containing ~50% lower GSH levels than
Hep G2, were first treated with varied concentrations of GSH-OEg, and followed by incubat-
ing with AuNP. Increased fluorescence intensity was clearly observed with increasing GSH-OEt
concentration (Fig. 4B). This dose-dependent increase in fluorescence effectively demon-
strates that GSH is responsible for releasing dye molecules from the AuNP carrier.

Several groups have taken advantage of surface chemistry on the MMPCs to realize the
small molecular releasing. For example, Schoenfisch and coworkers showed the efficient release
of NO was established by means of diazeniumdiolate-modified MMPCs.*> However, photo-
chemical release of materials represents a useful orthogonal dissociation mechanism. This ap-
proach provides external control over payload release in a unique site- and time-specific fash-
ion.** To provide transport and photorelease of DNA, Rotello developed a photolabile
nanoparticle that can be converted from cationic to anionic upon irradiation of light, thus
releasing DNA (Fig. 5).35 This monolayer features a photosensitive o-nitrobenzyl ester linker
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Figure 5. A) Schematic illustration for the release of DNA from NP-PC-DNA complex upon UV
irradiation within the cell. B) Schematic presentation of light-induced surface transformation of
NP-PC.
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Figure 6. A) Fluorescence and bright field microscopy images after photo-triggered DNA release
from NP-PC-DNA complex. To clarify the overlap of F-DNA and nuclei stain DAPI; green
(Fluorescein) and blue (DAPI) channel are depicted with red and yellow color, respectively. B)
Confocal microscopy image illustrating that the photo-released DNA accumulates inside the
nucleus. Panel 1, 2, 3 and 4 show four consecutive slices of middle sections of z-series confocal
images (Interval = 1.0 um).

with a quaternary amine headgroups for DNA binding. Near-UV irradiation cleaves the
nitrobenzyl linkage, releasing the positively charged alkyl amine leaving behind a negatively
charged carboxylate group. Effective release was established in vitro using a T7 RNA poly-
merase assay. DNA transcription was restored upon light irradiation. Cell culture studies dem-
onstrated effective uptake and release of FITC-labeled DNA after incubation for six hours
followed by UV irradiation. More importantly, a high degree of nuclear localization was ob-
served for the released DNA (Fig. 6), one of basic criteria for DNA delivery.

Physical properties of nanoparticles can also be used as a tool for drug delivery in living
cells. Skirtach et al have demonstrated the release of the encapsulated drug inside a
nanoengineered polyelectrolyte-multilayer capsules in a controlled fashion at a remote place.*®
Fluorescently labeled polymer was taken as a model for drug molecule and doping of the
microcapsules walls with metallic nanoparticles helps to discharge the encapsulated material.
Nanoparticles absorb the energy from a laser beam of biologically friendly near-infrared (NIR)
region. The absorbed energy causes local heating, and results in disruption of the shells of
multilayer-capsules and hence release of the encapsulated material.
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Targeted Drug Delivery

Site-specific drug delivery can be achieved through a transmembrane receptor mediated
endocytosis pathway. This can be accomplished by conjugating a drug delivery vehicle with a
ligand that specifically recognizes the receptor. Transferrin (TF), a protein, can be employed as
a ligand since many tumor cells overexpress transferrin receptors on their surface. He et al have
reported the enhanced uptake of tansferrin-conjugated gold nanoparticles by tumor cells.”
AFM images were taken to visualize the endocytosis process of TF-gold nanoparticles in hu-
man nasopharyngeal carcinoma cells. A “bumpy surface” was observed on the cells after incu-
bation with Au-TF nanoparticles for 5 h. The cellular uptake of Au-TF conjugates was con-
firmed by transferrin competition experiments using confocal scanning laser microscopy. Images
were taken after incubating the cells with nanoparticles alone, fluorophore-labeled Au-TF and
Au-albumin nanoparticles (Fig. 7). Only cells treated with Au-TF nanoparticles showed con-
siderable fluorescence.

Conjugation of folic acid on the surface of drug delivery systems (DDS) provides another
strategy for targeted drug delivery since folic acid receptors are upregulated in various tumor
cells.?® Recently, Andres and coworkers have successfully demonstrated the sgeciﬂc uptake of
folate-conjugated gold nanoparticles by folate receptor-positive tumor cells.”” A polyethylene
glycol (PEG) chain was anchored by thiooctic acid and folic acid on opposite ends and the
conjugate was grafted onto 10 nm diameter gold nanoparticle to provide a biocompatible
DDS. These nanoparticles exhibited excellent stability over a wide range of pH (2-12) and
electrolyte concentration (0-0.5 M NaCl). The possibility of cellular uptake was investigated
by TEM imaging of KB cells, which actively express folate receptors on their membrane, and
WI-38 cells, as negative control, after incubation with various AuNP constructs for 2 h. Sig-
nificant uptake of folic acid conjugated AuND was observed into KB cells, whereas negligible
cellular uptake was detected in three controls: (1) incubation of KB cells with PEG-linked
AuNP lacking folate, (2) exposure of KB cells with folate conjugated AuNP in presence of
excess free folic acid, and (3) exposure to cells that do not overexpress folate receptor.

To date, a few research groups have studied the interaction of gold nanoparticle in vivo.
Paciotti et al investigated the effect of injecting TNF bound to 26 nm gold nanoparticles into
tumor-bearing mice.“’ They found that the particles preferentially accumulated in the tumors

Figure 7. Confocal cell images of cells treated with various gold nanopatrticles. A) Cells without
any NP; B) cells with unmodified Au NPs; C) cells treated with transferrin conjugated Au-NP; D)
cells incubated with Au-albumin NPs; E,F) cells incubated with different ratios of Au-TF versus
holo-TF (317:2 and 1:5, respectively). Reprinted with permission from American Chemical Society,
© 2005.
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and that the particle-bound TNF was somewhat more effective at diminishing tumor mass
than free TNE The preferential accumulation of particles in tumors is a promising result indi-
cating potential for the therapeutic-bound particles. More recent studies by this group! have
demonstrated enhanced efficacy with particles featuring TNF and a thiolated paclitaxel prodrug.

Conclusions

In this chapter, we have reviewed recent advances on the applications of drug delivery by
means of gold nanoparticles. Gold nanoparticles have unique chemical and physical properties
(e.g., tunable core size, mono-dispersity, low toxicity, large surface to volume ratio, facile fabri-
cation and multi-functionalization) that facilitate their use in drug delivery applications. At the
same time, the release of payloads on gold nanoparticles can be controlled by intracellular
glutathione or external light. Despite the many advances that have been made, there are still
many significant questions awaiting to be answered through systemic study of the delivery
process such as cellular uptake, payload release rate and in vivo immune response and toxicity.
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CHAPTER 5

Quantum Dots for Cancer

Molecular Imaging

Xiaohu Gao* and Shivang R. Dave

Abstract

uantum dots (QDs), tiny light-emitting particles on the nanometer scale, are

emerging as a new class of fluorescent probes for biomolecular and cellular imaging.

In comparison with organic dyes and fluorescent proteins, quantum dots have unique
optical and electronic properties such as size-tunable light emission, improved signal bright-
ness, resistance against photobleaching, and simultaneous excitation of multiple fluorescence
colors.! These properties are most promising for improving the sensitivity of molecular imag-
ing and quantitative cellular analysis by 1-2 orders of magnitude. Recent advances have led to
multifunctional nanoparticle probes that are highly bright and stable under complex in-vivo
conditions. A new structural design involves encapsulating luminescent QDs with amphiphilic
block copolymers, and linking the polymer coating to tumor-targeting ligands and drug-delivery
functionalities. Polymer-encapsulated QDs are essentially nontoxic to cells and small animals,
but their long-term in-vivo toxicity and degradation need more careful studies. Nonetheless,
bioconjugated QDs have raised new possibilities for ultrasensitive and multiplexed imaging of
molecular targets in living cells and animal models.

Introduction

Since 1999, cancer has been the leading cause of death for Americans under the age of 85,
and the eradication of this disease has been the long-sought-after goal of scientists and phy-
sicians.? Clinical outcome of cancer diagnosis is strongly related to the stage at which the
malignancy is detected, and therefore early screening has become desirable, especially for
breast and cervical cancer in women and colorectal and prostate cancer in men. However
most solid tumors are currently only detectable once they reach approximately 1 centimeter
in diameter, at which point the mass constitutes millions of cells that may already have
metastasized. The most commonly used cancer diagnostic techniques in clinical practice are
medical imaging, tissue biopsy, and bioanalytic assay of bodily fluids, all of which are, at
present, insufficiently sensitive and/or specific to detect most types of early stage cancers, let
alone precancerous lesions.

Once cancer has been detected, the next challenge is to classify that specific tumor into one
of various subtypes, each of which can have drastically different prognoses and preferred meth-
ods of treatment. Diagnosis of cancer subtypes is vitally important, yet many types of cancer do
not yet have reliable tests to differentiate between highly invasive types and less fatal types, and
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the final judgment is commonly left to the expert opinion of a pathologist who studies the
tumor biopsy. With the advent of high-throughput data analysis of genomic and proteomic
classifications of cancer tissues, it is becoming apparent that many subtypes are only distin-
guished by differences as small as the concentration of a specific protein on a cell’s surface.
Identification of a cancer by its molecular expression profile, rather than by one specific
biomarker, might be necessary to thoroughly classify cancer subtypes and understand their
pathophysiology. One cancer subtype may also be heterogeneous over patient populations,
making personalized medicine highly desirable in order to treat a patient uniquely for his or
her distinct cancer phenotype. Personalized medicine, however, cannot succeed without devel-
oping tools to sensitively detect cancer and reveal clinical biomarkers that can distinguish spe-
cific cancer types.

Nanotechnology has been heralded as a new field that has the potential to revolutionize
medicine, as well as many other seemingly unrelated subjects, like electronics, textiles, and
energy production. The heart of this field lies in the ability to shrink the size of tools and
devices to the nanometer size range, and to assemble atoms and molecules into larger structures
with useful properties, while maintaining their dimensions on the nanometer-length scale. The
nanometer-scale is also the scale of biological function, i.e., the same size range as enzymes,
DNA, and other biological macromolecules and cellular components. Many nanotechnologies
are predicted to soon become translational tools for medicine, and move quickly from
discovery-based devices to clinically useful therapies and medical tests. Among these, quantum
dots (QDs) are unique in their far-reaching possibilities in many avenues of medicine. A QD is
a fluorescent nanoparticle that has the potential to be used as a sensitive probe for screening
cancer markers in fluids, as a specific label for classifying tissue biopsies, and as a high-resolution
contrast agent for medical imaging, capable of detecting even the smallest tumors. These par-
ticles have the unique ability to be sensitively detected on a wide range of length scales, from
macroscale visualization, down to atomic resolution using electron microscopy.> Most impor-
tantly for cancer detection, QDs hold massive multiplexing capabilities for the detection of
many cancer markers simultaneously, which holds tremendous promise for unraveling the com-
plex gene expression profiles of cancers and for accurate clinical diagnosis. This chapter will
summarize how QDs have recently been used in encouraging experiments for future clinical
diagnostic tools for the early detection and classification of cancer.

Quantum Dot Photophysics and Chemistry

QDs are nearly spherical, fluorescent nanocrystals composed of semiconductor materials
which bridge the gap between individual atoms and bulk semiconductor solids.*> Owing to
this intermediate size, which is typically between 2-8 nm in diameter or hundreds to thou-
sands of atoms, QDs possess unique properties unavailable in either individual atoms or
bulk materials. In their biologically useful form, QDs are colloids with similar dimensions to
large proteins, dispersed in an aqueous solvent and coated with organic molecules to stabilize
their dispersion.

Photophysical Properties

Because QDs are composed of inorganic semiconductors, they contain electrical charge
carriers, which are negatively charged electrons and positively charged holes (an electron and
hole pair is called an exciton). Bulk semiconductors are characterized by a composition-dependent
bandgap energy, which is the minimum energy required to excite an electron to an energy level
above its ground state. Excitation can be initiated by the absorption of a photon of energy
greater than the bandgap energy, resulting in the generation of charge carriers. The newly
created exciton can relax back to its ground state through recombination of the constituent
electron and hole, which may be accompanied by the conversion of the bandgap energy into an
emitted photon, which is the mechanism of fluorescence. Because of the small size of QDs,
these generated charge carriers are confined to a space that is smaller than their natural size in
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bulk semiconductors. This “quantum confinement” of the exciton is the principle that causes
the optoelectronic properties of the QD to be dictated by the size of the QD.%® Decreasing the
size of a QD results in a higher degree of confinement, which produces an exciton of higher
energy, thereby increasing the bandgap energy. The most important consequence of this prop-
erty is that the bandgap and emission wavelength of a QD may be tuned by adjusting its size,
with smaller particles emitting at shorter wavelengths (Fig. 1). By adjusting their size and com-
position, QDs can now be prepared to emit fluorescent li§ht from the ultraviolet, throughout
the visible, and into the infrared spectra (400-4000 nm). -14

Importantly for use as biological probes, QDs can absorb and emit light very efficiently,
allowing highly sensitive detection, relative to conventionally used organic dyes and fluores-
cent proteins. QDs have very large molar extinction coefficients, on the order of 0.5-5 x 10°
M lem™,"® roughly 10-50 times larger than those of organic dyes (5-10 x 104 M'em™). Com-
bined with the fact that QDs can have quantum efficiencies similar to that of organic dyes (u
to 85%),'? individual QDs have been found to be 10- 20 times brighter than organic dyes,w’1
allowing highly sensitive detection of analytes in low concentration, which is particularly im-
portant for low copy number cancer markers. In addition, QDs are several thousand times
more stable against photobleaching than organic dyes (Fig. 2A), and are thus well-suited for
monitoring biological systems for long periods of time, which is important for developing
robust sensors for cancer assays and for in vivo imaging.

A further advantage of QDs is that multicolor QD probes can be used to image and track
multiple molecular targets simultaneously. Because cancer and many other diseases involve a
large number of genes and proteins, this is certain to be one of the most powerful properties of
QDs for medical applications. Multiplexing of QD signals is feasible because of the combina-
tion of broad absorption bands with narrow emission bands. Broad absorption bands allow

(A)

(B)

Figure 1. Size tunable emission of CdSe/ZnS quantum dots. A) Fluorescence image of a series
QDs excited with a UV lamp. From left to right, the particle sizes vary from 2 to 6 nm in
diameter. Reprinted with permission from Macmillian Publishers Ltd: Nature Biotechnology
©2001.% B) The corresponding fluorescence emission spectra.
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Figure 2. QDs’ unique optical properties. A) Photostability comparison of QDs vs. organic
dyes. Photobleaching curves showing that QDs are several thousand times more photostable
than organic dyes (e.g., Texas red) under the same excitation conditions;' B) Stokes shift
comparison. Comparison of mouse skin and QD emission spectra obtained under the same
excitation conditions demonstrating that the QD signals can be shifted to a spectral region
where autofluorescence is reduced." Reprinted from Gao XH et al, Curr Opin Biotechnol
16:63-72; ©2005 with permission from Elsevier.'

multiple QDs to be excited with a single light source of short wavelength, simplifying
instrumental design, increasing detection speed, and lowering cost. QD emission bands can be
as narrow as 20 nm in the visible range, allowing for distinct signals to be detected simulta-
neously with very little crosstalk. In comparison, organic dyes and fluorescent proteins have
narrow absorption bands and relatively wide emission bands, considerably increasing the diffi-
culty of detecting well separated signals from distinct fluorophores.

Broad absorption bands are also useful for imaging of tissue sections and whole organisms
in order to distinguish the QD signal from autofluorescent background signal (Fig. 2B). Bio-
logical tissue and fluids contain a variety of intrinsic fluorophores, particularly proteins and
cofactors, yielding a background signal that decreases probe detection sensitivity. Intrinsic bio-
logical fluorescence is most intense in the blue to green spectral region, which is responsible for
the faint greenish color of many cell and tissue micrographs. However QDs can be tuned to
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emit in spectral regions in which autofluorescence is minimized, such as longer wavelengths in
the red or infrared spectra. Because of their broad absorption bands, QDs can still be efficiently
excited by light hundreds of nanometers shorter than the emission wavelength, compared to
organic dyes that require excitation close to the emission peak, burying the signal in
autofluorescence. This can allow the sensitive detection of QDs over background
autofluorescence in tissue biopsies and live organisms. Sensitivity can also be increased by using
time-gated light detection, due to the fact that the excited state lifetimes of QDs (20-50 ns) are
typically one order of magnitude longer than that of organic dyes. By delaying signal acquisi-
tion until background autofluorescence is decreased, QD fluorescence detection can be signifi-
cantly increased. '

Synthesis and Bioconjugation

Research in probe development has focused on the synthesis, solubilization and
bioconjugation of highly luminescent and stable QDs. Generally made from group II and VI
elements (e.g., CdSe and CdTe) or group III and V elements (e.g., InP and InAs), recent
advances have allowed the precise control of particle size, shape (dots, rods or tetrapods), and
internal structure (core-shell, gradient alloy or homogeneous alloy).>'**” In addition, QDs
have been synthesized using both two-element systems (binary dots) and three-element sys-
tems (ternary alloy dots).

QDs can be prepared in a variety of media, from atomic deposition on solid-phases to
colloidal synthesis in aqueous solution. However because the size-dependent properties of QDs
are most pronounced when QDs are monodisperse in size, great strides have been made in the
synthesis of highly homogeneous, hlghly crystalhne QDs. The hlghest quality QDs are typi-
cally prepared at elevated temperatures in organic solvents, such as tri-n- octylphosphme oxide
(TOPO) and hexadecylamine, both of which are high boiling bases containing long alkyl chains.
These hydrophobic organic molecules not only serve as the reaction medium, but the basic
moieties also coordinate with unsaturated metal atoms on the QD surface to prevent the for-
mation of bulk semiconductors. As a result, the nanoparticles are capped with a monolayer of
the organic ligands and are soluble only in hydrophobic solvents such as chloroform and hex-
ane. The most commonly used and best understood QD system is a core of cadmium selenide
(CdSe), coated with a shell of zinc sulfide (ZnS) to chemically and optically stabilize the core.

For biological applications, these hydrophobic dots must first be made water-soluble. Two
general strategies have been developed to disperse QDs in aqueous biological buffers, as shown
in (Fig. 3). In the first approach, the hydrophoblc monolayer of ligands on the QD surface may
be exchanged with hydrophilic ligands,'® but this method tends to cause particle aggregation
and decrease the fluorescent efficiency. As well, desorption of labile ligands from the QD sur-
face increases potential toxicity due to exposure of toxic QD elements. Alternatively, the native
hydrophobic ligands can be retained on the QD surface and rendered water-soluble through
the adsorption of amphiphilic polymers that contain both a hydrophobic segment (mostly
hydrocarbons) and a hydrophilic segment (such as polyethylene glycol [PEG] or multiple car-
boxylate groups) Several polymers have been regorted including oc grlamine -modified
polyacrylic ac1d PEG-derivatized phospholipids,** block copolymers,” and amphiphilic
polyanhydrides.” The hydrophobic domains strongly interact with alkyl chains of the ligands
on the QD surface, whereas the hydrophilic groups face outwards and render the QDs
water-soluble. Because the coordinating organic ligands (TOPO) are retained on the inner
surface of QDs, the optical properties of QDs and the toxic elements of the core are shielded
from the outside environment by a hydrocarbon bilayer. Indeed, after linking to PEG mol-
ecules, the polymer coated QDs are protected to such a degree that their optical progerties does
not change in a broad range of pH (1 to 14) and salt concentrations (0.01-1 M).% Parak and
coworkers have also demonstrated that for polymer coated QDs the cytotoxicity is mainly due
to the nanoparticle aggregation rather than the release of Cd ions.**
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To achieve binding specificity or targeting abilities, polymer-coated QDs can be linked to
bioaffinity ligands such as monoclonal antibodies, peptides, oligonucleotides or small-molecule
inhibitors. As well, linking to polyethylene glycol (PEG) or similar ligands can allow improved
biocompatibility and reduced nonspecific binding. Due to the large surface-area to volume
ratio of QD relative to their small molecule counterparts, single QDs can be conjugated to
multiple molecules for multivalent presentation of affinity tags and multifunctionality. QD
bioconjugation can be achieved using several approaches, including electrostatic adsorption,*®
covalent-bond formation,'® or streptavidin-biotin linking.?” Ideally, the molecular stoichiom-
etry and orientation of the attached biomolecules could be manipulated to allow access to the
active sites of all conjugated enzymes and antibodies, however this is very difficult in practice.
Goldman et al first explored the use of a fusion protein as an adaptor for immunoglobulin G
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Figure 3. Diagram of two general strategies for phase transfer of TOPO-coated QD into aqueous
solution. Ligands are drawn disproportionately large for detail, but the ligand-polymer coatings
are usually only 1-2 nmin thickness. The top two panels illustrate the ligand exchange approach,
where TOPO ligands are replaced by heterobifunctional ligands such as mercapto silanes or
mercaptoacetic acid. This scheme can be used to generate hydrophilic QD with carboxylic acids
or a shell of silica on the QD surfaces. The bottom two panels illustrate the polymer coating
procedure, where the hydrophobic ligands are retained on the QD surface and rendered water
soluble through micelle-like interactions with an amphiphilic polymer or lipids.
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antibody coupling.”® The adaptor protein has a protein G domain that binds to the antibody
Fc region, and a positively charged leucine zipper domain for electrostatic interaction with
anionic QDs. As a result, the Fc end of the antibody is connected to the QD surface, with the
target-specific F(ab’), domain facing outwards. Surface engineering of nanoparticles is certain
to be a greatly studied field in the near future.

Cancer Diagnostics with Quantum Dots

Bioconjugated QD probes have the potential to be useful for cancer diagnosis through
many diverse approaches. Their bright and stable fluorescent light emission and multiplexing
potential, combined with the intrinsic high spatial resolution and sensitivity of fluorescence
imaging, have already demonstrated improvements in existing diagnostic assays. As well, new
techniques have been developed framed on the unique properties of these nanoparticles.

In Vitro Diagnostic Assays

Screening of blood, urine, and other bodily fluids for the presence of cancer markers has
become a commonly used diagnostic technique for cancer, yet it has been impeded by the lack
of specific soluble markers, and sensitive means to detect them at low concentrations. The
serum assay most commonly used for cancer diagnosis is the prostate specific antigen (PSA)
screen for the detection of prostate cancer.” Although other biomarkers have been identified,
including proteins, specific DNA or mRNA sequences, and circulating tumor cells, specific
cancer diagnosis from serum samples alone may only be possible with a multiplexed approach
to assess a large number of biomarkers.*® QDs could not only serve as sensitive probes for
biomarkers, but they could also allow the detection of hundreds to thousands of molecules
simultaneously. Experimental groundwork has already begun to demonstrate the feasibility of
these expectations, as QDs have found to be superior to conventional fluorescent probes in
many clinical assay types.

Protein Biomarker Detection

The ability to screen for cancer in its earliest stages necessitates highly sensitive assays to
detect biomarkers of carcinogenesis. The current gold standard for detecting low copy number
protein is enzyme-linked immunosorbent assay (ELISA), which has a limit of detection in the
pM range. Although these assays are used clinically, they are labor-intensive, time-consuming,
prohibitive of multiplexing, and expensive. In this regard, the high sensitivity of QD detection
could possibly increase the clinical relevance and routine use of diagnosis based on low-copy
number proteins. QDs have been successfully used as substitutes for organic fluorophores and
colorimetric reagents in a variety of immunoassays for the detection of specific proteins, yet
they have not demonstrated an increase in sensitivity (100 pM).?* Increasing the sensitivity
of these probes may only be a matter of optimizing bioconjugation parameters and assay con-
ditions, although the multiplexing capabilities of these probes have already been demonstrated.
Goldman et al** simultaneously detected four toxins using four different QDs, emitting be-
tween 510 nm and 610 nm, in a sandwich immunoassay configuration with a single excitation
source. Although there was spectral overlap of the emission peaks, deconvolution of the spectra
revealed fluorescence contributions from all four toxins. This assay was far from quantitative,
however, and it is apparent that fine-tuning of antibody cross-reactivity will be required to
make multiplexed immunoassays useful. Similarly, Makrides et al demonstrated the ease of
simultaneously detecting two proteins with two spectrally different QDs in a Western blot assay.*®

Biosensors are a new class of probes developed for biomarker detection on a real-time or
continuous basis in a complex mixture. Assays resulting from these new probes could be invalu-
able for protein detection for cancer diagnosis because of their high speed, ease of use, and low
cost, enabling them to be used for quick point-of-care screening of cancer markers. QDs are
ideal for biosensor applications due to their resistance to photobleaching, allowing for continu-
ous monitoring of a signal. Fluorescence resonance energy transfer (FRET) has been the most
prominent mechanism to render QDs switchable from a quenched “off” state to a fluorescent
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“on” state. FRET is the nonradiative energy transfer from an excited donor fluorophore to an
acceptor. The acceptor can be any molecule (such as a dye or another nanoparticle) that absorbs
radiation at the wavelength of the emission of the donor (the QD). Medintz et al used QDs
conjugated to maltose binding proteins as an in situ biosensor for carbohydrate detection.*
Adding a maltose derivative covalently bound to a FRET acceptor dye caused QD quenching
(-60% efficiency), and fluorescence was restored upon addition of native maltose, which dis-
placed the sugar-dye compound. QD biosensors have also been assembled that do not require
binding and dissociation to modulate quenching and emission. The same group conjugated a
donor QD to a photoresponsive dye that becomes an acceptor after exposure to UV light, and
becomes FRET-inactive following white-light exposure, thus allowing light exposure to act as
an on-off switch.?® Before this work can be translated to a clinical tool, these probes must be
optimized for higher detection sensitivity, which will require higher quenching efficiencies.

Nucleic Acid Biomarker Detection

Early detection and diagnosis of cancer could be greatly improved with genomic screening
of individuals for hereditary predispositions to certain types of cancers, and by detecting mu-
tated genes and other nucleic acid biomarkers for cancer in bodily fluids. The current gold
standard for sensitive detection of nucleic acids is polymerase chain reaction (PCR) combined
with a variety of molecular fluorophore assays, commonly resulting in a detection limit in the
fM range. However, like ELISAs, the clinical utility of nucleic acid analysis for cancer diagnosis
is precluded by its time and labor consumption and poor multiplexing capabilities. Many types
of new technologies have been developed recently for the rapid and sensitive detection of nucleic
acids, most notably RT-PCR and nanoparticle-based biobarcodes,?® each of which have a limit
of detection in the tens of molecules. However QDs could have an advantage in this already
technologically crowded field because of their multiplexing potential. Gerion et al reported the
detection of specific single nucleotide polymorphisms of the human p53 tumor suppressor
gene using QDs in a microarray assay format,” although the level of sensitivity (2 nM) was far
from matching current standards. Importantly, this work demonstrated the capacity to simul-
taneously detect two different DNA sequences using two different QDs.

Recently Zhang et al developed a QD biosensor for DNA, analogously to the aforemen-
tioned protein biosensor (Fig. 4A).28 However in this case, the QD:s acted as the donor, and an
organic dye bound to the target DNA was the acceptor. Because QDs have broadband absorp-
tion compared to organic dyes, excitation of the QD at a short wavelength did not excite the
dye, thereby allowing extremely low background signals. This allowed the highly sensitive and
quantitative detection of as few as 50 DNA copies, and was sufficiently specific to differentiate
single nucleotide differences. However this strategy is not ideal for high-throughput analysis of
multiple biomarkers because sensitive detection required the analysis of single quantum dots,
followed by statistical data analysis.

High-Throughput Multiplexing

Rather than using single QDs for identifying single biomarkers, it has been proposed that
QDs of different colors can be combined into a larger structure, such as a microbead, to
yield an “optical barcode.” With the combination of 6 QD emission colors and 10 QD
intensity levels for each color, one million different codes are theoretically possible. A vast
assortment of biomarkers may be optically encoded by conjugation to these beads, opening
the door to the multiplexed identification of many biomolecules for high-throughput screening
of biological samples. Pioneering work was reported by Han et al in 2001, in which 1.2 um
polystyrene beads were encoded with three colors of QDs (red, green, and blue) and differ-
ent intensity levels (Fig. 4B).* The beads were then conjugated to DNA, resulting in differ-
ent nucleic acids being distinguished by their spectrally distinct optical codes. These en-
coded probes were incubated with their complementary DNA sequences, which were also
labeled with a fluorescent dye as a target signal. The hybridized DNA was detected through
colocalization of the target signal and the probe optical code, via single-bead spectroscopy,
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Figure 4. QD based biosensors and optical barcodes. A) Single QD DNA sensors: (top) con-
ceptual scheme showing the formation of a nanosensor assembly in the presence of targets;
(bottom left) fluorescence emission from Cy5 on illumination of QD caused by FRET between
Cy5 acceptors and a QD donor; (bottom right) experimental setup. Reprinted with permission
from Macmillan Publishers Ltd: Nature Materials ©2005.%8 B) Schematic illustration of DNA
hybridization assays using QD-barcode beads. When the target molecule is in absence, only
the QD barcode signal are detected by single bead spectroscopy or flow cytometry because
hybridization doesn’t occur. When the target molecule is in presence, it brings the barcode
probe (probe #2) and reporter probe (probe #2') together, which results in a detection of both
the barcode fluorescence and the reporter signal. The reporter signal not only indicates the
presence or absence of the analyte, but also its abundance. Note that the reporter probe (probe
#1' & 2') can be labeled with either an organic fluorophore or a single QD (shown as a blue
sphere).39Reprinted with permission from Macmillian Publishers Ltd: Nature Biotechnology
©2001.
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using only one excitation source. The bead code identified the sequence, while the intensity
of the target signal corresponded to the presence and abundance of the target DNA se-
quence. This uniformity and brightness of the QD encoded beads were substantially im-
proved by Gao and Nie recently using mesoporous materials. %!

The high-throughput potential of this technology was realized by combining it with flow
cytometry. For example, DNA sequences from specific alleles of the human cytochrome P450
gene family were correctly identified by hybridization to encoded probes.*? It’s worth mention-
ing that the long excited state of QDs and the blinking effect do not interfere with bead decod-
ing.*! If three or more colors are used for microbead encoding, this identification would be
considerably more difficult with organic dyes due to the fact that their emission peaks overlap,
obscuring the distinct codes, and multiple excitation sources are required. Once encoded li-
braries have been developed for identification of nucleic acid sequences and proteins,
solution-based multiplexing of QD-encoded beads could quickly produce a vast amount of
gene and protein expression data. This could not only be used to discover new biomarkers for
disease, but also open the door to simple and fast genotyping of patients and cancer classifica-
tion for personalized medical treatment. Another approach to multiplexed gene analysis has
been the use of planar chips, but bead-based multiplexing has the advantages of greater statis-
tical analysis, faster assaying time, and the flexibility to add new probes at lower costs.*?

Cellular Labeling

Pathological evaluation of biopsies of primary tumors and their distal metastases is the most
important cancer diagnostic technique in practice. After microscopic examination of the tis-
sue, the pathologist predicts a grade and stage of tumor progression, so that the cancer can be
classified to give a prognosis and appropriate treatment regimen. However evaluation is based
primarily on qualitative morphological assessment of the tissue sections, sometimes with fluo-
rescent staining of the tissue for specific cancer biomarkers. This field is highly subjective, and
diagnoses of identical tissue sections may vary between pathologists. A more objective and
quantitative approach based on biomarker detection would increase diagnostic accuracy. Previ-
ous success has been made with colloidal gold and dye-doped silica nanoparticles, however,
immunogold staining is essentially a single color assay, whereas dye-doped silica nanoparticles
are limited by the unfavorable properties of organic fluorophores. In comparison, QDs would
be better candidates for quantitative staining of tissues for biomarkers because of their ability
to detect multiple analytes simultaneously and because they have already been proven to be
outstanding probes for fluorescent detection of proteins and nucleic acids in cells.

Labeling of Fixed Cells and Tissues

The feasibility of using QD for biomarker detection in fixed cellular monolayers was first
demonstrated by Bruchez and coworkers in 1998.!7 By labeling nuclear antigens with green
silica-coated QD and F-actin filaments with red QD in fixed mouse fibroblasts, these two
spatially distinct intracellular antigens were simultaneously detected. This article and others'®2!
have demonstrated that QDs are brighter and dramatically more photostable than organic
fluorophores when used for cellular labeling. Many different cellular antigens in fixed cells and
tissues have been labeled using QDs, including specific genomic sequences, 4> mRNA,% plasma
membrane proteins,?##® cytoplasmic proteins,'”?! and nuclear proteins,'®?! and it is appar-
ent that they can function as both primary and secondary antibody stains. In addition, high
resolution microtubule filament imaging has been demonstrated using QDs (Fig. 5A),?! and
the fluorescence can be correlated directly to electron micrograph contrast due to the high
electron density of QD.**** It has now become clear that QDs are superior to organic dyes for
fixed cell labeling. However the translation from fixed cell labeling to labeling of
formaldehyde-fixed, paraffin-embedded tissue sections of tumor biopsies is not simple due to
the high autofluorescence and the loss of antigen presentation associated with the embedding
and fixation processes. Nonetheless, tissue section labeling with QDs has been successful for
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Figure 5. Molecularimaging of cells and tissues. A) Microtubules in NIH-3T3 cells labeled with
red color QDs (reprinted by permission from Macmillian Publishers Ltd: Nature Biotechnology
©2003).2" B) QD-Immunostaining of formalin-fixed, paraffin-embedded human prostate tu-
mor specimens. Mutated p53 phosphoprotein over-expressed in the nuclei of
androgen-independent prostate cancer cells is labeled with red color QDs. The Stokes shifted
fluorescence signal is clearly distinguishable from the tissue autofluorescence. Reproduced
from Smith et al, Expert Rev Mol Diagns 2006; 6:231-244 with permission of Future Drugs Ltd.
A color version of this figure is available online at www.eurekah.com.

biomarker-specific staining of rat neural tissue,”! human skin basal cell carcinomas,” and hu-
man tonsil tissue.”> The recent advances in immunohistochemistry (IHC) for protein detec-
tion and fluorescence in situ hybridization (ISH) for nucleic acid detection using QD probes
could revolutionize clinical diagnosis of biopsies because of the large number of biomarkers
that could be simultaneously monitored (Fig. 5B).

Live Cell Imaging

In 1998, Chan et al demonstrated that QDs conjugated to a membrane-translocating pro-
tein, transferrin, could cause endocytosis of QDs by living cancer cells in culture.!® The QDs
retained their bright fluorescence in vivo and were not noticeably toxic, thus revealing that
QDs could be used as intracellular labels for living cell studies. Most subsequent live cell stud-
ies with QDs have focused on labeling of plasma membrane proteins®®> and evaluating tech-
niques for traversing the plasma membrane barrier,” and it is becoming evident that QDs will
become powerful tools for unveiling cellular biology, and for optically “tagging” cells to deter-
mine lineage and distribution in multicellular organisms.* In this fast moving and exciting
field, QDs have already been used to calculate plasma membrane protein diffusion coeffi-
cients™ and observe a single erbB/HER receptor (a cancer biomarker) and its internalization
after binding to epidermal growth factor (EGF).>® As well, QD probes of living cells have
prompted the discovery of a new filopodial transport mechanism.”*>¢ While most of these
studies have centered on biological discovery, a new clinically relevant assay for cancer diagno-
sis has already been developed from these living cell studies. Alivisatos and coworkers created a
cell motility assay, in which the migration of cells over a substrate covered with silica-coated
QD was measured in real time.”” As the cells moved across their substrate, they endocytosed
the QDs, causing an increase in fluorescence inside of the cells and a nonfluorescent “dark”
path in their trails.”® These phagokinetic tracks were used to accurately assess invasive potential
of different cancer cell types, as motility of cells is strongly associated with their malignancy in
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vivo. This new assay could aid in the clinical classification of cancers with ambiguous subtypes
and further separate subtypes into more discretely defined categories for better diagnosis.

In Vivo Imaging

Despite the large number of identified cancer biomarkers, targeted molecular imaging of
cancer has yet to reach clinical practice, although it has been successful in animal models. The
four major medical imaging modalities rely on signals that can transmit through thick tissue,
using ultrasonic waves (ultrasound imaging), X-rays (computed X-ray tomography), gamma
rays (positron emission tomography), or radio waves (magnetic resonance imaging). Image
contrast from these techniques is generated from the differences in signal attenuation through
different tissue types, which is largely a function of tissue structure and anatomy. Many tumor
types can be identified purely based on their image contrast, and exogenous contrast agents are
commonly intravenously infused in patients with tumors of poor contrast. However none of
these acquired images can convey molecular information of the cancer like what is possible
with quantitative in vitro assays and tissue biopsy evaluation. As well, detection of multiple
markers is extremely difficult with these imaging techniques, and none of these modalities has
innately high spatial resolution capable of detecting most very small, early stage tumors. Gen-
erating spatially accurate images of quantitative biomarker concentration would be a giant leap
toward detection and diagnosis of cancers, especially for finding sites of metastasis.

Optical imaging, particularly fluorescence imaging, has high intrinsic spatial resolution (theo-
retically 200-400 nm), and has recently been used successfully in living animal models, yet is
limited by the poor transmission of visible light through biological tissue. There is a near-infrared
optical window in most biological tissue that is the key to deep-tissue optical imaging.”® This is
because Rayleigh scattering decreases with increasing wavelength, and because the major chro-
mophores in mammals, hemoglobin and water, have local minima in absorption in this win-
dow. Few organic dyes are currently available that emit brightly in this spectral region, and they
suffer from the same photobleaching problems as their visible counterparts, although this has
not prevented their successful use as contrast agents for living organisms.®® One of the greatest
advantages of QDs for imaging in living tissue is that their emission wavelengths can be tuned
throughout the near-infrared spectrum by adjusting their composition and size, resulting in
photostable fluorophores that can be highly stable in biological buffers.®! Visible QDs are
more synthetically advanced than their near-infrared counterparts, which is why most of the
living animal studies implementing QDs have used visible light emission. However even these
have shown great promise, due to their ability to remain photostable and brightly emissive in
living organisms.

Vascular Imaging

Quantum dots have been used to passively image the vascular systems of various animal
models. In a report by Larson et al, intravenously injected QDs remained fluorescent and
detectable when they circulated to capillaries in the adipose tissue and skin of a living mouse, as
visualized fluorescently.®* This report made use of two-photon excitation, in which near-infrared
light is used to excite visible QDs, allowing for deeper penetration of excitation light, despite
strong absorption and scattering of the emitted visible light. Lim et al intravenously injected
near-infrared QDs to image the coronary vasculature of a rat heart.®® The circulation lifetime
of an injected molecule is dependent on the size of the molecule and its chemical properties.
Small molecules, like organic dyes, are quickly eliminated from circulation minutes after injec-
tion because of renal filtration. QDs and other nanoparticles are too large to be cleared through
the kidneys, and are primarily eliminated by nonspecific opsonization (a process of coating
pathogenic organisms or particles so that they are more easily ingested by the macrophage
system) by phagocytotic cells of the reticuloendothelial system (RES), mainly located in the
spleen, liver, and lymph nodes. It was demonstrated by Ballou et al that the lifetime of QDs in
the bloodstream of mice is significantly increased if the QDs are coated with PEG polymer
chains,*® an effect that has also been documented for other types of nanoparticles and small
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molecules. This effect is caused by a decreased rate of RES uptake, in part due to decreased
nonspecific adsorption of the nanoparticle surface, and decreased antigenicity.®> Recently
PEG-coated QDs have been used to image the vasculature of subcutaneous tumors in mice.
Stroh et al used two-photon microscopy to image the blood vessels within the microenviron-
ment of the tumor.%® Simultaneously, autofluorescence from collagen allowed high-resolution
imaging of the extracellular matrix, and genetic modification to express green fluorescent pro-
tein (GFP) revealed perivascular cells. Stark contrast between cells, matrix, and the erratic,
leaky vasculature was evident, pointing toward the use of fluorescence contrast imaging for the
high resolution, noninvasive imaging and diagnosis of human tumors.

Lymph Node Tracking

The lymphatic system is another circulatory system that is of great interest for cancer diag-
nosis. Cancer staging, and therefore prognosis, is largely evaluated based on the number of
lymph nodes involved in metastasis close to the primary tumor location, as determined from
sentinel node biopsy and histological examination. It has been shown that QDs have an innate
capacity to image sentinel lymph nodes, as first described by Lim et al in 2003.%* Near-infrared
QDs were intradermally injected into the paw of a mouse and the thigh of a pig. Dendritic cells
nonspecifically phagocytosed the injected QD, and then migrated to sentinel lymph nodes
that could then be fluorescently detected even 1 cm under the skin surface (Fig. 6A). Their
results showed rapid uptake of QDs into lymph nodes, and clear imaging and delineation of
involved sentinel nodes (which could then be excised). This work shows that QD probes could
be used for real-time intra-operative optical imaging, providing an in situ visual guide so thata
surgeon could locate and remove small lesions (e.g., metastatic tumors) quickly and accurately.
The authors later demonstrated the ability to map esophageal and lung lymph nodes in pi%
and also revealed preferential lymph nodes for drainage from the pleural space in rats.
other interesting aspect of this research is that the QDs remained fluorescent after the biopsies
were sectioned, embedded, stained, and frozen, allowing microscopic detection of the QDs
postoperatively, and giving pathologists another visual aid in judging tissue morphology and
cellular identity.

5,67:68
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Figure 6. In vivo targeting and imaging with QDs. A) Near-infrared fluorescence of water-soluble
type Il QDs taken up by sentinel lymph nodes (reprinted by permission from Macmillian
Publishers Ltd: Nature Biotechnology ©2004).°! B) Molecular targeting and in vivo imaging
of a prostate tumor in mouse using a QD-antibody conjugate (red). Reprinted from Gao XH et
al, Nat Biotechnol 2004; 22(8):969-976, with permission from the author.?* A color version of
this figure is available online at www.eurekah.com.
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Tumor Targeting and Imaging

Akerman et al first reported the use of QD-peptide con;ugates to target tumor vasculatures,
but the QD probes were not detected in living animals.”” Nonetheless, in vitro histological
results revealed that QDs homed to tumor vessels guided by the peptides, and were able to
escape clearance by the RES. Most recently, a new class of multifunctional QD probe for
simultaneous targeting and imaging of tumors in live animals has been reported by Gao et al.>?
This class of QD conjugate contains an amphiphilic triblock copolymer for in vivo protection,
targeting ligands for tumor antigen recognition, and multiple PEG molecules for improved
biocompatibility and circulation. Tissue section microscopy and whole animal spectral imag-
ing allowed monitoring of in vivo behavior of QD probes, including their biodistribution,
nonspecific uptake, cellular toxicity and pharmacokinetics. Under in vivo conditions, QD probes
can be delivered to tumors either by a passive targeting mechanism or through an active target-
ing mechanism (Fig. 6B). In the passive mode, macromolecules and nanometer-sized particles
are accumulated preferentially at tumor sites through an enhanced permeability and retention
effect, which is a result of the permeable vasculature of the tumor and lack of effective lym-
phatic drainage. For active tumor targeting, antibody-conjugated QDs homed a prostate-specific
membrane antigen (PSMA), which was previously identified as a cell-surface marker for both
prostate epithelial cells and neovascular endothelial cells.

Toxicity and Clinical Potential

The potential toxic effects of semiconductor QDs have recently become a topic of consid-
erable importance and discussion. Indeed, in vivo toxicity is likely to be a key factor in deter-
mining whether QD imaging probes would be approved by regulatory agencies for human
clinical use. Recent work by Derfus etal”! indicates that CdSe QDs are highly toxic to cultured
cells under UV illumination for extended periods of time. This is not surprising because the
energy of UV irradiation is close to that of a covalent chemical bond and dissolves the semicon-
ductor particles in a process known as photolysis, releasing toxic cadmium ions into the culture
medium. In the absence of UV irradiation, QDs with a stable gol}fmer coating have been
found to be essentially nontoxic to cells and animals,2223:56:62,64,66,67.72,75 Gi|| there is
an urgent need to study the cellular toxicity and in vivo degradation mechanisms of QD
probes. For polymer-encapsulated QDs, chemical or enzymatic degradation of the semicon-
ductor cores is unlikely to occur. It is possible that the polymer-protected QDs might be cleared
from the body by slow filtration and excretion out of the body. Although this should not
impede the progress of cellular and solution-based assays using QDs, toxicity must be carefully
examined before any human applications in medical imaging are considered.

Conclusion

QDs have already fulfilled some of their promises as a new class of molecular imaging
agents. Through their versatile polymer coatings, QDs have also provided a “building block” to
assemble multifunctional nanostructures and nanodevices. Multi-modality imaging probes could
be created by integrating QDs with paramagnetic or superparamagentic agents. Indeed, re-
searchers have recently attached QDs to Fe;O3 and FePt nanoparticles’”> and to paramag-
netic gadolinium chelates (Gao et al, unpublished data). By correlating the deep imaging capa-
bilities of magnetic resonance imaging (MRI) with ultrasensitive optical imaging, a surgeon
could visually identify tiny tumors or other small lesions during an operation and remove the
diseased cells and tissue completely. Medical imaging modalities such as MRI and PET can
identify diseases noninvasively, but they do not provide a visual guide during surgery. The
development of magnetic or radioactive QD probes could solve this problem.

Another desired multifunctional device would be the combination of a QD imaging agent
with a therapeutic agent. Not only would this allow tracking of pharmacokinetics, but diseased
tissue could be treated and monitored simultaneously and in real time. Surprisingly QDs may
be innately multimodal in this fashion, as they have been shown to have potential activity as
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photodynamic therapy agents.”®”” These combinations are only a few possible achievements
for the future. Practical applications of these multifunctional nanodevices will not come with-
out careful research, but the multidisciplinary nature of nanotechnology may expedite these
goals by combining the great minds of many different fields. The success seen so far with QDs
points toward the success of QDs in biological systems, and also predicts the success of other
nanotechnologies for biomedical applications.
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CHAPTER 6

Carbon Nanostructures as a New
High-Performance Platform for MR
Molecular Imaging

Keith B. Hartman and Lon J. Wilson*

Abstract

ver the last several years, great interest has developed in the potential use of carbon
O nanostructures (Cg fullerenes and nanotubes) in medicine. In some cases, medical

agents derived from these materials have demonstrated greater efficacy than existing
clinical agents in many imaging and therapeutic applications. This chapter provides an overall
review of the application of these materials in the area of magnetic resonance imaging (MRI),
with an emphasis on their future applications in targeted MR molecular imaging for the early
detection of cancer and other life-threatening diseases.

Introduction

Widely considered the birth of nanotechnology, the discovery of Cgo, a new form of el-
emental carbon, by Curl, Kroto, and Smalley in 1985' marshaled in a new wave of research
into nanoscale science. These new nanomaterials can be engineered to produce properties un-
attainable at the larger macro or smaller quantum levels, and they have been the stimulus
behind a myriad of proposed nanotechnology applications, including energy storage,™” elec-
tronics, ¥’ catalysis,6 and space travel.”® Most recently, great strides have been made in the
biotechnology sector for nanoscale materials whose proposed uses include: quantum dots as
fluorescent-imaging agents,” Cgo as drug scaffolds,'® gold nanoshells as cancer therapeutics,'!
and metallofullerenes as radiotracers and radiopharmaceuticals.'* In this chapter, we discuss
one of the more promising new areas of nanobiotechnology, carbon nanomaterials engineered
as high-performance magnetic resonance imaging (MRI) contrast agents.

A fundamental aspect of clinical medicine is the imaging and diagnosis of a given malady.
Before clinicians can begin treatment, they must first identify the area of concern (cancerous
tumor, arterial blockage, ligament tear, etc.) and ascertain the extent of the ailment in order to
devise treatment strategies. To this end, a variety of different imaging techniques have been
developed, many within the last 10 years. One of the key techniques is MRI, for which the
2003 Nobel Prize in Medicine was awarded to Paul Lauterbur and Peter Mansfield for their
development of the technique.

MRI is based on nuclear magnetic resonance, which measures the relaxation rate of water
proton spins exposed to a magnetic field. About 35% of the 60 million annual MRI procedures

*Corresponding Author: Lon J. Wilson—Department of Chemistry, Rice University, P.O. Box
1892, Houston, Texas 77251-1892, U.S.A. Email: durango@rice.edu

Bio-Applications of Nanoparticles, edited by Warren C.W. Chan. ©2007 Landes Bioscience
and Springer Science+Business Media.




Carbon Nanostructures as a New High-Performance Platform for MR Molecular Imaging 75

Figure 1. The carbon nanostructure-based MRI contrast agents: (A) Gd@C ¢o gadofullerene and
(B) Gd**,@US-tube gadonanotube.

utilize a chemical contrast agent (CA) to enhance the sensitivity of the MR image. Most clini-
cal CAs are Gd**-based due to the ion’s 7 unpaired f-electrons (the greatest number of unpaired
electrons for any element or ion) and their symmetrical distribution within the ion. Dozens of
such CAs have been approved by the FDA, each consisting of a chelated Gd** compound that
circulates in the blood until elimination via the kidney.

Current imaging methods are able to distinguish between neighboring tissues of different
composition and anomalies within these tissues. However, when a tumor cannot be detected
because of limitations of current imaging technology (limited to the detection of a large mass
of tumorigenic cells), they can become metastatic and thereafter much more difficult to treat.
To this end, current medical imaging research strives to image the most fundamental unit of
life: the single cell. Known as molecular imaging, researchers seek to develop “smart CAs” that
are molecularly targeted to diseased cells of interest (tumor cells, arterial plaque cells, etc.) so as
to accumulate within targeted cells. This can lead to the detection of disease (via some abnor-
mal cellular biochemistry) at its earliest stage when relatively few cells are present. Such capa-
bilities would allow for earlier diagnosis of cancer or arterial blockage, leading to an increase in
successful therapies and the preservation of more lives. Pursuant to these goals, current clinical
MRI CAs have important limitations that engineered nanostructures should be able to over-
come. Current clinical CAs are generally not targeted to sites of disease, are not readily inter-
nalized by cells, and have efficacies much too low to realize molecular imaging.

Engineered carbon nanostructure CAs based on Cgy fullerene and shortened single-walled
carbon nanotubes (SWNTs), as shown in Figure 1, have the potential to become clinical mo-
lecular imaging CAs for the following reasons:

¢ Recent research has demonstrated that this new class of CAs far outperforms conventional
CAs, with relaxivities (efficacies) up to 100 times larger than current clinical CAs when
internally loaded with Gd3* ions.

e The exterior carbon sheaths of these nanostructures can be functionalized for targeting and
biocompatibility without compromising the performance of the sequestered Gd3* ions
within. For example, a carbon-based nanostructure CA could be linked to an antibody or
peptide that targets a specific cancer cell type.

* Because of their lipophilicities and very small size (1 nm diameters), these carbon
nanostructures can readily cross cell membranes and accumulate within cells.

With their extremely high relaxivites and targeting potential, cell-internalized carbon
nanostructure CAs are providing one of the first real opportunities to image single cells or small
groups of cells, a feat that would revolutionize MRI in medicine.

A Primer in Magnetic Resonance Imaging (MRI)

Derived from the principles of nuclear magnetic resonance (NMR), clinical MRI uses a
strong homogenous magnetic field to align the proton spins of water so as to measure the
time it takes them to equilibrate, a process known as relaxation.'” Differences in relaxation
times are perceived in the MRI image as varying shades of white and gray. Although water has
a very slow relaxation time and is ubiquitous in living organisms, complex instrumentation
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and mathematical algorithms are able to filter the data and coarsely differentiate between
neighboring tissues which have slightly different relaxation times.

Because it is difficult to distinguish between similar tissue (e.g., a tumor within fat tissue), CAs
are often used to enhance images. CAs operate by decreasing the relaxation time of the local water
protons near the agent, thus allowing for better differentiation between areas of interest. Relax-
ation occurs via two mechanisms: inner-sphere, in which the water protons are relaxed by un-
paired electron spins (spin-lattice relaxation, r;), and outer-sphere, in which the relaxation is
propagated through the lattice field (spin-spin relaxation, r;). An rj-agent produces a
positively-enhanced image (the image brightens), and it is usually a paramagnetic ion (Gd*",
Mn?*). An r,-agent produces a negatively-enhanced image (the image darkens), and it is typically
a superparamagnetic species (e.g., nanocrystalline Fe3O4). All things being equal, clinicians prefer
11 agents as it is easier to distinguish features in a brightened image opposed to a darkened image.

Relaxivity is relatively simple to measure, although it requires sophisticated instrumenta-
tion. About 0.2 ml of sample is placed in an NMR tube and positioned in a relaxometer.
Temperatures can be varied to determine characteristics of the system, however, the most useful
medical information is acquired at 37°C (body temperature). A uniform magnetic field aligns
the proton spins of the sample and a pulse inverts the magnetization vector. The time required
for the magnetization vector to randomize is known as the relaxation time (T). Fortunately,
water protons relax slowly, on the order of several seconds. Upon the addition of a CA, the
relaxation time decreases to tens of milliseconds. Because the relaxation time is concentration
dependent, mathematical adjustments are made to yield “relaxivity”, a standard by which all
contrast agents are compared quantitatively for efficacy. The greater the relaxivity, the more
efficacious a given contrast agent; units are mM™'s ™. Typical relaxivities for clinical agents at
37°C and clinical-field strengths (-60 MHz or 1.5 Tesla) are approximately 4 mM1s.141>

Fullerene(Cgo)-Based Contrast Agents

Endohedrals are a unique class of fullerenes that have a single metal atom (or in some cases,
up to three!®!) entrapped inside the fullerene carbon cage. These materials are commonly
referred to as metallofullerenes.'® Most of the lanthanide ions have been captured inside fullerene
cages of 60, 70, 72, or 82 carbon atoms. These metallofullerenes are generated during fullerene
synthesis by using carbon rods soaked in a solution of the appropriate metal salt before carbon-arc
ablation. While several lanthanides give appreciable relaxivities, Gd** endohedrals, as expected,
demonstrate the best performance and will be exclusively discussed here as ‘gadofullerenes’.

Gadofullerenes were initially attractive as possible CAs for two reasons: the fullerene cage
acts as a perfect chelate, preventing Gd** leakage in vivo (clinical CAs demetallate in vivo to a
minor extent), and initial measurements demonstrated enhanced relaxivity as compared to
traditional CAs."*

Initially, the Cgo-based gadofullerenes were written-off as low-yield, inert polymeric materi-
als, however, technological innovations overcame these limitations and now a wide-variety of
Cgo-functionalized gadofullerenes can be produced in large quantities.”! Two of the most stud-
ied water-soluble species are Gd@Cg[C(COOH),]19 and Gd@Cgo(OH),, which have
relaxivities ranging from 20 mM™'s™ to 100 mM's™ at 60 MHz and 37 °C, respectively, or
approximately 5-20 times greater than current clinical agents (-4 mM's™).!%?!

Initial studies exploring the proton relaxation processes of the gadofullerenes revealed that
they behave unlike any classical contrast agent, making them especially interesting candidates
for study. Because it is entrapped inside a carbon cage, the Gd* ion relaxes water protons via an
outer-sphere mechanism since it has no direct contact with water molecules."”’O relaxation
studies indicate that the outer-sphere relaxation mechanism is ten times that of chelated Gd**
compounds without inner-sphere water molecules (e.g., [Gd(TETA)]” where H{TETA =
1,4,8,11-tetraazacyclotetradecane-1,4,8,11 acetic acid), and it is believed that the Cgy carbon
cage (formally a Ceo™ cage) itself plays an important role in the large relaxivity of the
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gadofullerenes.”! The surface of a gadofullerene is paramagnetic and approximately 200 A%,
resulting in a large outer-sphere relaxivity surmised to be caused by the simultaneous relaxation
of many water protons on the cage surface.

A powerful tool for studying the factors influencing MRI contrast agent behavior is the
nuclear magnetic relaxation dispersion (NMRD) profile, which measures the relaxivity as a
function of magnetic field (0.01-400 MHz). Classic Solomon, Bloembergen, and Morgen (SBM)
theory of relaxation®*?° failed to model the NMRD profile of the gadofullerenes. However,
using algorithms originally developed by Bertini and coworkers,”” the NMRD behavior of
gadofullerenes was successfully modeled as a slowly-tumbling structure in solution.*! A typical
Gd** chelate’s rotational tumbling time is in the picosecond regime, whereas the gadofullerenes
tumble on the nanosecond scale. Cryo-TEM and dynamic light scattering (DLS) studies con-
cluded that the slower-tumbling gadofullerenes exist as large aggregates, estimated to be about
100-200 nm in size, depending on the metallofullerene species in question.

In addition to determining the relaxivity maxima, evaluating the NMRD profile at several
temperatures yields insight into the two separate processes that affect proton relaxivity, namely
the proton exchange rate and the molecular reorientation (or tumbling) rate which have op-
posing temperature dependencies.”® For the most part, the GA@Cgo(OH), gadofullerenes did
not exhibit widely-varying relaxivities as a function of temperature, however the r; relaxivity of
Gd@Cy[C(COOH);] 1 decreased with increasing temperature, indicating that slow proton
exchange is not a limiting factor in relaxivity. This reaffirmed that slowly-tumbling aggregates
are the source of the large relaxivities displayed by the gadofullerenes. The influence of pH on
11 also demonstrated a remarkable dependency, with decreasing pHs resulting in increasing
relaxivity. Relaxivites increased up to a factor of three as pH was lowered. Lowering the pH
causes the aggregate size to increase, which slows the tumbling time to produce higher relaxivities
until the gadofullerenes precipitate from solution around pH -3. In the case of
Gd@C[C(COOH);] 10, DLS data determined the aggregate size to range from 70 to 700 nm
as pH was lowered from 9 to 4.

Finally, high salt concentration breaks up gadofullerene aggregates, drastically reducing the
relaxivity since the smaller aggregates tumble faster.”” Interestingly, a 10 mM phosphate solu-
tion is far more effective than a 150 mM NaCl solution at breaking up the gadofullerene
aggregates, indicating that this phenomenon is not solely linked to ionic strength. It is believed
that the phosphate species are able to intercalate and hydrogen bond to the malonate or
hydroxyl groups facilitating disaggregation of the gadofullerenes. DLS studies supported this
disaggregate model.

Another interesting fullerene-based MRI CA of note is the tri-gadolinium nitride endohedral
metallofullerene (Gd3N@Cg).> Synthesized by substituting nitrogen gas for argon during the
laser ablation process, three Gd>* ions are bound to a central nitride ion to form a four-atom
cluster that is encapsulated by a Cgy cage. Further study is underway with these exciting new
compounds, but the production of derivatives for study is hampered by the relative poor chemical
reactivity of the MzN@Cg, metallofullerenes as compared to their GA@Cgg brethren.?!

Nanotube-Based Contrast Agents

Gadofullerenes have shown great promise as MRI CAs, but synthetic difficulties (low
yields and problematic purification steps) coupled with prohibitively high synthetic cost,
reduce the likelihood that such CA materials will become clinical agents. However, a related
new Gd?*-based nanomaterial which employs ultra-short single-walled carbon nanotubes
(US-tubes) has been recently reported (Fig. 1B).3? Not only does this CA platform outper-
form the gadofullerenes with respect to relaxivity (Fig. 2), but the synthetic limitations that
the gadofullerenes present are no longer an issue since Gd**-ion loading occurs post US-tube
synthesis. Thus, the synthesis of the Gd**,@US-tube CAs is limited only by the ability to
produce single-walled carbon nanotubes (SWNTTs).
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Figure 2. Comparative Nuclear Magnetic Resonance Dispersion (NMRD) profiles of the
gadonanotubes, Gd@Cg(OH),, and a common clinical agent, MagnevistTM.

To prepare the Gd**,@US-tube CAs, full-length nanotubes are first cut chemically via fluo-
rination and pyrolysis under inert atmosphere, resulting in US-tubes with an average length of
40 nm.*® The carbon sheath of the US-tubes can then be functionalized externally for water
solubility and biocompatibility, while medically-interesting agents can be loaded internally.
One consequence of cutting SWNTs by fluorination is the creation of defects in the sidewalls
of US-tubes. This, in turn, serendipitously facilitates filling by Gd®* ions which accumulate at
the defects sites, with the nanotube acting as a template for Gd** loading. Interestingly, aque-
ous Gd** ions do not uniformly accumulate down the length of the US-tube, but rather exist in
small 2-5 nm clusters of up to 10 Gd** ions sitting in the defect site. The Gd**,@US-tube
gadonanotubes can then be suspended in a surfactant solution, 1% sodium dodecylbenzene
sulfate (SDBS), for relaxivity measurements and electron microscope imaging.

The Gd**clusters in the Gd**,@US-tubes are clearly distinguished in both cryo-TEM
and high-resolution TEM images since the electron-dense Gd**-clusters appear as
darkly-contrasted areas (Fig. 3).* The high-resolution TEM was equipped with EDAX, an
elemental analysis attachment, which confirmed that the dark areas tested positive for Gd,
while the lighter areas did not (Fig. 3A). It is also worth noting that the cryo-TEM sample (Fig.
3B) was flash-frozen from surfactant-suspended gadonanotubes to give individual-appearing
Gd?*,@US-tubes, whereas in the high-resolution TEM sample (Fig. 3A), water (without sur-
factant) was removed by evaporation, which produced gadonanotube aggregation. For this
reason, the cryo-TEM image is a more accurate reflection of the structure of the suspended
gadonanotube material in solution.

So what is the functional consequence of the small Gd®*, clusters within the gadonanotubes?
By filling the small surface defect sites of US-tubes with only a few ions of Gd**, a
superparamagnetic material is created. Superconducting quantum interference device (SQUID)
measurements show that not only are the gadonanotubes superparamgnetic, but that the sys-

tem exists in a spin-glass state.’® This is characteristic of uncommon magnetically-frustrated
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Figure 3. An HRTEM image of aggregated gadonanotubes (A). The arrows indicate dark-contrast
spots which tested positive for Gd** as measured by EDAX; lightly-contrasted areas tested
negative for Gd**. A Cryo-TEM image (B) establishes the presence of Gd**, clusters (dark spots
indicate an electron-dense center and are designated by the arrows). [Sitharaman B, Kissell KR,
Hartman KB, et al. Superparamagnetic gadonanotubes are high-performance MRI contrast
agents. Chem Commun (Cambridge, U.K.) 2005; (31):3915-3917.] A and B reproduced by
permission of the Royal Society of Chemistry.

environments, confirming the existence of nanoscalar superparamagnetic clusters, acting inde-
pendently of one another. Thus, the gadonanotubes are the first superparamagnetic Gd**-based
system which results in never-before-seen performance in an MRI CA.

Comparing the NMRD profile of the gadonanotubes to that of the gadofullerenes, several
contrasting features can be seen (Fig. 2). Most striking is the magnitude of the gadonanotube r,
values, an astounding 174 mMls! per Gd>* at 60 MHz (clinical field strengths), compared to
~20-40 mM's! for gadofullerenes and 4 mM s for Magnevist™, a common clinical MRI
CA. Also, the shape of the curve for the gadonanotubes is quite different from that of the
gadofullerenes and traditional clinical CAs. The shape of the gadonanoube curve cannot be
modeled with either SBM theory or with a slowly-tumbling aggregate algorithm. This indi-
cates that there are features of the gadonanotube system that have never been observed for an
MRI CA. We currently speculate that this agent has significant inner-sphere relaxation because
of the Gd”* ions, as well as a significant outer-sphere contribution from the superparamagnetic
character of the Gd>*,, -ion cluster. However, much work remains to be done to better under-
stand this unique system.

A major difference between the gadonanotubes and the gadofullerenes is that aggregation
does not seem to play as important a role in gadonanotube relaxation, as it does for the
gadofullerenes. While pH does strongly affect the relaxivity of gadonanotubes, preliminary
DLS data indicates that this is not due to an aggregation effect since the hydrodynamic radius
of the gadonanotubes is fairly independent of pH.

Due to their exceptionally high performance and previously unobserved behavior,
gadonanotube MRI CAs appear poised to make an important impact on MRI. At current
clinical field strengths (20-60 MHz), gadonanotubes are rou%hly 40 times better CAs than
their current clinical counterparts (170 mM s vs. 4.0 mM's™). Furthermore, at higher fields
the relaxivity of the gadonanotubes stays fairly constant, in contrast to clinical CAs whose
relaxivities decline as the magnetic field is increased. With the trend toward higher-field MRI
instrumentation, this behavior is a significant advantage for gadonanotube-based CAs in the
future. Perhaps the biggest impact may actually lie in the opposite direction, specifically, millitesla
imaging. The astonishing relaxivities of the gadonanotubes at low fields, 635 mMs™" for
gadonanotubes vs. 7.0 mM's™! for Magnevist™ (Fig. 2), will undoubtedly encourage the
emerging area of millitesla imaging which requires greater CA relaxivities to overcome instru-
mentation signal-to-noise issues.
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Molecular Targeting of Carbon Nanostructures

While gadofullerenes and gadonanotubes clearly demonstrate superior relaxivity properties,
they still must be solubilized (without the aid of surfactant) and targeted to specific areas of
interest in the body if they are to realize their full potential. An obvious advantage of these
engineered carbon-based nanostructures over their inorganic nanostructure counterparts (e.g.,
iron oxide nanocrystals) is the potential for the facile derivatization of their carbon exterior.
Gadofullerenes and gadonanotubes can be functionalized for biocompatibility, water-solubility,
and molecular targeting. Such functionalization can link the carbon nanostructure and its
cargo to a variety of different targeting moieties that may include peptides, steroids, antibodies,
or viral vectors.

While seemingly a simple process in design, the strong innate bundling of nanotubes to one
another is a property often overlooked. Due to the -conjugated electronic structure of carbon
nanotubes, the n- interaction between different tubes results in aggregated bundles with van
der Waals energies of approximately 0.5 ¢V per nanometer of tube contact.* A single, full-length
nanotube can be isolated with ultrasonication and polymer or surfactant coating.>>° It is
believed that the full-length tubes are long enough to permit structural bending, eventually
allowing for them to be peeled free from the bundle. However, this strategy is not possible with
US-tubes because their small length:width ratio (relative to full-length SWNTs) results in
rigid-rod behavior, preventing separation.

In order to obtain single-molecule nanotube “capsules” derived from US-tubes, the tubes
must first be separated from one another and quickly derivatized to prevent reaggregation. The
-7t system responsible for their extreme bundling can also be exploited to overcome the aggre-
gation. The n-conjugated system of a nanotube has been shown to accept and stabilize a large
number of electrons (1 electron per 10 carbon atoms).?”*® Taking advantage of this behavior,
we have chemically reduced US-tubes by an amended Birch reduction method (Na®/THF
reduction), creating single US-tubes salt complexes in tetrahydrofuran, which are stable for
well over 10 days. The extent of exfoliation can be determined by spin-coating the samples
onto a mica surface and measuring their height, and therefore, bundle thickness, by atomic
force microscopy (AFM). AFM measurements of the reduced US-tubes yield z-heights (tube
diameters) of 0.5-1.5 nm, far smaller than for bundled US-tubes which have z-heights in excess
of 7 nm. Since a typical HiPco-produced, single-wall nanotube has an average diameter of 1.0
nm (although it may vary from 0.5 nm to 2.0 nm*)) an AFM height measurement of ~1.0 nm
indicates that complete exfoliation of the nanotubes is achieved by this method.

Individualized US-tubes are then easily functionalized via the Bingel reaction. 4! Briefly,
a bromomalonate is deprotonated by a strong base, creating a nucleophile that readily at-
tacks the fullerene or nanotube conjugated system, resulting in formation of a cyclopropyl
group on the surface. The Bingel group is both chemically and biologically stable and easily
allows for subsequent derivatization of esters or amides to produce any desired targeting
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Figure 4. A reaction scheme for attaching the RGD peptide to a gadonanotube.
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moiety as shown schematically in Figure 4 for the case of the RGD targetin§ peptide, which
specifically targets the o, B3 integrin receptor upregulated in breast cancers.* Several analyti-
cal techniques, including NMR can confirm covalent attachment of the malonate group,
and X-ray photoelectron spectroscopy (XPS), an elemental analysis technique, has been used
to establish that approximately 5 malonate groups per nanometer of US-tube can be at-
tached. AFM indicated that once functionalized in this manner, US-tubes do not flocculate
and reform bundles, but exist as individual functionalized US-tubes. The attainment of
“single-molecule” nanotube building block of the nature shown in Figure 4 is an important
milestone for the continued development of carbon nanotube biotechnology.

Fullerene-Antibody Conjugates

Using similar Bingel functionalization strategies, the first fullerene(Cgp)-antibody
immunoconjugates have been recently produced.®* Antibodies are a particularly promising
class of cellular-targeting agents. *> They are large, specialized proteins (MW 100,000 Daltons)
that contain antigen binding sites which preferentially bind to a specific antigen that is
over-expressed on a given cell type, allowing for cell-specific targeting. Recently, our group
engineered the first fullerene(Cgp)-antibody conjugate using a murine antibody that specifi-
cally targets melanoma cancer cells.*?

To produce the fullerene(Cgp)-antibody immunoconjugate, two unique Bingel-derivatized
fullerenes were investigated—one that can form a covalent disulfide bond with the anti-
body (Cgo-SPDP) and one that cannot form covalent bonds with the antibody (Cgo-Ser).®3
These Cg derivatives are shown in Figure 5. Amazingly, the results of this study indicated
that fullerene(Cgg)-antibody covalent bond conjugation may not be requisite for
immunoconjugate formation. In fact, the Cgo-Ser derivative loaded into the antibody to a
greater extent (on average, 42 Cgo’s derivatives per antibody) than the Cgp-SPDP derivative
(on average, 15 Cgq’s derivatives per antibody). These Cgp:antibody ratios were obtained
from the UV-Vis spectroscopic signatures of the Cg derivatives and Biorad protein assays
for the antibody. TEM images of the Cgp-Ser immunoconjugates and the antibody-only
control are shown in Figure 6. From the image, a contrast between the unloaded antibody
(Fig. 6A) with the Cgp-SPDP-loaded antibody (Fig. 6B) is observed, where the loaded anti-
body appears to have tripled in size and exhibits small dark clusters (-5 nm) believed to be
small fullerene aggregates inside the antibody. Enzyme-linked immunoabsorbant assay
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Figure 5. The water-soluble, Bingel-derivatized fullerene (Cgo) derivatives. The Cgo-SPDP
derivative (A) was designed to form a covalent attachment through the disulfide linker, whereas
the Cgo-Ser derivative (B) cannot form a covalent attachment with the antibody.
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Figure 6. TEM images of an unloaded melanoma antibody (A) and a Ceo-Ser loaded melanoma
antibody (B), atidentical magnification (scale bar =20 nm). The fullerene derivative is readily
taken up by the antibody, resulting in increased size as can easily be seen. The dark contrast
of the Cgo-Ser antibody conjugate is likely due to small Cgo aggregates adsorbed in the
antibody interior.

(ELISA) determined that the Cgo-Ser-antibody is still 70 times more specific than a generic
murine antibody. For the Cgo-SPDP -antibody derivative, there is essentially no loss in
specificity and binding efficiency as compared to an unconjugated antibody. This data sug-
gests that the Cgo moieties are internalized by the antibody and that the antibody can be
highly loaded with a payload of ~15 fullerene nanostructures and still retain its biological
function. It is believed that no chemical attachment is needed to link the fullerene to the
antibody since the water-soluble, lipophillic fullerene derivative, Cgo-Ser, is readily absorbed
into the antibody interior.

Since gadofullerenes are very similar materials to Cgo, it is logical to assume that they will
also load into an antibody. Experiments are currently underway in our laboratory to determine
proton relaxivity properties of gadofullerene-antibody conjugates and to attempt targeted, MR
imaging of melanoma cells dispersed in a field of normal cells. Perhaps the greatest advantage
of carbon-based nanostructures for molecular targeting is the ability of these materials to cross
cell membranes,** resulting in the accumulation of deliverable payloads inside cells, whether
for molecular imaging or guided therapy.

Closing Remarks

Clearly the future of carbon-based nanostructures in MRI is bright. In only a few short
years, these materials have been shown to dramatically outperform classical MRI CAs in vitro,
and they have the potential to revolutionize the field of medical MR imaging. They could
compliment (or even replace) current MRI CAs because of their superior relaxivities or they
may encourage the development of new techniques of the future, such as millitesla imaging.
Clearly, the most exciting frontier for these carbon nanostructures is their potential for over-
coming many of the limitations of classical MRI CAs and thus, to produce new agents for
molecular imaging. In particular, they are high-performance nanoscalar MRI probes which are
intrinsically intracellular and chemically very versatile. A worthy long-term goal is their devel-
opment as a new universal platform, based on single-molecule US-tubes as disease-targeted
carbon nanocapsules, for the containment and delivery of an array of diagnostic and therapeu-
tic agents in medicine.
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CHAPTER 7

Magnetic Nanoparticle Assisted Molecular
MR Imaging
Young-wook Jun, Jung-tak Jang and Jinwoo Cheon*

Abstract

agnetic nanoparticles exhibit unique nanoscale properties of superparamagnetism

and have the potential to be utilized as excellent probes for magnetic resonance

imaging (MRI). Especially, clinically benign iron oxide nanoparticles provide good
MR probing capability and some of them are currently available for clinical applications. How-
ever, limited magnetic property and inability to escape from reticuloendothelial system (RES)
of the currently used nanoparticles impede their further advancements and therefore it is nec-
essary to develop advanced magnetic nanoparticle probes for next-generation molecular MR
imaging. In this chapter, we overview recent progresses on the development of magnetic
nanoparticle probes for molecular MR imaging. Utilization of these nanoparticle probes for
both in vitro and in vivo molecular MR imaging will be described.

Introduction

Nanoparticles produced in biological system can be utilized as key biofunctional materials
for protection, navigation, and sensing.' For example, magnetotatic bacterium possesses a
chain of about 20 magnetite crystals on a nanometer scale diameter.” They selectively collect
iron ions from the seawater into organic hollow spheres and subsequent reduction of iron ion
results in formation of magnetite nanoparticles.? This bacterium utilizes the chained magnetic
nanoparticles as a magnetic compass to orient itself along the Earth’s magnetic field and can
navigate to its desired destination.’?

On the other hand, researchers have explored new ways to chemically synthesize nanoparticles
for their applications in biomedical sciences.*” When these are used in biological system, in
addition to their comparable small size to biological molecules and functional units, unique
nanoscale property of inorganic nanoparticles enables them to be utilized as probes and vectors
for biomedical diagnosis and therapy. In particular, magnetic nanoparticles with
superparamagnetism are emerging as next-generation molecular imaging probes for observing
and tracking molecular events via magnetic resonance imaging (MRI). MRI is one of the most
powerful medical diagnostic tools due to its noninvasive nature and multi-dimensional tomo-
graphic capabilities coupled with high spatial resolution.'® Although MRI lags in sensitivity
when compared with other tools,!! such weakness can be significantly improved by using mag-
netic nanoparticle based contrast agents.'>'? Under an applied magnetic field, these nanoparticles
are magnetized and generate induced magnetic fields, which can perturb the magnetic relax-
ation processes of the protons in water molecules that surround the magnetic nanoparticles.

*Corresponding Author: Jinwoo Cheon—Department of Chemistry and Nano-Medical National
Core Research Center, Yonsei University, Seoul 120-749, Korea. Email: jcheon@yonsei.ac.kr
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Figure 1. MR contrast effects of magnetic nanoparticles. Under an applied magnetic field (M),
magnetic nanoparticles are magnetized and generate an induced magnetic field (M), which
perturbs the magnetic relaxation processes of the proton in water molecules, which is reflected
as dark MR contrast.

For example, this phenomena lead to the shortening of the spin-spin relaxation time (T2) of
the proton, which results in the darkening of MR images (Fig. 1).

According to the outer sphere spin-spin relaxation formula of solvent protons by solute
magnetic particles, spin-spin relaxation time of the proton is

1 (327Nj [M]) ) .

o L—405000[rD]JVfuz{G.sz(wf,n) +15j1(0.7)}

where, y1 is gyromagnetic ratio of protons in water, M is the molarity of magnetic nanoparticles,
r is their radius, Ny is Avogadro’s number, u is the magnetic moment of the nanoparticle, o,
and w; are the respective Larmor angular precession frequencies of the solute electronic and
water proton magnetic moments, the functions j,(w, t) are spectral density functions, and < (=
r*/D) is the time scale of fluctuations in the particle-water proton magnetic dipolar interaction
arising from the relative diffusive motion (D) of a particle and water molecules.'* Therefore,
the shortening of T2 is achieved by increasing the magnetic moment of the nanoparticles.
Recently, J. Cheon, J. Suh, and coworkers experimentally demonstrated such magnetic mo-
ment effects on T2 by elucidating the correlated nanoscale effects of iron oxide nanoparticles
between size, magnetism, and T2 relaxivity."”> Figure 2a shows transmission electron micro-
scopic images of highly monodispersed iron oxide nanoparticles with the size of 4, 6, 9, and 12
nm respectively. These magnetic nanoparticles exhibit size-dependent magnetic moments and
as the nanoparticle size is increased from 4 to 6, 9, and 12 nm, the mass magnetization value at
1.5 T changes from 25 to 43, 80, and 102 emu/(g Fe) respectively (Fig. 2¢). Such a trend is
clearly reflected in the T2-weigthed MR images. The 1/T2 relaxivity gradually increases from
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Figure 2. Nanoscale size effects of iron oxide nanoparticles on magnetism and induced magnetic
resonance (MR) signals. a) TEM images of Fe;O4 nanoparticles of 4 to 6, 9, and 12 nm. b) Size
dependent T2-weighted MR images of iron oxide nanoparticles in aqueous solution at 1.5 Tesla.
c) Size dependent changes from red to blue in color-coded MR images based on T2 values. d)
Graph of 1/T2 relaxivity value versus iron oxide nanoparticle size. e) Magnetization of iron oxide
nanoparticles measured by a SQUID magnetometer. (From ref. 15, with permission).

56 to 106, 130, and to 190 l-mol™'sec’’, which is imaged by the gradual change of the MR
contrast from white to black through gray (Figs. 2b-d).

Such effect of magnetic nanoparticles on MR contrast provides them the ability to report
on various biological events. For example, magnetic nanoparticles of larger than 30 nm have
been used for phagocytosis imaging.'®!” When phagocytes uptake magnetic nanoparticles,
they are imaged as dark contrast. But tumor cells without phagoclytic ability are imaged as
white contrast. By utilizing such effect, liver metastasis,'®'? spleen,'® and lymph node detec-
tion** have been performed.

On the other hand, when the smaller nanoparticles (e.g., 10 nm) can easily escape from
phagocytes, magnetic nanoparticles, upon conjugation with a target specific biomolecule, can
detect target tissues through molecular interactions between nanoparticle-biomolecule conju-
gates and molecular markers expressed from target tissues.”""** Various types of clinically be-
nign iron oxide based magnetic nanoparticles (e.ig., superparama§netic iron oxide (SPI1O))
have been explored, and the imaging of infarct,”** angiogenesis,”® apoptosis,”’ gene expres-
sion,?®% and cancer'>*33 have been reported. However, MR signal sensitivity and specificity
of nanoparticle probes to the target tissue are still unsatisfactory for clinical applications and
further efforts are needed to make them better. In this section, we briefly review recently devel-
oped bio-compatible magnetic nanoparticles and their utilization in molecular MR imaging.
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Recent Developments in the Synthesis of Magnetic

Nanoparticle Probes

For their successful utilization as molecular MR contrast agents, magnetic nanoparticles
must fulfill the following requirements : i) uniform and high superparamagnetic moment, ii)
high colloidal stability under physiological conditions (e.g., high salt concentration and pH
changes), iii) the ability to escape from the reticuloendothelial system (RES), iv) low toxicity
and biocompatibility, and v) possession of functionality to be linked to biologically active
species (e.g., nucleic acid, proteins). Since these properties are highly related to their size, sto-
ichiometry, and surface structures, various types of iron oxide nanoparticles have been devel-

oped.

Silica- or Dextran- Coated Iron Oxide Contrast Agents

For conventional MR contrast agents, iron oxide nanoparticles are synthesized through the
precipitation of iron oxide in an aqueous solution containing ferrous salt by adding an alkaline
solution.** Such iron oxide nanoparticles are usually insoluble as-is and a coating material is
required for them to be soluble in aqueous media. In early attempts to make them water soluble,
silica was used as a coating material.*> The size of the core magnetic iron oxide can vary be-
tween 4 to 10 nm and the total particle size varies from 10 nm to 1 um including coating
materials. Since these nanoparticles have a broad size distribution, further size sorting proce-
dures including differential centrifugation and dialysis are required. One of the representative
silica-coated iron oxide contrast agent is AMI-121 (generic name : Ferumosxsil), which is now
commercially available as Lumirem® (Guerbet) and Gastromark® (Advance Magnetics). The
core is approximately ~10 nm sized polycrystalline iron oxide and the hydrodynamic size is
approximately ~300 nm. This agent is delivered orally and used for abdomen MR imaging.*®

Although the silica coated iron oxide nanoparticles are reasonably stable in aqueous media,
they tend to aggregate in blood and therefore are inadequete for blood injection. To enhance
colloidal stability of iron oxide nanoparticles, another type of coating agent, dextran or
carbodextran, has been developed.’” Since dextran possesses high colloidal stability against
harsh physiological condition, dextran coated iron oxide nanoparticles can have good stability.
Dextran coated iron oxide nanoparticles are prepared through a coprecipitation method from
aqueous solution containing ferrous salt and dextran by adding an alkaline solution.?® There
are three representative dextran-coated iron oxide nanoparticles: AMI-25 (Feridex®(Berlex Lab.)
and Endorem® (Guerbet, SHU 555A Resovist® Schering, and AMI-227 Combidex® Advanced
Magnetics and Sinerem® Guerbet). AMI-25 is composed of -5 nm iron oxide core and dextran
coating materials. The total size is in between 80 and 150 nm with T2 relaxivity of ~98.3
I-mmol's.%® SHU 555A has an ~4.2 nm iron oxide core coated with carbodextran with total
size of ~62 nm, Resovist has a higher T2 relaxivitg value of 151.0 I-mmol s 3 and has no
known side effect after fast intravenous injection.®” These magnetic contrast agents are gener-
ally trapped and accumulated by the reticuloendothelial cells in the liver with a short blood half
life time of less than 10 min. and therefore used for liver imaging.!” Compared to these two
iron oxide contrast agents, AMI-227 has similar iron oxide core size (-5 nm) but a smaller
overall size of 20-40 nm. Although AMI-227 has lower T2 contrast effects (T2 relaxivity of
~53 l.mmol™'s™), its smaller size provides a much higher blood half life time of ~24 h, which
enables MR angiography and lymph node detection.!

Smaller dextran-coated iron oxide nanoparticles including monocrystalline iron oxide
(MION) and its derivative, cross-linked iron oxide (CLIO) are composed of an ~2.8 nm core
iron oxide and dextran shell with the total size of 10-30 nm.*>*** Since these nanoparticles are
relatively small in size and have a long blood half life time and their surface can be readily
linked with biolo§ically active molecules, they are useful for in vivo molecular MR imaging of
biological targets.*?
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Nanoparticles Grown in Organic/Biological Templates: Magnetoferritin,
Magnetodendrimers, and Magnetoliposomes

Ferritin is a well-known iron storage protein used to sequester and store iron, which is
comprised of a -6 nm hydrated iron oxide, ferrihydrite (5Fe;03-9H,0), core and polypeptlde
apoferrltm shell.*® Ferritin has been used as an efficient synthesizer for other magnetic materi-
als. %8 For example, magnetlcally less useful ferrihydrite can be replaced by iron sulfide or
magnetite nanopartlcles (Fig. 3).%° Researchers have also utilized magnetoferritin as contrast
agents for MR imaging. Magnetoferritin possesses a reasonably high T2 relaxation value of 157
l-mmol's™".#° Although magnetoferritin is expected to have high biocompatibility and colloi-
dal stablhty in the blood when considering that they mimic naturally-occurring ferritin, the
results are contradictory. These magnetoferritin particles are rapidly cleared from the blood
circulation (blood half life tlme of less than 10 min) by the reticuloendothelial system in the
liver, spleen, and lymph nodes.* Therefore, magnetofemtms are only suitable for liver, spleen,
and lymph node detection rather than molecular imaging.

The unique pore structures and multiple functional end-groups of dendrimers make them
useful as host materials in drug and gene delivery. Similarly, dendrimers can efficiently deliver
magnetic nanoparticles to cells. Bulte, Frank, and coworkers have demonstrated
carboxy-terminated dendrimer (G = 4.5) coated iron oxide contrast agents.’>’! Typically,
magnetodendrimers are synthesized through the pH controlled reaction of a ferrous salt and a
trimethylamine oxide oxidant in a methanol/water mixture containing polyamidoamine
dendrimers (Fig. 4a). The core size of the magnetodendrimers is 7-8 nm and they tend to
aggregate to oligomers with the size of 20-30 nm (Fig. 4b). Magnetodendrimers show en-
hanced magnetlc ?roperty (saturation magnetism: ~-94 emu/g Fe) and a high T2 relaxivity of
200-406 1-mol™'s™,>® compared to those of dextran coated MION. Since dendrimers can be
efficiently transfected to cells without any transfection agents, these magnetodendrimers can
be used as labels for cellular MR imaging and trafficking.

Similarly, liposomes which are also widely used for drug and gene delivery can be good
coating materials to solubilize iron oxide nanoparticles. Liposomes have bilayer assembly of
surfactant molecules with a hydrophilic head and a hydrophobic tail. As shown in (Fig. 4¢), the
hydrophilic ends of the inner layer surfactants encapsulate the iron oxide nanoparticles and the
hydrophilic head of the outer layer surfactant make them soluble in water. Bulte, Frank, and
coworkers have reported that such magnetohposome can be utilized for bone marrow MR
contrast agents.”* The iron oxide core size of the magnetollposome is ~16 nm and the entire
size is ~40 nm (Fig. 4d) with a T2 relaxivity of ~240 l.mmol's™!

Native ferritin Apoferrmn Magnetoferritin

Figure 3. Synthetic scheme of magnetoferritin. Removal of ferrihydrite from native ferritin pro-
duces apoferritin and subsequent formation of magnetite nanoparticles inside apoferritin results
in the formation of magnetoferritin. (From ref. 46, with permission).
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Figure 4. Schematics and TEM images of (a, b) magnetodendrimers and (c, d) magnetoliposomes.
(From refs. 51, 52, with permission).

Phase Transfer Strategy: Nonhydrolytically Synthesized High Quality Iron

Oxide Nanoparticles

With the exception of MION and CLIO, previously developed iron oxide MR contrast
agents undergo rapid uptake by the reticuloendothelial systems (RES) and therefore are effec-
tive for liver, spleen, and lymph node detection. Therefore, researchers have encountered diffi-
culties when they are utilized for molecular MR imaging.'®?° For the success of molecular
imaging, it is necessary to have high performance magnetic nanoparticle systems which exhibit
excellent magnetic properties, the ability to escape from the RES, and the possession of active
functionality that can be linked with biologically active molecules.'? Since magnetic properties
of nanoparticles depend highly on the materials properties such as size, shape, stoichiometry,
and crystallinity,>>*>* the ability to control such properties is critical. However, conventional
water-phase protocols, which have been widely adopted for superparamagnetic iron oxide (SPIO)
contrast agents, generally lack precise size-control and monodispersity, have poor crystallinity,
and have nonstoichiometric composition.* In contrast, nonhydrolytic high temperature growth
methods allow one to have size-controllability, high single crystallinity, and good stoichiom-
etry.>¥45%57 For example, the nanoparticle size can be easily controlled from 4 nm to ~20 nm
with a very narrow size distribution (o < 8 %) by controlling the growth conditions.'>* One
difficulty that must be overcome prior to their utilization as MR contrast agents is obtaining
water-solubility since nonhydrolytically synthesized iron oxide nanoparticles are soluble only
in organic media. Various surface modification methods have been developed including bi-
functional ligand,'>**® micellular,”>*® polymer,°'"% and siloxane-linking procedures.**®> For
example, nonhydrolytically synthesized nanoparticles can be transferred to aqueous media by
overcoating the nanoparticles with polyethyleneglycol-(PEG)-ylated phospholipid micelles. Such
a micellular coating strategy has been demonstrated in the case of quantum dots,® but Bao and
coworkers have successfully extended this strategy to make water-soluble iron oxide nanoparticles
(Fig. 5).% The PEGylated nanoparticles can be further linked to cellular transfection Tat pep-
tides and utilized for MR cellular labeling.®°
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Figure 5. a) Synthetic scheme and (b) TEM image of polyethylene glycol (PEG)-ylated iron oxide
nanoparticles. (From ref. 60, with permission).

Bawendi and coworkers have proposed another approach to transfer iron oxide nanoparticles
from organic to aqueous media by coating them with polymeric phosphine oxide ligands.®”
These polymeric ligands can tightly bind to the iron oxide nanoparticle surface through
multidentate bondings (Fig. 6).

It is well-known that the siloxane linkage to a metal oxide surface is efficient and strong.
Zhang and coworkers have successfully applied this strategy for the synthesis of water-soluble
iron oxide nanoparticles.®® Refluxing toluene solution containing triethoxysilyl-terminated
PEG ligands and nonhydrolytically synthesized iron oxide nanoparticles provides iron oxide
nanoparticles with high colloidal stability in aqueous media (Fig. 7).

The major advantage of these nonhydrolytic synthesized iron oxide nanoparticles, as men-
tioned above, is the precise size control with high monodispersity. Cheon, Suh, and coworkers
have demonstrated such advantages for the synthesis of iron oxide MR contrast agents.'>3>
As shown in transmission electron microscopic image (Fig. 8), nanoparticles obtained are -9
nm with narrow size distribution (o< 8 %). HR-TEM and X-ray analyses show that nanoparticles
are single crystalline stoichiometric Fe3O4. Then, water-soluble iron oxide nanoparticles (WSIO)
are obtained by introducing 2,3-dimercaptosuccinic acid (DMSA) ligand onto the nanoparticle
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Figure 6. Multi-dentate phosphine oxide ligand approach for the synthesis of iron oxide
nanoparticles. a) The phosphine oxide functional groups bind to the surface of iron oxide and
exposed PEG groups to make them water-soluble. b) Iron oxide nanoparticles dissolved in water.
(From ref. 67, with permission).
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Figure 7. Siloxane-polyethyleneglycol (PEG) coated iron oxide nanoparticles. Silanization of
terminal ethoxysilane group of PEG ligand on top of iron oxide nanoparticles induces the
formation of PEG coated iron oxide nanoparticles. (From ref. 68, with permission)
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Figure 8. TEM image of ~9 nm Fe;O, nanoparticles.
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Figure 9. a) Schematic of 2,3-dimercaptosuccinic acid (DMSA)-coated iron oxide nanoparticles.
The carboxylic ends of DMSA bind to the surface iron oxide nanoparticles and they are further
stabilized through interligand disulfide cross-linkages. Remaining free thiol can be used for
further conjugation for biomolecules such as antibody. b) Solubility test of as-synthesized and
DMSA-coated iron oxide nanoparticles. c) Stability test of water-soluble iron oxide nanoparticles

in various concentrations of NaCl solution. (From ref. 15, with permission).
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Figure 10. Nanoparticle assisted molecular MR imaging of biological systems.

surface. This ligand endows them high water-phase stability through (i) carboxylate chelate
bonding to iron and (ii) disulfide cross-linkages between the ligands (Fig. 9a)."> Furthermore,
the remaining free thiol group of the ligand can be used for the attachment of target-specific
biomolecules. Obtained Fe3O4 nanoparticles with the DMSA ligand are fairly stable in water
and phosphate-buffered saline (PBS) up to NaCl concentration of 250 mM without any aggre-
gation. These nanoparticles are utilized as MR probes, upon conjugation with cancer targeting
antibody, not only for the detection of in vitro detection of cancer cells but also in vivo imaging
of cancer implanted in a mouse.'>%?

Molecular MR Imaging Utilizing Iron Oxide Nanoparticle Probes
When iron oxide nanoparticles are conjugated with biologically active materials (e.g., anti-
body), the resulting iron oxide-biomolecule conjugates possess dual-functionalities of both the
MR contrast enhancers and the molecular recognition capability. These conjugates act as mo-
lecular imaging probes which can efficiently report on various molecular/biological events oc-
curring in region-of-interest targets. Molecular MR imaging studies utlhzmg such iron
oxide-biomolecule conjugates include the imaging of mﬂammatlon 70 infarct,”* angio-

genesis,”® apoptosis,”’ gene expression,”®?’ g-amyloid plaques,”! and cancer.!>3%3

Infarct and Inflammation

For imaging of infarcts and inflammations, monocrystalline iron oxide (MION) nanoparticles
are conjugated with specific antibodies through electrostatic interactions or covalent linkages
by the reaction of potassium periodate activated surface hydroxyl group with lysine residues of
antibodies. For example, R;1Dj¢ antimyosin Fab was electrostatlcally conjugated to hydroxyl
groups on the MION surfaces for cardiac infarct imaging.** Since infarcted cardiac cells have
increased permeability to myocardial cell membranes compared with normal cells, iron
oxide-antimyosin Fab conjugates can be efficiently transported into damaged cells and recognize
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Figure 11. MR detection of (a,b) cardiac infarct and (c,d) inflammation of a mouse. After intra-
venous injection of iron oxide-antimyosin antibody, dark MR contrast in the infarcted area is
observed. Similarly, inflammation is not imaged at the control mouse but inflammation site is
clearly shown as dark contrast. (From refs. 24 and 69, with permission).

myosin. Figure 11 shows T2-weighted MR images of a mouse with cardiac infarct after injec-
tion of MION-R;;D1¢ antimyosin Fab conjugates. The infarcted region is clearly observed as
dark MR images, while no contrast effect was seen when unconjugated MIONSs were adminis-
tered. Such targeting effect of MION-R; ;D antimyosin Fab conjugates were evaluated through
ex vivo immunohistological analyses through Prussian blue staining. Weissleder and coworkers
further extended this strategy for the detection of inflammation by conjugating MIONSs with
polyclonal human immunoglobulin G. MION-IgG conjugates consistently detected the area
of inflammation in T2-weighted spin-echo MR images (Fig. 11c¢,d), which was also further
confirmed by histological Prussian blue staining study.®’
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Figure 12.Invitro MR detection of E-selectin stimulated by interleukin-1p. a) Withoutinterleukin-1p,
white MR image is obtained from HUVEC only treated with CLIO-anti E-selectin antibody. b) In
contrast, after interleukin-1p and CLIO-anti E-selectin is sequentially dosed to HUVEC, E-selectin
expression is clearly imaged as dark MR image. (From ref. 26, with permission).

Angiogenesis

Angiogenesis is a fundamental growth process of new blood vessels for development, repro-
duction, and wound repair. This process is also related to the progression of tumor growth.
Therefore, the development of anti-angiogenic agents can be a potential pathway to efficient
cancer treatment. Imaging of angiogenesis is also related to the cancer diagnosis and the evalu-
ation of anti-cancer agents. Several molecular markers are involved in angiogenesis: vascular
endothelial growth factor (VEGF), fibroblast growth factors (FGG), platelet-derived endothe-
lial cell growth factor (PD-EDGF), Tie-2 receptor, integrin, and E-selectin.”? Among the vari-
ous angiogenesis markers, VEGE Tie 2 receptor, and integrin have been extensively studied.”*”
A. Bogdanov and coworkers reported that E-selectin expression in human endothelial cells can
be imaged by using cross-linked iron oxide (CLIO) - monoclonal anti-human E-selectin anti-
body conjugate MR contrast agent.”® When only CLIO-antibody conjugates are treated to
endothelial cells with a low E-selectin expression level, MR contrast effect is hardly detected
(Fig. 12a). In contrast, interleukin-1f, which stimulates the expression of E-selectin, is treated
to the cells and then nanoparticle-antibody is dosed to the cells, a significant MR contrast
effect is shown (Fig. 12b).

Apoptosis

Apoptosis is an active process of programmed self-destruction of cells. In the early stages of
apoptosis, the redistribution of phosphatidylserine in the cell membrane occurs and the detec-
tion of such processes can be an indicator of the programmed cell death. Representative bind-
ing proteins to phosphatidylserine are annexin V and synaptotagmin I. Although imaging of
apoptosis using these antibodies has been already performed through radio-isotope techniques,
the spatial resolution is only ~1-3 mm and needs improvement. Brindle and coworkers have
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Figure 13. a) MR Imaging of apoptosis using SPIO-C2 domain of synaptotagmin |. b) T2-weighted
MR images of (b 1) water, (b 2) SPIO-C2 conjugate, (b 3) SPIO-BSA control conjugate, (b 4) SPIO
only treated apoptotic cells, and (b 5) SPIO-C2 conjugate treated normal cells. In vivo MR images
of tumors implanted in a mouse (c) before and (d) after drug treatment. (From ref. 27, with
permission).

shown that conjugates of the SPIO and C2 domain of synaptotagmin I (C2-SPIO) can detect
apoptotic cells through MRI with ~0.1 mm resolution.?” While there are no MR signals for
nonspecific SPIO (BSA-SPIO) (Fig. 13 b3), SPIO only treated apoptotic cells (Fig. 13 b4),
and C2-SPIO treated normal cells (Fig. 13 b5), C2-SPIO treated apoptotic cells (Fig. 13 b2)
clearly show dark MR contrast with a significant change in T2 values (AT2 = ~90%). Further
extension of this strategy to an in vivo animal study was also successful. When C2-SPIO was
intravenously injected to drug-treated tumor-bearing mice, the nanoparticle conjugates are
able to detect apoptotic regions with a significant MR signal change (Figs. 13, ¢,d).

Gene Expression

Gene expression is also an emerging field in the biomedical sciences and the imaging of
such gene expression processes is of importance. Although several approaches to detect in vivo
gene expression have been performed through optical””® and radioisotope imaging techniques,””
there are limitations (i.e.: low-penetration depth of light for optical imaging and poor spatial
resolution of radioisotope imaging). Weissleder and coworkers demonstrated that MR detec-
tion of transgene expression of engineered transferrin receptor (ETR) in tumors is possible by
using MION-transferrin (MION-TT) contrast agents.z9 When MION-TT is treated to the
cells with various ETR expression levels, a gradual decrease in T2 is observed as the ETR
expression levels of cells are increased due to proportional binding of MION-TT conjugates to
the expressed ETR. They also determined whether ETR expression can be detected in in vivo
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Figure 14. In vivo and ex vivo imaging of engineered transferrin receptor (ETR) expression in
tumors. (a) Schematic of MR imaging, (b,c) in vivo imaging of ETR (+) and ETR (-) tumor implanted
mouse before (b) and after (c,d) the injection of MION-transferrin. Ex vivo imaging of excised
ETR(+) and ETR(-) tumors (e) and their color maps based on T2 (f). (From ref. 29, with permission).

live mice with ETR positive tumors and ETR negative tumors. The results show that the MR
contrast effect is only observed for ETR positive tumors (Fig. 14b-d). Ex vivo MR imaging of
excised tumors shows more dramatic differences between these two tumors (Fig. 14e,f).

Cancer Imaging

Noninvasive detection of cancer in its early stages is of great interest since early detection of
cancer can significantly increase the survival rate of patients. With conventional MRI tech-
nique, current detectable size of cancer is roughly ~1 cm?. If nanoparticle contrast agents can
specifically recognize cancer cells through molecular interaction, selective enhancement of the
MR signal of cancer cells can provide one with a way to clearly distinguish cancer from normal
tissues. Tiefenauer and coworkers reported the detection of cancers is possible through such
molecular recognition of superparamagnetic iron oxide (SPIO) nanoparticle-antibody conju-
gates.”> Conjugation of poly(glutamic acid-lysine-tyrosine) coated nanoparticles with anti
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Figure 15. MR detection of carcinoembryonic antigen (CEA) overexpressed tumors by using iron
oxide-CEA antibody conjugates. MR images of before (a) and after (b) injection of SPIO-CEA
antibody. (From ref. 32, with permission).
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Figure 16. In vitro MR detection of HER2/neu overexpressed cancer cells by using avidin coated
SPIO and biotinylated Herceptin. (a) Schematic and (b) MR images of SPIO-avidin conjugate
treated cells (AU-565, MDA-MB-231, MCF-7). (From ref. 31, with permission).

carcinoembryonic antigen (CEA) antibody is performed through a conventional sulfo-MBS
cross-linking method. In the T2-weighted MR images, dark contrast is imaged at the
CEA-expressed tumors, although contrast difference is not highly rpronounced (Fig. 15). Artemov
and coworkers utilized another approach to detect cancer cells,’® using the avidin-biotin recog-
nition. Avidin conjugated SPIO can efficiently detect biotinylated cancer specific antibodies
which bind to the cancer cells (Fig. 16a). Their in vitro fluorescence-assisted cell sorting analyses
and MR imaging confirm cancer detection (Fig. 16b). Au-565 cells with high expression of
HER2/neu cancer markers are imaged as dark MR contrast, while no contrast effect is ob-
tained from MDA-MB-231 cells with low HER2/neu expression.

Recently, Cheon, Suh, and coworkers have shown that highly efficient cancer targeting can
be achieved using hlgh quality, small sized water-soluble iron oxide (WSIO)
nanoparticle-antibody conjugates.?® The WSIO nanoparticles have high magnetic momentum
(~100 emu/g Fe) and small hydrodynamic size (-9 nm), which are advantageous for both in
vitro and in vivo cancer imaging. When these nanoparticles are conjugated with Herceptin,
they successfully detect cancer cells (SK-BR-3) as dark MR image (Fig. 17b) through molecular
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Figure 17. In vitro cancer detection using water-soluble iron oxide (WSIO)-Herceptin conju-
gates. MR images of (a) nontreated, (b) WSIO-Herceptin treated, (c) WSIO-irrelevant antibody
treated breast cancer cells (SK-BR-3). (d) MR images of WSIO-Herceptin conjugate treated cell
lines with increasing expression levels of HER2/neu receptors: Bx-PC-3, MDA-MB-231, BT-474,
and NIH3T6.7 cell lines. Control conjugates are treated to Bx-PC-3 cell lines. (From ref. 33, with
permission).

interaction between nanoparticle surface-bound Herceptin and HER2/neu cancer markers,
compared to nontreated (Fig. 17a) and WSIO-irrelevant conjugate treated cells (Fig. 17¢).
This MRI result is also confirmed by an optical technique where vivid green fluorescence from
the fluorescein (FITC) is clearly observed only for FITC-WSIO-Herceptin probe conjugate
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Figure 18. In vivo MRI of cancer targeting events of WSIO-Herceptin conjugates. Color maps of
T2-weighted MR images of cancer cell implanted (NIH3T6.7) mice at different temporal points
(preinjection, immediate post, 4 hr) after the intravenous injection of (a) WSIO-irrelevant anti-
body control conjugates and (b) WSIO-Herceptin probe conjugates. c) Plot of T2 values versus
time after the injection of WSIO-antibody conjugates in (a) and (b) samples. d) T2*-weighted MR
images of cancer cell implanted (NIH3T6.7) mouse at 9.4 Tesla and their color maps at different
temporal points after probe conjugate injection. Tumor area is circled with white dotted lines.
e) Fluorescence immunohistochemical analyses of an excised tumor slice. Endothelial vessels
were stained with Rhodamine-anti-CD31 (red fluorescence) and probe conjugates were stained
with FITC-anti-human IgG (green fluorescence). (From ref. 33, with permission). Color version
available at Eurekah.com.

treated cells (Figs 17d, e). Furthermore, WSIO nanoparticles enable the detection of various
cell lines with different levels of HER2/neu cancer marker expression: Bx-PC-3, MDA-MB-231,
BT-474, and NIH3T6.7 cell lines, which are arranged in the order of increasing HER2/nen
expression level. T2-weighted MR signals of the cell lines treated with WSIO-Herceptin probe
conjugates become darker as the expression level of the HER2/neu receptors is increased (Fig.
17f). It is noteworthy that the MR signal intensities of the cell lines treated with WSIO-Herceptin
probe conjugates show a marked difference from that of control conjugates indicating excellent
specific binding efficiency of the probe conjugates.

These magnetic probes are successfully extended to the in vivo detection of cancer cells
implanted in mouse.?® When these WSIO-Herceptin conjugates are intravenously injected to
a mouse, they successfully reach and recognize HER2/neu receptors overexpressed from cancer
cells which results in a significant MR contrast effect in the tumor sites with the ~20 %
decrease in T2 value compared to the control experiments (Fig. 18a-c). In high resolution MR
images of WSIO-Herceptin conjugate treated mouse measured at 9.4 T MRI, a dark MR
image initially appears near the bottom region of the tumor and then gradually grows and
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Figure 19. Nanoparticle-assisted molecular MR imaging. a) Modern molecular chemistry ap-
proach enables the tailored synthesis of high quality magnetic nanoparticles with desired sizes
and monodispersity. b) Then, evaluation and optimization of materials properties such as mag-
netism, hydrodynamic size, and colloidal and biostability are important. ¢) When these
nanoparticles are conjugated to biomolecules, the resulting nanoparticle-biomolecule conju-
gates possess the capabilities of both MR contrast effects and molecular recognition of target
biosystems. d) This will enable molecular MR imaging which can report various biological events
such as pinpointing cancer diagnosis, cell migration, cell signaling, and genetic developments,
with high sensitivity and specificity.

spreads to the central and upper region of the tumor as time elapses (Fig. 18d). They found
that such time-dependent MR signal change is revealing the heterogeneous pattern of the
intratumoral vasculatures, where the bottom side of the tumor has well-developed vascular
structures.

Outlook

Although there has been much progress in the development of magnetic nanoparticle con-
trast agents for molecular MR imaging in the past few years, their successful utilization is
limited to in vitro systems except for a few in vivo cases. The main difficulties lie in their poor
MR contrast effects and limited stability under in vivo condition. The MR signal enhancing
effect of conventional iron oxide-based nanoparticles is unsatisfactory compared to other diag-
nostic tools such as fluorescence and PET and needs to be improved. Therefore, it is important
to develop new types of magnetic nanoparticle contrast agents which can significantly improve
contrast effects. Since nanoparticles with higher magnetization values provide stronger MR
contrast effects, the development of novel nanoparticles with superior magnetism is the first
prerequisite. Concurrently, since the MR contrast effects of nanoparticles are strongly correlated
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Table 1. Various silica- or dextran- coated iron oxide contrast agents

*AMI-1218361 xAM].25038] *AMI-227141]
Lumiren, Feridex  *SHU 555AB%  Combidex = MION#244]

Agent Gastromark Endorem Resovist Sinerem CLIO
Iron oxide ~10 nm 5~6 nm ~4.2 nm 4~6 nm ~2.8 nm

core size
Total size ~300 nm 80~150 nm ~62 nm 20~40 nm 10~30 nm
Coating silica dextran carbodextran dextran dextran

material
Magnetization N/A 78 emu/g N/A 69.8 emu/g  60~68 emu/g
T2 relaxitivity 72 I'mol's’ 98 I'mol'sT 151 I'mol's? 53 I'mol's!  ~69 I'mol”'s
Blood half life time <5 mm ~6 mm 3 mm >24 hr 10 hr

*commercialized

to materials characteristics in terms of their size, shape, composition, single crystallinity, and
magnetism, it is important to have a good nanoparticle model system which can clearly de-
scribe the relationship between nanoscale materials characteristics and MR contrast effects
(Fig. 19a).

The next required step is to impart high colloidal stability and biocompatibility to the
magnetic nanoparticles. As described in previous sections, various coating materials have been
developed for such applications, but it is still necessary to develop general and more reliable
protocols for tailoring nanoparticle surfaces with desired coating materials. Since a smaller
overall size is advantageous for escaping the reticuloendothelial system, the coating materials
should be as small as possible while possessing high colloidal stability without any aggregation
under physiological conditions (Fig. 19b).

The toxicity of magnetic nanoparticles is also a very important issue that needs to be re-
solved prior to clinical utilization. Although iron oxide nanoparticles have been regarded as
clinically benign materials, potential cytotoxicity arising from their size, shape, and coating
materials should also be examined along with systematic guidelines for the nano-toxicity evalu-
ation of newly developed novel nanoparticles.

Once novel nanoparticles with highly enhanced magnetism, small size, and high colloidal
and bio-stability are developed, significant improvements in MR detection sensitivity and tar-
get specificity are expected. (Figs. 19 ¢,d) This can bring huge advances in current cancer
diagnosis and biomedical imaging fields. For example, highly enhanced MR contrast of a bio-
logical target through the molecular recognition of such nanoparticle contrast agents will promise
in vivo diagnosis of early staged cancer with sub-millimeter dimension. In addition, many
unrevealed biological processes such as in vivo pathways of cell evolutions, cell differentiations,
cell-to-cell interactions, molecular signaling pathways can be precisely monitored at the mo-
lecular level by using next-generation nanoparticle contrast agents.
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CHAPTER 8

Patterning Metallic Nanoparticles
by DNA Scaffolds

Rahul Chhabra, Jaswinder Sharma, Yan Liu and Hao Yan*

Abstract
n order to miniaturize nanoelectronic circuitry and architectures, organizing the
I nanoelectronic components in deliberately designed complex patterns is desired.
Bio-mimetic self-assembly is a possible approach to achieve this goal. Bio-macromolecules
can serve as scaffolds to template the nanoelectronic components into patterns with precise
periodicity and complexity. In this review, we will summarize the progress in organizing metal-
lic nanoparticles templated by DNA scaffolds into one and two dimensional architectures.

Introduction

Recent advances in scientific ventures have realized the potential of using self-assembly of
biomolecules as templates to organize matter in the nanometer scale and thus an era of
‘nanobiotechnology” has begun. DNA (deoxyribonucleic acid) came across as a promising scaf-
folding molecule with its remarkable physical and structural properties." DNA nanostructures
can serve as scaffolds for the assembly of nanoelectronic components into patterns with precise
periodicity and complexity. In this review, we will summarize the progresses in organizing
metallic nanoparticles by DNA scaffolds into one and two dimensional architectures and will
comment on the future aspects of the research area

DNA: As a Polymer

Long admired as storage and processing carrier of genetic information, DNA also has prop-
erties of a polymer that can be used as a structural material (Fig. 1). It has four unique aromatic
nitrogenous bases, namely Adenosine (A), Guanine (G), Thymine (T) and Cytosine (C) as
recognition tags, which account for its addressability. In solution, it exists in a right handed
B-form double helix where ‘A’ binds with “I” and ‘G’ binds with ‘C’. Molecular recognition
properties of DNA lie in the specific interactions between the bases; thus, DNA can be pro-
grammed with specific sequences for nanoassembly purposes. DNA double helix has dimen-
sions in the nanometer scale, the B-form helix completes one turn every 10.5 base pairs that
span ~3.4 nm, and a diameter -2 nm. On nanometer scale, double stranded DNA (dsDNA)
exhibits stiffness with a persistence length of ~-50 nm, and single stranded DNA (ssDNA) is
relatively flexible with a persistence length of <1 nm. A combination of ssDNA and dsDNA in
a structure provides tailored rigidity and flexibility. DNA can be synthesized using automated
phosphoramidite chemistry, where a large pool of possible modifications enhances its use as a
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for Single Molecular Biophysics, The Biodesign Institute Arizona State University, Tempe, AZ
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Figure 1. A cartoon showing the double helix DNA and hydrogen bonding pattern of A pairs
with T and G pairs with C.

versatile material. A myriad of DNA-modifying enzymes is available, including site-selective
DNA cleavage, ligation, labeling, amplifications etc,” which can manipulate DNA for various
applications. Local structure and intermolecular interactions can be predicted from the se-
quences of DNA. Conclusively, DNA is a suitable polymer with material like properties.

Use of DNA as a structural motif has been realized by Seeman in his ingenius vision of
DNA self-assembly. He proposed some basic rules that synthetic DNA oligonucleotides can be
molded into rigid branched building blocks, which can further self-assemble into complex
periodic structures in two or three dimensional space.” Since then, there have been innumer-
able reports exploiting DNA as structural building blocks. Besides generating structures with
various complexities, it can act as a scaffold, showing regular periodicities with easily tailored
dimensions.

Structural DNA nanotechnology has seen development of a rich toolbox, including differ-
ent logo blocks, such as double-crossover molecule (DX), triple crossover molecule (TX), 2-,
4-, 6-helix bundles and cross shaped tiles (see Fig. 2), etc.* These tools exhibit different struc-
tural and mechanical properties conferring combined rigidity and flexibility on nanoarchitectures
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Figure 2. Examples of DNA tiles. a) left: a DX DNA tile; middle: a TX DNA tile; right: 12-helix
DNA tile. b) left: a three helix bundle DNA tile; right: a six helix bundle DNA tile. c) left: a
parallelogram DNA tile; right: a DNA triangle. d) upper left: a cross shaped tile; upper middle:
a triangular DNA tile; upper right: a 3 point star DNA tile; bottom: Atomic force microscopy
(AFM) images showing the self-assembly of the tiles forming 2D periodic lattices with square
cavities. Reprinted with permission from: Lin C et al. Chem Phys Chem 2006; 7:1641-47.*

and allow the assembly of various 2D and 3D structures with precisely defined periodicities
and complexities. A detailed review on DNA nanostructures can be found elsewhere.”® As
DNA can be chemically functionalized, Seeman visioned the use of DNA scaffold to template
nano-scale components (proteins and nanoelectronics, such as metal nanoparticles and semi-
conductor nanocrystals) in a bottom-up approach.

Metal nanoparticles exhibit interesting optical and optoelectronic properties depending upon
their sizes, shapes and interparticle-distances in the nanometer scale. Much research has been
done in conjugation of DNA with gold nanoparticles (AuNPs) due to well studied surface
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chemistry and stability of gold-thiol bond. This review will be focusing on the self-assembly of
AuNPs on DNA scaffolds. Organizing AuNPs on DNA templates usually utilized two forces;
(1) nonspecific interactions, such as electrostatic interactions between positively charged AuNPs
and negatively charged phosphate backbone of the DNA and (2) sequence specific interactions
dictated by Watson-Crick base pairing rules.

Assembling AuNPs Using DNA Template—An Electrostatic Approach

DNA in physiological conditions behaves as a negatively charged molecule due to its phos-
phate backbone. Any positively charged ligand can bind to it nonspecifically through electro-
static interactions.

Sastry and coworkers realized the potential of DNA as a template to generate metal nanowires
by organizing metal nanoparticles along the DNA. They modified AuNPs with the amino acid
lysine and used synthetic DNA and calf thymus DNA as a template. Lysine behaves as a posi-
tively charged ligand at physiological pH -7.0. As synthetic DNA was custom made, the length
of metal nanowires can be controlled by varying the length of DNA template (Fig. 3a).

Warner et al'® used the positively charged ligand thiocholine to modify the surface of AuNPs
and A-DNA Hindl1l was used as a scaffold to pattern AuNPs on the surface. Patterns like linear
chain-like arrays, ribbon shaped structures and branched architectures were observed, depend-
ing on the concentrations of A-DNA and AuNPs, and the incubation time. The two dimen-
sional ribbon and branched structures observed were due to cross-linking of DNA templates
by polyvalent AuNPs (Fig. 3b).

Ohtani and coworkers'' reported aniline-capped AuNPs (AN-AuNPs) assembled on the
DNA templates. Positive charged AN-AuNPs were prepared by reducing HAuCly using aniline
as a reducing agent. Upon mixing with A-DNA, highly ordered and long-range self-assembly
of AuNPs on A-DNA was formed. These may be due to the electrostatic interactions of the
positively charged AN-AuNPs and the negatively charged phosphate backbone of --DNA, and
also the hydrogen bonding interactions between amino group of aniline and the exposed nitro-
gen and oxygen atoms of the bases in the major or minor grooves of the DNA.

Jaeger and coworkers'? have used tecto-RNA molecules to generate a large number of com-
plex structures. The tecto-RNA molecules form tectosquares (TS), which can self-assemble
into nanostructures of different shapes and geometries with a superb programmability. Two
tectosquares TS1 and TS2 were formed first, which were then self-assembled into a RNA lad-
der with periodic square cavities. Positively charged thiocholine capped AuNPs were organized
onto the TS ladder based on electrostatic interactions and recognition properties due to shape
and size of the scaffold (Fig. 3¢).

Self-Assembly mediated by intercalation of small molecules into the double helix of DNA is
another approach to organize metallic nanoparticles on DNA scaffolds. Willner and cowork-
ers'? exploited the use of intercalation strategy to generate metallic nanowires of AuNPs templated
by DNA. AuNPs (1.4 nm) functionalized with single N-hydroxysuccinide were covalently
linked to amino psoralen, an aromatic DNA intercalator. Modified AuNPs were then interca-
lated with a synthetic dsDNA. AuNPs-DNA assembly, irradiated with A >360 nm, lead to
cycloaddition of the psoralen with the thymine residues, rendering covalent attachment of the
psoralen to the DNA template and thus generating a patterned array of AuNPs (Fig. 3d).

Self-assembly mediated by coulombic interactions has shown a vast potential to organize
AuNPs in linear arrays. This approach is limited to simple designs due to the lack of control on
the assembly process. Strategies using stronger and more specific binding interactions are required
to arrange metal nanoparticles in deliberately designed complex assemblies.

Self-Assembly of AuNPs on DNA Scaffold Using Covalent
Au-DNA Conjugates

Mirkin et al'* and Alivisatos et al,' concurrently, succeeded in covalently conjugating DNA
with AuNPs. Mirkin exploited the gold-thiol chemistry whereas Alivisatos utilized chemical
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ligation reacting thiol modified DNA oligonucleotide with monomaleimido-modified Au par-
ticles to get the AuNP-DNA conjugates. AuNP-DNA conjugates are used extensively nowa-
days to pattern nanoparticles of different sizes onto scaffolds of varying shapes and geometries.

Metal nanoparticles possess surface plasmons. A solution of AuNPs appears red and shows
a UV absorption peak at ~520 nm. When the AuNPs are brought sufficiently close, they ex-
hibit plasmon coupling and the UV absorption red shift to ~565 nm and the solution becomes
purple. Mirkin and coworkers'* were first to exploit optical properties of AuNPs and reported
controlled aggregation of AuNPs using AuNP-DNA conjugates. The reversibility of the aggre-
gation process was visualized by thermal denaturation of the assembly.

Covalent attachment of the AuNPs with DNA opened innumerable strategies to assemble
metal nanoparticles in various one and two dimensional patterns with tunable periodicities.

One Dimensional AuNP Ensembles Templated by DNA

Alivisatos and coworkers'” came up with a protocol that AuNPs can be conjugated to dis-
crete and known number of DNA oligonucleotides by adjusting DNA:AuNP ratio. Separation
of the AuNP-DNA conjugates with discrete number of DNA was achieved by agarose gel
electrophoresis. AuNP-DNA conjugates were then extracted out of the gel. AuNPs of different

a)

P)

Figure 4. One dimensional assemblies of AuNPs patterns. a) Electrophoretic separation of
AuNP with discrete number of DNA strands (reprinted in part from: Zanchet D et al. Nano
Letters 1:32-35, ©2001 with permission from the American Chemical Society'”). b) 1D array
of AUNPs on RCA template (reprinted with permission from: Deng Z et al. Angew Chem Int Ed
2005; 44:3582-3585'9). ) Arrays of AuNPs mediated by biotin-streptavidin interactions (re-
prmted in part from: Li H et al. JAm Chem Soc 126:418-19, ©2004 with permission from the
American Chemical Society'®). d) Large 1D arrays on RCA template mediated by
biotin-streptavidin interactions (reprinted in part from: Beyer S et al. Nano Letters 5:719-722,
©2005, with permission from the American Chemical Society?©).
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sizes and conjugation with DNA of varying lengths was evaluated using gel electrophoresis
methods. DNA of length more than 50 bases is required for accurate resolution of the conju-
gate of AuNP with a single copy of DNA from the bare AuNPs (Fig. 4a).

Alivisatos and coworkers!'® created nanoparticle assemblies containing discrete number of
AuNPs in a variety of homo and hetero, dimers and trimers, depicting spatial control on the
nanoparticles.

Mao and coworkers'® came up with an innovative approach to synthesize long DNA tem-
plates by rolling circle amplification (RCA). In RCA, under isothermal conditions, a circular
ssDNA acts as a template for DNA polymerase, and a DNA polymerase progresses around the
circular template continuously and generates a long, linear DNA with repetitive sequences
complementary to the circular template. AuNPs were each conjugated to a single copy of the
DNA sequence complementary to the repeating unit of the RCA product: When they were
hybridized to the long DNA, a linear arrays of metal nanoparticles (up to 4 um long) were
generated (Fig. 4b).

Yan and coworkers' used biomolecular interactions mediated by protein ligands to as-
semble AuNPs in one dimensional arrays. Biotin-streptavidin is a well known pair of ligands
with binding affinity kg = 10> M. A linear array that is self-assembled from a TX molecule was
used as a scaffold. Each TX molecule has two stem loops that each contains two biotin groups.
The biotin modified TX linear array was incubated with streptavidin conjugated AuNPs, such
that the AuNPs were organized along the TX array at precisely controlled positions. Depend-
ing on the selective modification of the TX loop with biotin, single or double layer arrays of
AuNDPs were generated (Fig. 4¢).

Simmel and coworkers™” have combined the strong affinity of biotin-streptavidin with RCA
method to produce longer AuNP arrays. A linear DNA template with periodic repeats was
synthesized using RCA. Short strand of DNA with sequences complementary to the template
was modified with a biotin group at one end. Following hybridization of the long template
DNA with its complementary partner, a duplex DNA with biotin molecules arranged at peri-
odic positions was produced. Incubation of streptavidin conjugated AuNPs yielded large arrays
of metal nanoparticles organized in a linear fashion (Fig. 4d).

Two Dimensional Arrays of AuNPs Using DNA as a Scaffold

Future nanoelectronic circuitry and a revolution in circuit fabrication technology using
biomoleculer nanolithography led to the success of patterning metal nanoparticles in two and
three dimensional architectures.

Kiehl and coworkers reported a few examples of 2D assemblies of AuNPs using DNA scaf-
fold of predesigned periodicities. An earlier effort involved the use of 2D DNA crystal com-
posed of double-crossover molecules (ABCD system) containing DNA hairpins.?? Thiol modi-
fied DNA oligonucleotide was covalently linked to 1.4 nm monomaleimido derivatized AuNDs.
The AuNP modified DNA was annealed with other strands to form 2D crystal, thereby align-
ing AuNPs in a row along the DX ‘B’ tile.

Another report used the same scaffold, ABCD system, wherein 6 nm AuNDPs were orga-
nized along the ‘B’ tiles carrying a single stranded A;s5.>* DNA scaffold was assembled first and
deposited on substrate. Multiple copies of DNA oligo with the sequence (T5) were attached to
AuNPs through the gold-thiol chemistry. The AuNPs covered with DNA oligos were then
hybridized to the A;5 probes, which resulted in parallel lines of AuNPs with inter-line distance
of -~ 63 nm and an interparticle distance within the line of ~10-30 nm (Fig. 5a). Conjugation
with multiple copies of DNA increased the probability of AuNPs assembly to the scaffold, but
this may also cause undesired folding or overlapping of the scaffold. Therefore the hybridiza-
tion of the AuNPs to the DNA array was done only after depositing the DNA array to the
surface.

In a further step towards building nanoelectronic circuitry, the team employed the same
strategy to align multi-component arrays of different sizes of nanoparticles on the scaffold.*
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Figure 5. Two dimensional arrays of AuNPs on DNA scaffold. a) 2D arrays of AuNPs (reprinted
in partfrom: Pinto YY etal. Nano Letters 4:2343-47, ©2004 with permission from the American
Chemical Society?®). b) Arrays showing assembly of multicomponent architecture (reprinted
in partfrom: Pinto YY et al. Nano Letters 5:2399-02 ©2005 with permission from the American
Chemical Society?*). ¢) AuNP arrays templated by robust DNA scaffold (reprinted in part from:
Zheng ) et al. Nano Letters 6:1502-04, ©2006 with permission from the American Chemical
Society?®). d) Assembly of AUNPs mediated by DNA tiles in 2D arrays (reprinted in part from:
Zhang ] et al. Nano Letters 6:248-51, ©2006 with permission from the American Chemical
Society?®). e) Larger 2D arrays of AuNPs organized by DNA tiles where one DNA tile is
modified with one gold nanoparticle prior to self-assembly process as shown in schematic
above (reprinted with permission from: Sharma ) et al. Angew Chem Int Ed 2006; 45:730-3528).

AuNPs, 5 nm and 10 nm, were modified with multiple copies of oligos of different sequences.
The 2D DNA scaffold, bearing hairpin loops on ‘B’ and ‘D’ tiles with probe strands comple-
mentary to the strands conjugated on the AuNPs. Following deposition of the scaffold and the
addition of DNA conjugated AuNPs, large alternate arrays of AuNPs with striped pattern of 5
and 10 nm particle sizes were formed with no signs of cross-contamination (Fig. 5b).

A more robust 2D array of triangular shaped DNA tiles with diamond cavities was also used
as a scaffold.> Two ends of a triangle tile were involved in self-assembly process by mutual
sticky ends cohesion and the third end was modified with a AuNP. In this study, AuNPs were
modified with a single copy of DNA oligonucleotide by a method described by Alivisatos.'”
Ensembles with mono and multi-component system have been generated (Fig. 5¢).

Yan and coworkers?® have used another scaffold which have periodic square like cavities
with tailorable dimensions (Fig. 5d). The design consisted of two cross-shaped tiles (tiles A and
B) that self-assemble into a 2D crystal by joining alternatively with each other.”’ Interparticle
distances between the constituent tiles can be controlled by adding a few DNA turns to each arm
of the B tile, thus DNA 2D crystals with various geometries can be assembled using this system.
Tile A was modified with a single stranded A5 base sequence which served as a hybridization site
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for T15s modified AuNPs. Self-assembled 2D nanogrid was deposited on mica and AuNPs
modified with Ts were added onto the surface to allow the modified AuNPs to bind the
hybridization sites. AuNPs were arranged in a periodic fashion but show larger inter-particle
distance between the neighboring AuNPs than the original design. This was explained based
on the balance between the repulsion between the highly negatively charged AuNPs (modified
with multiple copies of DNA oligos) and the attraction force of the base-paring between the
single stranded probe on the DNA tile and the DNA oligos on the AuNPs.

As described eatlier, to achieve more precise control of the positions of the nanoparticles on
the scaffold, nanoparticle modified with a single copy of DNA was desirable. Yan and cowork-
ers®® synthesized and separated AuNPs with a single copy of DNA, which were then passivated
with a layer of thiol modified T's oligonucleotide to render these AuNDPs stable against high salt
concentration. DNA-Au conjugates mixed with other DNA strands were allowed to self-assemble
into 2D scaffolds with different geometries, periodicities and interparticle distances. AFM images
show arrays of AuNPs organized in predesigned manner (Fig. 5e).

Accomplishing complex architectures with biomolecular nanolithography would be more
feasible if one can conjugate more than one strand of DNA to AuNPs, proposed by Niemeyer
et al.”” Hybrids with two to seven different DNA oligonucleotides attached to AuNPs were
generated. These hybrids were considered versatile as they can hybridize to more than one
complementary target with similar hybridization capabilities. The group proved their hypoth-
esis by hybridizing AuNPs with two DNA oligonucleotides to assemble monolayer of AuNPs
on the solid substrate.

Patterning a discrete number of nanoparticles in a deliberately designed, finite-sized archi-
tecture is critical in nanocircuit fabrication. An endeavor undertaken by Sleiman et al*® re-
sulted in the hexagon pattern of AuNPs templated by DNA template designed by sequential
self-assembly manner. To construct a template with well-defined architecture, an organic unit
(vertex) was chemically synthesized that exhibited a dihedral angle of 120°. Two DNA arms
were attached to the two ends of the vertex molecule. The sequences of the arms were designed
in such a way that one arm on each building block had complementary sequence to an arm on
the adjacent building block. AuNPs monofunctionalized with succinimidyl ester moiety were
conjugated to one arm of the DNA modified with an amine group. Six AuNPs conjugated
DNA building blocks were synthesized and assembled in a sequential manner to accomplish
hexagon pattern of AuNDPs.

Conclusions

AuNPs can be arranged in linear or complex fashions templated by DNA scaffold. These
assemblies are mediated either by electrostatic interactions or by covalently modifying AuNPs
with discrete or multiple copies of DNA oligonucleotide. Using DNA scaffold with tunable
dimensions, an ensemble with predefined pattern and precisely defined periodicities and inter-
particle distances can be accomplished. For an efficient chip circuitry, it is desirable that
nanoparticles of various sizes, shapes and properties are aligned in regular arrays with well-defined
interparticle distances. Self-assembly of Au-DNA conjugates opens up a new era of research
where nanoparticles of different sizes can be assembled in precise periodicities and complexities
for applications in the field of miniature nanoelectronics, photonics and to study the optical
and optoelectronic phenomenon observed in proximal distances.

Acknowledgements
The authors thank the financial supports by National Science Foundation and Arizona
State University to H. Y.

References
1. Seeman NC. DNA in a material world. Nature 2003; 421:427-31.
2. Yan H. Nucleic acid nanotechnology. Science 2004; 306:2048-49.



116

Bio-Applications of Nanoparticles

SIS

[o RV}

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Seeman NC. Nucleic acid junctions and lattices. ] Theor Biol 1982; 99:237-47.
.Lin C, Liu Y, Rinker S et al. DNA tile based self-assembly: Building complex nanoarchitectures.

Chem Phys Chem 2006; 7:1641-47.

. Seeman NC. Nucleic acid nanostructures and topology. Angew Chem Int Ed 1998; 37:3220-38.
. Feldkamp U, Niemeyer CM. Rational design of DNA nanoarchitectures. Angew Chem Int Ed

2006; 45:1856-76.

. Simmel FC, Dittmer WU. DNA nanodevices. Small 2005; 1:284-99.
. Kiehl RA. Nanoparticle electronic architectures assembled by DNA. ] Nanoparticle Res 2000;
2:331-32.

. Kumar A, Pattarkine M, Bhadbhade M et al. Linear superclusters of colloidal gold particles by

electrostatic assembly on DNA templates. Advanced Materials 2001; 13:341-44.

Warner MG, Hutchison JE. Linear assemblies of nanoparticles electrostatically organized on DNA
scaffolds. Nature Materials 2003; 2:272-77.

Nakao H, Shiigi H, Yamamoto Y et al. Highly ordered assemblies of Au nanoparticles organized
on DNA. Nano Letters 2003; 3:1391-94.

Koyfman AY, Braun G, Magonov S et al. Controlled spacing of cationic gold nanoparticles by
nanocrown RNA. ] Am Chem Soc 2005; 127:11886-87.

Patolsky F, Weizmann Y, Lioubashevski et al. Au-nanoparticle nanowires based on DNA and polyl-
ysine templates. Angew Chem Int Ed 2002; 41:2323-2327.

Mirkin CA, Letsinger RL, Mucic RC et al. A DNA-based method for rationally assembling
nanoparticles into macroscopic materials. Nature 1996; 382:607-09.

Alivisatos AP, Johnsson KP, Peng X et al. Organisation of ‘nanocrystal molecules using DNA.
Nature 1996; 382:609-611.

Loweth CJ, Caldwell WB, Peng X et al. DNA-based assembly of gold nanocrystals. Angew Chem
Int Ed 1999; 38:1808-12.

Zanchet D, Micheel CM, Parak W] et al. Electrophoretic isolation of discrete Au nanocrystal/
DNA conjugates. Nano Letters 2001; 1:32-35.

Deng Z, Tian Y, Lee SH et al. DNA-encoded self-assembly of gold nanoparticles into
one-dimensional arrays. Angew Chem Int Ed 2005; 44:3582-3585.

Li H, Park SH, Reif JH et al. DNA-templated self-assembly of protein and nanoparticle linear
arrays. ] Am Chem Soc 2004; 126:418-19.

Beyer S, Nickels P, Simmel FC. Periodic DNA nanotemplates synthesized by rolling circle ampli-
fication. Nano Letters 2005; 5:719-722.

Niemeyer CM, Biirger W, Peplies J. Covalent DNA-streptavidin conjugates as building blocks for
novel biometallic nanostructures. Angew Chem Int Ed 1998; 37:2265-68.

Xiao S, Liu F, Rosen AE et al. Self assembly of metallic nanoparticle arrays by DNA scaffolding. ]
Nanoparticle Res 2002; 4:313-17.

Pinto YY, Le JD, Seeman NC et al. DNA-templated self-assembly of metallic nanocomponents
arrays on a surface. Nano Letters 2004; 4:2343-47.

Pinto YY, Le JD, Seeman NC et al. Sequence-encoded self-assembly of multiple-nanocomponent
arrays by 2D DNA scaffolding. Nano Letters 2005; 5:2399-02.

Zheng ], Constantinou PE, Micheel C et al. Two-dimensional nanoparticle arrays show the orga-
nizational power of robust DNA motifs. Nano Letters 2006; 6:1502-04.

Zhang ], Liu Y, Ke Y et al. Periodic square-like gold nanoparticle arrays templated by self-assembled
2D DNA nanogrids on a surface. Nano Letters 2006; 6:248-51.

Yan H, Park SH, Finkelstein G et al. DNA-templated self-assembly of protein arrays and highly
conductive nanowires. Science 2003; 301:1882-84.

Sharma ], Chhabra R, Liu Y et al. DNA-templated self-assembly of two-dimensional and periodi-
cal gold nanoparticle arrays. Angew Chem Int Ed 2006; 45:730-35.

Niemeyer CM, Ceyhan B, Hazarika P. Oligofunctional DNA-gold nanoparticle conjugates. Angew
Chem Int Ed 2003; 42:5766-70.

Aldaye FA, Sleiman HF. Sequential self-assembly of a DNA hexagon as a template for the organi-
zation of gold nanoparticles. Angew Chem Int Ed 2006; 45:2204-09.



CHAPTER 9

Liposomes in Biology and Medicine

Reto A. Schwendener*

Abstract

rug delivery systems (DDS) have become important tools for the specific delivery of a
D large number of drug molecules. Since their discovery in the 1960s liposomes were

recognized as models to study biological membranes and as versatile DDS of both
hydrophilic and lipophilic molecules. Liposomes—nanosized unilamellar phospholipid bilayer
vesicles—undoubtedly represent the most extensively studied and advanced drug delivery ve-
hicles. After a long period of research and development efforts, liposome-formulated drugs
have now entered the clinics to treat cancer and systemic or local fungal infections, mainly
because they are biologically inert and biocompatible and practically do not cause unwanted
toxic or antigenic reactions. A novel, up-coming and promising therapy approach for the treat-
ment of solid tumors is the depletion of macrophages, particularly tumor associated macroph-
ages with bisphosphonate-containing liposomes. In the advent of the use of genetic material as
therapeutic molecules the development of delivery systems to target such novel drug molecules
to cells or to target organs becomes increasingly important. Liposomes, in particular lipid-DNA
complexes termed lipoplexes, compete successfully with viral gene transfection systems in this
field of application. Future DDS will mostly be based on protein, peptide and DNA therapeu-
tics and their next generation analogs and derivatives. Due to their versatility and vast body of
known properties liposome-based formulations will continue to occupy a leading role among
the large selection of emerging DDS.

State of the Art of Nanosized Drug Delivery Systems

The first microencapsulated drugs were introduced in the 1950s and polymer based slow
release systems appeared shortly thereafter. Soon after their discovery in the 1960s by A.D. Bangham
and colleagues, liposomes—phospholipid bilayer nanocontainers with spherical shape proper-
ties—were recognized as potential drug delivery systems (DDS)."? Since then a tremendous
amount of work on applications of liposomes has been accomplished. Due to their versatility
nanosized small unilamellar liposomes are used as models to study biological and biophysical
membrane properties and as carriers of drugs for therapeutic applications. Liposomes undoubt-
edly represent today the most extensively and advanced drug delivery vehicles. Liposome-formulated
drugs have entered the clinics to treat cancer and systemic or local fungal infections, mainly
because they are biologically inert, biocompatible and practically do not cause unwanted toxic or
antigenic reactions and, most importantly, industrial large-scale production of liposome formu-
lated drugs has allowed their advance in the pharmaceutical industry.>"

In the advent of the use of genetic material (DNA, ribozymes, DNAzymes, aptamers,
(antisense-) oligonucleotides, small interfering RNAs) as therapeutic molecules the development
of delivery systems to target these molecules to cells or to target organs becomes increasingly

*Reto A. Schwendener—Institute of Molecular Cancer Research, University of Zurich,
Winterthurerstrasse 190, CH-8057 Zurich, Switzerland. Email: rschwendener@imcr.unizh.ch
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Figure 1. Modern drug delivery systems. There are a variety of different delivery strategies that are
either currently being used or are in the testing stage to treat human cancers and other diseases.
Examples of these include polymer microspheres, polymer wafers, osmotic pumps, liposomal
systems, polymer/drug targeting moiety conjugates, and controlled release microchips. Reprinted
from: Moses MA et al. Cancer Cell 4:337-341; ©2003, with permission from Elsevier.'?

important. In this field the liposomes, in particular lipid-DNA complexes termed lipoplexes
(see below), compete with viral gene transfection systems. Nanoparticles, nanospheres,
polymersomes, nanogels, micelles, dendrimers, and virosomes are other main types of nanocarrier
systems used for drug delivery.!! As schematically shown in Figure 1, modern DDS including
polymer-drug conjugates, liposomes, osmotic pumps, microchips, wafers, transdermal patches
and other systems vary in their concepts, compositions, shapes, sizes, drug loading capacity as
well as in their pharmacokinetic and organ distribution properties.'* All DDS, however, pur-
sue the aim of improving drug delivery for the benefit of the patient.
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The major applications of DDS comprise drugs that possess nonideal physico-chemical
and pharmacological properties such as (1) Poor solubility; (2) Tissue damage caused by unin-
tentional extravasation of drugs; (3) Loss of drug activity following administration; (4) Unfa-
vorable pharmacokinetic properties and poor biodistribution and (5) Lack of selectivity for
target organs or tissues. Systemic drug distribution may cause toxic side effects and low drug
concentrations at target tissues; this could lead to suboptimal therapeutic effects.

The formulation of pharmacologically active drug molecules in DDS can improve or abol-
ish these unfavorable properties. However, there are also disadvantages in the development of
particulate drug carriers, such as system complexity, unwanted biologic and immunologic ef-
fects, stability, costs of development and scale-up, as well as intellectual property issues. In the
limited format of this chapter it is not possible to cover all methods and references from the
vast field of liposome technology. Hence, we concentrate on summarizing use and properties of
liposomes as DDS for the delivery of cytotoxic molecules for cancer therapy.

Evolution of Liposomes in Cancer Therapy

Liposomes have become known as one of the most versatile tools for the delivery of phar-
macologically active molecules. Since their discovery in the 1970s their potential for the deliv-
ery of cytotoxic drugs in cancer therapy has been recognized.*>1113:1

Liposomes are spherical vesicles that consist of an aqueous compartment enclosed by a
phospholipid bilayer. If multiple bilayers of lipids are formed around a primary core, the structures
that are generated are termed multilamellar vesicles (MLVs). MLVs are formed spontaneously
upon reconstitution of dry lipid films in aqueous media. Small (nanosized) unilamellar vesicles
(SUVs) of scaleable mean diameters of 20 to 500 nanometers are produced by high pressure
extrusion of MLVs through polycarbonate membranes. SUVs are also obtained by
ultrasonication, by detergent dialysis and by many other, less important methods. Hydrophilic
and hydrophobic drugs can both be entrapped in liposomes. Since the composition of the
liposome bilayers can be varied with a huge selection of different phospholipids and additional
intercalating molecules, liposomal delivery systems are of high versatility and customized
formulations can easily be engineered to obtain desired sizes, surface charge, membrane
composition and morphology providing them with high versatility such as long circulation
half-life, sustained and targeted drug delivery or diagnostic imaging properties.'*'>"*?

As schematically shown in Figure 2, the liposomes evolved from rather simple compositions
(Fig. 2A,B) to highly sophisticated multi-component systems. The state-of-the-art liposomes
used for parenteral drug delivery are the long circulating (“stealth”) liposomes (Fig. 2C-E).
Stealth liposomes are sterically stabilized formulations that include polyethylene glycol
(PEG)-conjugated lipids or other hydrophilic coating molecules. The surface grafted polymers
create an impermeable, highly hydrophilic layer on the outer liposome surface. The prominent
properties of long-circulating liposomes are dose-independent, nonsaturable, log-linear phar-
macokinetics and increased bioavailability. Pegylation prevents or retards opsonization and
recognition of the liposomal vesicles by the monocytic phagocyte system (MPS).!! Due to
their long circulation time in blood and the enhanced drug permeability and retention effect in
tumor tissues, PEG-liposomes accumulate at high concentrations (up to 10% of the injected
dose per organ) in tumors. 2024

Immunoliposomes (Fig. 2B,D) are complex drug or gene delivery systems that are devel-
oped for specific cell targeting by attachment of functionalized antibodies or antibody frag-
ments to the outer surface of the liposomes. The modern immunoliposomes are PEG-liposomes
to which receptor specific molecules are attached, preferably at the distal tips of the PEG chains
(Fig. 2E,]). Immunoliposomes target cell specific receptors and facilitate receptor-mediated
endocytosis for cell uptake.?®

A variety of tumor-specific antibodies have been used for targeting of liposomes to tumor
cells or molecules located in the tumor stroma. In earlier studies whole IgG antibodies were
linked to the liposome surface by various coupling methods.?® Today the most advanced
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Figure 2. Evolution of liposomes. A) Early traditional ‘plain’ liposomes with water soluble drug
(a) entrapped into the aqueous liposome interior, and lipophilic drug (b) incorporated into the
liposomal membrane. B) Antibody-targeted immunoliposome with antibody covalently coupled
(c) to the reactive phospholipids in the membrane, or hydrophobically anchored (d) into the
liposomal membrane after preliminary modification with a hydrophobic moiety. C)
Long-circulating liposome grafted with a protective polymer (e) such as PEG, which shields
the liposome surface from the interaction with opsonizing proteins (f). D) Long-circulating
immunoliposome simultaneously bearing both protective polymer and antibody, which can
be attached to the liposome surface (g) or, preferably, to the distal end of the grafted polymeric
chain (h). E) New-generation liposome, the surface of which can be modified (separately or
simultaneously) by different ways. Among these modifications are: the attachment of protec-
tive polymer (i) or protective polymer and targeting ligand, such as antibody (j); the attach-
ment/incorporation of a diagnostic label (k); the incorporation of positively charged lipids (I)
allowing for the complexation with DNA vyielding lipoplex structures (m); the incorporation
of stimuli-sensitive lipids (n); the attachment of a stimuli-sensitive polymer (0); the attachment
of a cell-penetrating peptide (p); the incorporation of viral components (q). In addition to a
drug, liposomes can be loaded with magnetic particles (r) for magnetic targeting and/or with
colloidal gold, silver particles or fluorescent molecules (s) for microscopic analysis. Adapted
from: Torchilin VP. Nat Rev Drug Discov 4:145-160; ©2005, with permission from Nature
Publishing Group."!
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immunoliposomes are the anti-p185/HER2 liposomes that target the herceptin receptor which
is over-expressed in various cancers, especially breast cancer. Long-circulating immunoliposomes
targeted to HER2 (ErbB2, Neu) have been prepared by conjugation of anti-HER2 MADb frag-
ments (Fab™ or single chain Fv, scFv) to liposome-grafted polyethylene glycol chains. MAb
fragment conjugation did not affect the biodistribution or long-circulating properties of
i.v.-administered liposornes.”29 The epidermal growth factor receptor (EGFR) is another tar-
get for immunoliposomes that bind to and internalize in tumor cells that over-express EGFR.
And-EGFR immunoligosomes have been constructed modularly with Fab’ fragments of the
antibody cetuximab.’®? A large number of antibodies directed against other target molecules
expressed on colon,?® B-cell lymphoma,* and neuroblastoma® tumors have been used for the
preparation of immunoliposomes. In order to target the ED-B isoform of fibronectin, which is
exclusively expressed in the extracellular matrix of solid tumors, we constructed
immunoliposomes decorated with scFv antibody fragments directed against ED-B fibronectin
and successfully used these DDS for targeted delivery of cytotoxic drugs into tumors in vivo.*°
We also developed specific antibodies and immunoliposomes for specific targeting of tumor
endothelial marker (TEM1) and the vascular endothelial growth factor receptor-2
(VEGFR-2).%73 Tissue-specific gene delivery using immunoliposomes has also been achieved
with folate®*%° and transferrin®! receptor specific immunoliposomes. Additionally, tumor vas-
culatu4rze4t4argeted immunoliposome therapy was shown to be effective with liposomal doxoru-
bicin.**

Various cell uptake mechanisms for liposomes have been described.>* Due to their par-
ticulate properties, phagocytic uptake mechanisms (phagocytose, endocytose, pinocytose) are
predominant, however cell membrane adhesion and fusion can also occur. In the phagocytic
uptake pathway liposomes are captured at the cell surface followed by endosomal and lysoso-
mal uptake. Drug liberation into the cytoplasm depends on the lipid composition of the lipo-
somes. To release encapsulated material into the cytoplasm of a cell, pH-sensitive liposomes
can be generated by addition of dioleylphosphatidyl-ethanolamine (DOPE) to liposomes com-
posed of acidic lipids such as cholesterylhemisuccinate (CHEMS) or oleic acid and other lip-
ids. Ata pH of 7, these lipids possess the typical bilayer structure; however, upon endosomal
compartmentalization (pH becomes more acidic) they undergo protonation and collapse into
nonbilayer structures. This leads to the disruption and destabilization of the endosomal
membgane, which in turn promotes rapid release of encapsulated molecules into the cyto-
plasm.

Cell penetrating peptides (CPPs) have proven to be efficient intracellular delivery systems
overcoming the lipophilic barrier of cell membranes. CPPs can deliver a wide range of large
cargo molecules such as proteins, peptides, oligonucleotides and even small nanoparticles as
liposomes to a variety of cell types and to different cellular compartments. The CPPs are basic,
lysine- or arginine- rich amphipathic peptides originating from different sources. CPPs can
either form complexes with many different types of molecules (peptides, proteins, plasmids,
oligonucleotides, siRNA, dyes etc.) or they can be covalently linked to these cargo molecules.
Liposomes have also been decorated with the TAT*® or pAntp CPPs,*” demonstrating higher
cell uptake rates in vitro. Regrettably, their usefulness as drug delivery systems is hampered by
their ability to penetrate virtually any cell type both in vitro and in vivo in a nonspecific mode.
This feature complicates CPP applications as target specific drug delivery systems; therefore
therapeutic applications seem unlikely, unless their target cell specificity can be significantly
improved.

Liposomes as Carriers of Lipophilic and Amphiphilic Nucleoside Analogs
The majority of applications of liposomes as therapeutic DDS are based on the encapsula-
tion of water soluble cytotoxic molecules within the trapped aqueous volume of the liposomes.
Liposomes loaded with cytotoxic anti-tumor drugs doxorubicine, mitoxantrone, topotecan,
irinotecan and cytarabine are examples of clinically applied chemotherapeutic liposome
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formulations, 11116225055 Eor 5 current summary of clinically used liposomal anti-cancer

formulations (see ref. 22). In contrast to the extensive exploitation of the trapped aqueous
volume of the liposomes that serves as nanocontainer for water soluble molecules, the phos-
pholipid bilayer has not been given the same attention for its use as carrier matrix for lipophilic
drugs. Hence, the development of liposomal drug formulations with lipophilic drugs is less
popular. This difference may have several reasons with the main reason being that the chemis-
try required to transform water soluble molecules into lipophilic compounds allowing incor-
poration into the lipid bilayer core is difficult. The most favorable chemical modifications
consist in the attachment of long chain fatty acyl or alkyl residues, for example saturated or
unsaturated fatty acids, preferably palmitic or stearic acid and alkylamines, preferably hexadecyl-
or octadecylamine to a suitable functional group of the hydrophilic part of the drug molecule.
Some recent examples of lipophilic modifications of antitumor drugs and their formulation in
llposomes are gemcitabine, 5-iodo-2'-deoxyuridine, methotrexate, paclitaxel and a lipophilic
topoisomerase inhibitor,” %%

Drugs that are highly lipophilic by their own nature, e.g., taxanes and epothilones can only
be used therapeutically by addition of possibly toxic solubilizing agents (e.g., Cremophor EL)
in complex pharmaceutical formulations.®*** One of several feasible means of obtaining nontoxic
parenterally applicable formulations of such drugs is their incorporation into the bilayer matrix
of phospholipid liposomes.®®

Nucleoside analogs are a major class of chemotherapeutic agents for the treatment of cancer
and viral diseases. Natural endogenous nucleosides must be phosphorylated to corresponding
5‘-triphosphates in order to be incorporated into the DNA or RNA synthesised within the cell.
Nucleoside analogs are in essence prodrugs since they must undergo the same transformations
in the cytoplasm similarly to the natural nucleosides before becoming active. We chose the
approach of chemical transformation of water-soluble nucleosides of known cytotoxic and
antiviral properties into lipophilic drugs or prodrugs, thus reversing the paradigm of trans-
forming lipophilic molecules into hydrophilic derivatives. The first cytotoxic nucleoside we
chose is 1-B-D-arabinofuranosyl cytosine (ara-C) because its major clinical disadvantages are a
very short plasma half-life and rapid inactivation. To reduce these limitations, a large number
of 5- and N*-substituted ara-C derlvatlves have been synthesized and characterized in the past
(reviewed in ref. 66). Of a series of N* -alkyl-ara-C derivatives with alkyl chain lengths ranglng
between 6 and 22 C-atoms, N* -octadecyl-ara-C (NOAC) exerted the strongest anti-tumor
activity after oral and parenteral therapy in several mouse tumor models and showed to have
distinct pharmacologlcal properties compared to ara-C.% Of note, (ref. 69) provides an
excellent review of the topic.

Consequently, we further modified NOAC by the synthesis of a new generation of lipo-
philic/amphiphilic heterodinucleoside phosphate derivatives, termed “duplex drugs” that com-
bine the clinically used antitumor drugs ara-C and 5- ﬂuorodeoxyurldlne (5-FdU) with NOAC
to the heterodinucleoside phosphates arabinocytidylyl-N* octadecyl 1-B-D-arabinofuranosyl
cytosine (ara-C-NOAC) and 2'-deoxy-5-fluorouridylyl-N*-octadecyl-1-p-D-arabinofuranosyl
cytosine (5-FdU-NOAC).”%"! Ethynylcytidine (1-(3-C-ethynyl-g-D-ribo- pentafuranosyl) -cy-
tosine, ETC) is a novel nucleoside that was found to be highly cytotoxic.”* Its combination
with NOAC yields the lipophilic duplex drug ETC-NOAC (3'-C-ethynylcytidylyl-
(5'=5")-N*-octadecyl-1-p-D-arabinofuranosyl cytosine). Due to the combination of the ef-
fects of both active molecules that can be released into the cytoplasm as monomers or as the
corresponding monophosphates (MP), the cytotoxic activity of the duplex drugs is expected
to be more pronounced as compared to the monomeric drugs. Further, it can be anticipated
that the monophosphorylated nucleosides ara-CMP, 5-FdU-MP and ETC-MP, respectively,
are directly released in the cell after enzymatic cleavage of the parent drugs. Thus,
monophosphorylated molecules do not need to pass the first phosphorylation step, which is
known to be rate limiting,”>”* The lipophilic side chains warrant a stable incorporation of
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these duplex drugs into liposomes, allowing the exploitation of the liposome formulations
advantages.

We conclude that the chemical modification of water-soluble molecules by attachment of
long lipophilic chains and their stable incorporation into bilayer membranes of small unilamellar
liposomes represent very promising examples of taking advantage of the high loading capacity
lipid bilayers offer for lipophilic drugs. The combination of chemical modifications of water
soluble drugs with their pharmaceutical formulation in liposomes is a valuable method for the
development of novel pharmaceutical preparations not only for the treatment of tumors or
infectious diseases, but also for many other disorders.

Liposome-Mediated Depletion of Tumor Associated Macrophages

The physical depletion of macrophages located in organs of the monocytic phagocyte
system (MPS; spleen, liver, lymph nodes, bone marrow) by liposome encapsulated clodronate
(clodrolip) has become an important and reliable method to study the roles of macrophages
in the immune system and in inflammatory processes.”””’® Even though the infiltration of
macrophages into solid tumors and their pro-tumorigenic function has been described three
decades ago, their use as potential therapeutical targets is only now being discussed.””®
Tumor cells shed chemokines that attract macrophages from the peripheral circulation. These
macrophages infiltrate the stroma of solid tumors and accumulate in hypoxic tumor tissue.
Tumor associated macrophages (TAMs) play a pivotal role in tumor growth and metastasis
by promoting tumor angiogenesis. Recently, we have investigated whether the depletion of
TAMs would inhibit tumor angiogenesis and consequently tumor growth. We show that
TAM depletion mediated by clodrolip inhibits tumor growth, presumably through blocking
tumor angiogenesis and promoting tumor cell starving. Clodrolip are liposomes containing
the drug dichloromethylenebisphosphonic acid (also known as clodronate). In our experi-
ments, tumor bearing mice were treated with clodrolip as single therapy in comparison to
free clodronate and in combination with anti-VEGF single chain fragment antibodies,
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Figure 3. Depletion of tumor associated macrophages in combination with liposomal chemo-
therapy. Treatment of F9 teratocarcinoma tumors in syngeneic Sv129 mice, either with clodronate
in plain liposomes (clodrolip) and 5-FdU-NOAC in pegylated long circulating liposomes alone
(black triangles) or in combination (open diamonds). Phosphate buffer (PBS) treated controls
are shown with open squares. The experiment was performed as described in reference 36.
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resulting in drastic tumor growth inhibition and exhaustion of TAM cell populations.® In a
representative experiment shown in Figure 3 we treated mice bearing syngeneic F9 teratocar-
cinoma tumors with clodronate and the lipophilic heterodinucleotide duplex drug
5-FdU-NOAC, both applied in liposome formulations. Macrophage depletion combined
with a cytotoxic therapy was highly effective in this tumor model. Based on our results we
conclude that clodrolip mediated depletion of TAMs in concert with cytotoxic or
anti-angiogenic treatment regimens represents a new and highly effective therapeutic modal-
ity for the treatment of solid tumors and prevention of metastasis. Further, this is an interest-
ing tool for the study of macrophage function in solid tumors.

Cationic Liposomes and Lipoplexes as DNA Delivery Systems

Liposomes can be used as DNA drug delivery systems either by entrapping DNA-based
therapeutics inside the aqueous liposome core or by complexing them to positively charged
lipids (lipoplexes, see below). Liposomes offer significant advantages over viral delivery sys-
tems. They are generally nonimmunogenic because of the absence of protein components.
Liposome encapsulated DNA molecules are protected from nuclease activity for enhanced
biological stability. Cationic polymers have an enormous potential for DNA complexation and
have shown to be useful as nonviral vectors for gene therapy applications. In past years, lipo-
somes composed of cationic lipids, termed lipoplexes, have routinely been utilized for the de-
livery of nucleic acids such as plasmids, oligodeoxynucleotides and siRNA to cells in culture
and in vivo. A large number of these reagents are commercially available or can be formulated
in the laboratory.”*#! The majority of cationic lipid-DNA complexes form a multilayered
structure with DNA molecules intercalated between the cationic lipids. An inverted hexagonal
structure with single DNA strands encapsulated in lipid tubules is observed rarely.”? Together
with other advantages the lipoplexes have the ability to transfer very large genes into cells.
However, the understanding of their mechanisms of action is still incomplete and their cell
transfection efficiencies remain low compared to those of viruses. Despite the appreciable suc-
cess of cationic lipids in gene transfer, toxicity is a main issue for both in vitro and in vivo
applications. Inflammatory toxicity represents a typical effect associated with systemic admin-
istration of lipoplexes. Recent results indicate that lipoplex gene delivery systems mediate up-
take of plasmid DNA by the liver, mainly by the phagocytic Kupffer cells, in which a large
amount of cytokines is produced.” In addition, these complexes are immunostimulatory, a
property that may either be harmful or beneficial. Another disadvantageous property of lipoplex
mediated gene transfer is the low transfection efficiency; this has been attributed to the hetero-
geneity and instability of the lipoplex formulations. Lipoplex size heterogeneity also adversely
affects their quality control, scale-up, and long-term shelf stability, which are important issues
for pharmaceutical development. Another unwanted property of cationic lipids is the rapid
inactivation of their cargo in the presence of serum proteins.”* Development of optimized
cationic lipids that are safe to use for in vivo applications is an ongoing process. A cautionary
note to the potential dangers of all viral gene products, transgenes, viral proteins and peptides
and CpG DNA sequences in siRNA or plasmids formulated in liposomes or other DDS has to
be given. Immune responses induced by these molecules may lead to problems such as tran-
sient gene expression, nonefficient readministration of the same vectors and to severe side-effects
in clinical trials.”> Due to their particulate nature, the DDS are recognized as foreign and thus
elicit immune reactions of the host organism. However, the immunomodulating activities of
the DDS depend largely on their composition, size and homogeneity. Synthetic polymers can
exhibit significant immunomodulatory activity, whereas liposomes prepared with natural phos-
pholipids and cholesterol are known to be less immunogenic.

Outlook and Future Directions
The development of DDS is an ongoing challenging venture that combines
multidisciplinary research efforts in various areas including bioengineering, nanotechnology,
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biomaterials, pharmaceutics, biochemistry, and cell and molecular biology. Specific characteris-
tics of pathological processes and cell or tissue types that are subject of therapeutic interventions
govern the path from target selection to the development of specific DDS formulations. The
identification of novel cellular targets, for example easily accessible vascular endothelial cells, in
contrast to tumor cells or other less targetable tissues, will lead to optimized pharmaceutical
drug delivery formulations and preparation technologies. Refinement of DDS in order to over-
come unwanted properties such as toxicity, nonspecific tissue distribution and uncontrolled
release of entrapped active molecules will be the major challenges in the field. Future DDS will
mostly be based on protein, peptide and DNA therapeutics and their next generation analogs
and derivatives. Liposome-based formulations will continue to occupy a leading role among the
large selection of emerging DDS due to their versatility and vast body of known properties.
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CHAPTER 10

Fluorescent Nanoparticle for Bacteria

and DNA Detection

Wenjun Zhao, Lin Wang and Weihong Tan*

Abstract
sing bioconjugated dye-doped silica nanoparticles (NPs), we have developed a
l | bioassay for the accurate determination of a single bacterial cell within 20 minutes
without any signal amplification or sample enrichment. The antibody-conjugated NPs
can specifically and quantitatively detect bacteria, such as Escherichia coli O157:H7 from beef
through antibody-antigen recognition. Dye-doped silica NPs have also been successfully used
for DNA detection at sub-fentomolar concentrations. Our results demonstrate the potential of
dye-doped silica NPs for broad applications in practical biotechnological and medical applica-
tions in various biodetection systems. The ultimate goal of integrating bionanotechnology into
complex biological systems will emerge as a revolutionary tool for ultrasensitive detection of
disease markers and infectious agents.

Introduction

Highly sensitive fluorescence-based detection techniques have been extensively used in both
biological research and clinical diagnosis; among these, organic fluorophores are the most com-
monly used signal transduction tool. Although organic fluorophores are versatile and easy to
use, they suffer from problems inherent to their molecular nature that limits their sensitivity,
photostability and bioconjugation possibilities." For instance, in most cases only one or several
fluorophores can attach to a biomolecule without interfering with the target’s binding specific-
ity or causing it to precipitate. Thus a biomolecule recognition event is signaled by only one or
a few flourophores bound to the target. If a sample has only trace amounts of the biological
analyte of interest, additional steps required for signal amplification can be time-consuming
and impede analyte quantification.” Furthermore when exposed to a continuous light source
or the complex environment inside living cells, organic fluorophores degrade and photobleach
rapidly. These two factors can result in false-positive or false-negative signals and can affect
prolonged cell monitoring and 3-D optical sectioning imaging. Moreover, although most or-
ganic fluorophores can be conjugated with biomolecules such as DNA and proteins, different
conjugation chemistry must be used to attach the fluorophore to a given biomolecule of inter-
est. This chemistry can be too difficult, time-consuming, and/or expensive for routine applica-
tions. All of these limitations have hindered the use of fluorophores for certain biomedical
research and disease diagnosis.
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NPs have shown great promise in bioanalysis and diagnostic applications because of their
unique optical properties, high surface-to-volume ratio, and other size-dependent properties.
When designed with surface modifications, these special properties provide probes for
ultrasensitive and selective bioassays.* Dye-doped silica NPs are just such a class of materials.
Varying in size between 2 and 200 nm in diameter, these NPs contain large quantities of dye
molecules housed inside a polymer or silica matrix. This structure gives them a fluorescence
signal that is up to 10% times that of an organic fluorophore.” When dye-doped NP probes are
used, a biomolecule recognition event signaled by one NP will link thousands of dye molecules
to one target molecule, thus greatly enhance the fluorescence signal. This signal enhancement
facilitates ultrasensitive analyte determination and the monitoring of rare biological events that
are otherwise undetectable with existing fluorescence labeling techniques. The polymer and
silica matrix serves as a protective shell, or dye isolator, limiting the photobleaching effect of
the outside environment and light exposure on the flourophores.

Compared with polymer NPs, silica NPs possess several advantages. Silica NPs are easy to
separate via centrifugation during particle preparation, surface modification, and other solu-
tion treatment processes because silica is denser than polystyrene (e.g., 1.96 g/cm? for silica vs.
1.05 g/cm® for polystyrene). Furthermore silica NPs are more hydrophilic, biocompatible, not
subject to microbial attack, and no swelling or porosity change occurs with changes in pH.®
This article will examine the current diverse applications of silica NPs in molecular recognition
as well as offer an outlook on the potential uses of dye-doped silica NPs for bioanalysis and
biotechnology.

NP Preparation and Bioconjugation

Dye-doped silica NPs can be prepared by two general synthetic routes: the Stdber process or
the microemulsion process. In 1968, Stober et al. introduced a method for synthesizing fairly
monodisperse silica NPs with diameters ranging between 50 nm and 2 um. The details of the
mechanism of Stober-based NP formation have been extensively investigated,'*'? and the
method has been optimized to synthesize dye-doped silica NPs by covalently attaching fluores-
cent organic dye molecules to the silica matrix.'*!> Dye-doped silica NPs can also be synthe-
sized by hydrolyzing TEOS (tetraethyl orthosilicate) in a reverse-micelle or water-in-oil (w/0)
microemulsion system—a homogeneous mixture of water, oil, and surfactant molecules.””!72!

For bioanalysis and biotechnological applications, dye-doped silica NPs must be linked to
target biorecognition elements such as antibodies and DNA molecules. Many of these mol-
ecules can be physically adsorbed onto the silica NP surface. However, covalent attachment of
biorecognition elements to the particle surface is preferred, not only to avoid desorption from
the particle surface but also to control the number and orientation of the immobilized
biorecognition elements. For covalent attachment, the particle surface first needs to be modi-
fied with suitable functional groups (e.g., thiol, amine, and carboxyl groups). This is typically
done by applying a stable additional silica coating (post-coating) that contains the functional
group(s) of interest. For the Stober NPs, surface modification is usually done after NP synthe-
sis to avoid potential secondary nucleation. Surface modification of microemulsion NPs can be
achieved in the same manner or via direct hydrolysis and cocondensation of TEOS and other
organosilanes in the microemulsion solution.”?

After the NPs are modified with different functional groups, they can act as a scaffold for
the grafting of biological moieties (DNA oligonucleotides, aptamers, antibodies, peptides, etc.)
by means of standard covalent bioconjugation schemes. For example, carboxyl-modified NPs
have pendent carboxylic acids, making them suitable for covalent coupling of proteins and
other amine-containing biomolecules via water-soluble carbodiimide reagents.*?
Disulfide-modified oligonucleotides can be immobilized onto thiol-functionalized NPs by
disulfide-coupling chemistry.?* Amine-modified NPs can be coupled to a wide variety of hap-
tens and drugs via succinimidyl esters and iso(thio)cyanates. Other approaches use electrostatic
interactions between NPs and charged adapter molecules®®?® or between NPs and proteins
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modified to incorporate charged domains. The bioconjugation or labeling strategy is rationally
designed on the basis of the biomolecular function of the surface-attached entities. For
example, protein recognition sites are oriented away from the NP surface to ensure a sufficient
binding efficiency.”’ After the bioconjugation step, the NPs can be separated from unbound
biomolecules by centrifugation, dialysis, filtration, or other separation techniques.

Bioconjugated NPs for Bacteria Detection

We have developed a novel fluorescent NP-based immunoassay for the precise and rapid
detection of specific bacterial species.”® The analysis of bacteria is vital for food safety, clinical
diagnosis, and anti-bioterrorism. However, traditional methods for the detection of trace amounts
of bacteria require laborious amplification or enrichment of the target bacteria in the sample.*!
Recently, many attempts have been made to improve the sensitivity of bacteria detection with-
out the need for target amplification and enrichment,??** but rapid bacterial detection down
to the single-cell level has been a challenging task. The two major challenges for the rapid
detection of a single bacterium are the achievement of (i) short to real-time detection and (ii)
ultrasensitivity in bioanalysis. To reduce the time required for target detection, a minimal amount
of sample manipulation is essential. The sensitivity of the detection method has to be high
enough to eliminate the need for signal amplification and sample enrichment steps and also
allows for the accurate identification of a single bacterium in a short period.

By using bioconjugated NPs, we have developed a fluorescence-based immunoassay for the
accurate determination of a single bacterial cell within 20 minutes without any amplification
or enrichment. Escherichia coli O157:H7 is chosen as the target bacterium as it is one of the
most dangerous agents of food-borne diseases. Several of the reported outbreaks of E. coli
0157:H7 infections have led to death especially among children and the elderly. Given the low
infectious dose of E. coli O157:H7 (about 10-100 cells), the presence of even a single bacte-
rium in food may pose a serious health risk. Therefore, easy, rapid, and sensitive detection of
trace amounts of E. coli O157:H7 is critical to minimize or eliminate potential infections.

NPs approximately 60 nm in size were first conjugated to a monoclonal antibody (mAb)
specific against E. coli O157:H7. These NP-antibody conjugates bound only to the antigen on
the E. coli O157:H7 bacteria surface (Fig. 1). As each NP encapsulates thousands of fluorescent
dye molecules in a protective silica matrix, each time a NP binds with an antigen it provides a
much higher signal than conventional immunoassays. Because the mAb was highly selective for
the antigen on the bacteria surface the antibody-conjugated NPs specifically associated with

Detection of
fluorescence

High fluorescence signal

Figure 1. Single bacterium detection scheme. One single bacterium will bind with many NPs for
signaling.
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Figure 2. Images of bacterial cells. A) Scanning electron microscope image of E. coli O157:H7
cell incubated with antibody-conjugated NPs. B) Scanning electron microscope image of E. coli
DH5a cell (negative control) incubated with NPs conjugated with antibody for E. coliO157:H7.
(C) Fluorescence image of E. coli O157:H7 after incubation with antibody-conjugated NPs. The
fluorescence intensity is strong, enabling single-bacterium cell identification in an aqueous
solution.

E. coli O157:H7 cell surfaces (Fig. 2A) but not with other closely related species such as E. coli
DH5a, which lacks the surface O157:H7 antigen (Fig. 2B). The scanning electron microscope
image of the E. coli O157:H7 cell after incubation with the NPs showed that there were thou-
sands of antibody-conjugated NPs bound to a single bacterium, providing significant fluorescent
signal amplification as compared with a single dye molecule. The NP-based signal amplification
can be easily seen with a fluorescence microscope, as shown in Figure 2C. In solution-based
experiments for bacteria detection, we have demonstrated that signal amplification by the
antibody-conjugated NPs is >1,000 times greater than that produced with dye molecule-labeled
antibody. In the comparison experiment, a conventional organic fluorophore—
tetramethylrhodamine was chosen to label the mAb to E. co/i O157:H7. The signal from the
bacteria of this conventionally labeled fluorophore was much weaker. The high fluorescence sig-
nal enhancement by the NP-based antibody can provide a foundation for the rapid detection of
a single bacterium in solution samples. In addition to the high intensity of the fluorescence signal,
the NPs were highly photostable because of the protective function of the silica matrix. After 20
minutes of continuous excitation, the fluorescence intensity remained constant.

High-Throughput and Quantitative Detection of Bacteria

In order to adapt this NP-based assay for routine use in toxicology screenings, bioterrorism
detection, or medical diagnosis, high-throughput determination of multiple bacterial samples
is critical. The single-bacterium assay described above can be easily adapted for multiple-sample
determination by testing many aliquots of samples simultaneously. With the plate reader fluo-
rometer, we were able to detect >300 samples at one time with a single-bacterium detection
limit. The identification of a bacterium was based on the fluorescence intensities measured in
cach well of a 384-well plate. Using this method, we were able to determine the existence of a
single bacterium with 99.99% accuracy when compared with the widely used colony forming
units/ml count (CFU) on agar plates. Our results were further confirmed using a laboratory-made
flow-cytometer which precisely detected single bacterial cells with antibody-conjugated NPs
bound to them and recording the fluorescent spike when the cells flew through a detection
channel. Laser excitation and an optical design for the collection of the fluorescence emission
in the orthogonal direction of the forward scattered light beam made the cytometric analysis
more efficient and accurate. In the current scheme, a micrometer-sized capillary flow cell and
the narrow focusing of the excitation light beam reduces the probing volume of the sample to
a few picoliters. Moreover, this design decreases the chance of detecting two or multiple events
simultaneously. The total time for the sample detection and analysis with the present system
was 60 seconds, which minimized the duration of the bacterial assay even further.
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Detection of Bacteria from Beef Samples

To test the usefulness of our bioassay method for bacteria detection in real samples, we deter-
mined the number of E. co/i O157:H7 in several spiked ground beef samples. The recovery rate of
the spiked bacteria from the ground beef increased from 50% to 90% as the number of spiked
bacteria increased from 2 to 400. The recovered samples were equally divided into two portions as
described above. One portion was analyzed with a CFU count on LB agar plates and the other
portion was subjected to fluorescence detection with the antibody-conjugated NPs. It should be
noted that the colony morphology of the E. coli O157:H7 on LB agar was easily distinguishable
from other bacteria derived from the ground beef. The number of bacterial cells determined by
the two methods was highly correlated, with a correlation factor of 0.99. This result clearly dem-
onstrates that the bacterium assay based on bioconjugated NPs can be used to effectively detect a
single bacterium in solution recovered from a ground beef sample within 20 minutes. We con-
ducted both positive and negative control experiments to confirm that the effects of potential
interference, such as fat in the ground beef, were negligible.

Using NPs, we have developed an assay tool which enables the detection of one bacterium
cell per given sample within 20 minutes using only a spectrofluorometer. In addition, we have
designed a simple flow cytometry device to detect antibody-conjugated NPs bound to single
bacterial cells. The two detection methods correlated extremely well. Furthermore, we were
able to detect multiple samples with high throughput by using a 384-well microplate format.
To show the usefulness of this assay, we have accurately detected 1-400 E. coli O157 bacterial
cells in spiked ground beef samples.

In summary, dye-doped silica nanoparticles can be used as a tool for fast and ultrasensitive
bacteria detection. A single bacterium can be detected quickly and accurately without any
signal amplification or sample enrichment. Antibody-bioconjugated NPs provide significant
signal amplification for the bioanalysis and enumeration of bacteria. This bioassay is rapid
(<20 minutes from bacteria binding to detection and analysis), convenient, and highly selec-
tive. Furthermore, because multiple samples can be analyzed simultaneously, this assay is adapt-
able to high-throughput bioanalysis for multiple pathogens. In addition, the accurate and reli-
able detection of trace amounts of E. co/i O157:H7 in spiked ground beef samples demonstrates
the practical usefulness of this assay system.

Using Bioconjugated NPs to Detect DNA

In recent years high-throughput technologies such as microarrays have changed the ways
researchers address biological problems. DNA microarrays have been widely used in genomics,
drug discovery, and clinical diagnosis. However, accurate detection of low-abundance targets
remains a challenge due to the sensitivity limitation of current techniques. NPs, with their
intense fluorescence signal, can be applied to DNA hybridization assays offering distinct ad-
vantages over traditional fluorescence-based techniques. The scheme is based on a sandwich
assay: " capture DNA is immobilized onto a glass surface and hybridized with an unlabeled
target DNA complementary to both the capture and the probe DNA sequences. Probe DNA
attached to dye-doped silica NPs is then added. The sandwich assay is employed because it
eliminates the need to label the target. The scheme is shown in Figure 3. One probe DNA
hybridizes one target DNA and thus immobilizes one dye-doped NP to the surface, bringing
many dye molecules for signaling. Via fluorescence intensity monitoring or counting the num-
ber of fluorescent spots from the surface-bound dye-doped NPs, DNA target molecules can be
detected down to sub-picomolar levels; single nucleotide polymorphism analysis is also feasible.*’

This strategy could be extended to the use of NPs as fluorescent labels for DNA and protein
microarray technology to meet the critical demand for enhanced sensitivity. Rubpy-doped
silica NPs have been used in a one-color microarray system showing good correlation with the
traditional phycoerythrin labeling method, but with better photostability and a 20 times lower
detection limit. Cy3- and Cy5-doped silica NPs have also been used for two-color microarray
detection in a sandwich assay format and exhibited 10 times higher sensitivity than conventional
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Figure 3. Schematic of a sandwich DNA assay based on NP.

cyanine dyes.*® Although the technology of NP-based microarrays is still in its infancy, these
advances show the great potential of NPs for microarray analysis in genetic screening, proteomics,
and medical diagnostics.

Challenges and Trends

The demand for highly sensitive nonradiation based systems for signaling in diverse fields
has driven the design of nanomaterials away from electronics and computers and more toward
biomedical fields. When nanomaterials are combined with biomolecules for bioanalysis and
biotechnology applications, they have demonstrated unique advantages. Each of the NPs can
emit an extremely strong fluorescence signal, enabling us to achieve enormous signal amplifica-
tion for ultrasensitive target detection and for monitoring rare events that are otherwise unde-
tectable with existing labeling techniques. Furthermore, the nanoscale size of the particles mini-
mizes physical interference with the biological recognition events, whereas the nature of silica
particles enables us to easily modify the surface for conjugation with various biomolecules for
awide range of applications in the bioassay systems. Moreover, the potential to prepare the NPs
with any existing fluorophores provides the diversity of NPs for various applications. By inte-
grating nanotechnology into complex biological systems, we can achieve the detection and
prevention of disease at the earliest stage of its development.

Dye-doped silica NPs have been successfully used in bioanalysis but are far from reaching
their full potential. Their applications are bound to evolve rapidly as researchers improve their
ability to manipulate and apply these NPs. Improvements in the NP dispersion should prevent
agglomeration, decrease background noise, and reduce nonspecific adhesion to surfaces. When
these photostable and highly fluorescent dye-doped silica NPs are better integrated into the
complex biological world, they will have far-reaching impacts in the areas of bioanalysis, mo-
lecular imaging, and biotechnology.
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CHAPTER 11

Dendrimer 101

Lajos P. Balogh*

Abstract

n this chapter dendrimer basics are reviewed. It is impossible to describe, refer to or even

list the related literature (our “dendrimer” database consists of over 7,000 papers and

patents), thus selection of references has been made based on personal preference, often
choosing clarity over details and overarching principles instead of detailed chemical structures.
A large number of excellent reviews are available to those who are interested in more detail in
particular areas.'?® References will take the reader to original scientific papers that provide
more detail about a particular topic, describe experiments, and draw conclusions reflecting
each author’s personal views. Even listing of books and reviews must be partial, as they number in

the hundreds.

Brief History and Definitions

Historically it was Vogtle’s principal work on cascade molecules®” that opened the door for
dendrimers. The name, dendrimer, originates from the Greek words dendron (meaning tree)
and meros (meaning part). Originally, the name was coined by Vogel®® and it literally means:
“tree-like”.

According to Tomalia,” dendritic polymers, also called dendrimers, have three distinguish-
ing architectural features: an initiator core, interior “layers” (subsequent generations) com-
posed of repeating units that are radially attached to the initiator core, and an exterior “layer”
or surface of terminal functionality attached to the outermost generation. De Brabander and
Meijer®” defined a “dendrimer” as a highly branched (i.e., degree of branching, DB >1), highly
functionalized macromolecule with a well-defined structure. According to Majorzll,3 ! dendrimers
are highly branched regular three-dimensional monodisperse macromolecules with a branch
occurring at each monomer unit. Newkome®” have even proposed a systematic nomenclature
based on existing IUPAC rules.

In fact, the term “dendrimer” is interpreted by other scientists with a much broader mean-
ing than the ones described earlier. The term “dendrimer” may refer to a structure, a molecule,
or to a certain material (just like a graph of a tree, an actual tree and a forest).

A “dendritic structure” is a geometric representation of regular, repeated and ideal sym-
metrical branches (dendrons, cascade molecules) connected to a core. Ideal dendrimer struc-
tures can be described with exact mathematical expressions, using the terminology of polymer
chemistry.>*%

*Lajos P. Balogh—Department of Radiation Medicine, Roswell Park Cancer Institute,
Department of Oncology, University at Buffalo SUNY, Elm and Carlton Streets, Buffalo, NY
14263, U.S.A. Email: lajos.balogh@roswellpark.org

Bio-Applications of Nanoparticles, edited by Warren C.W. Chan. ©2007 Landes Bioscience
and Springer Science+Business Media.
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M = molecular weight at generation G,

M = molecular weight at generation G,

M. = molecular weight of the core,

N = the core functionality,

Ny, = the degree of branching

Mgy is the molecular weight of the repeat unit

ME is molecular weight of the terminal groups

Nig is the number of repeating units. If the core functionality equals to one, dendrons (cas-
cade molecules) result.

Dendrons have a simple cascade structure culminating in a focal point. Attachment of these
focal points to any core (atom, molecule, chain, or another dendrimer) results in a dendrimer
(structure, molecule, or material). Dendrons of a dendrimer do not have to be identical. The
higher the core functionality and the branching functionality, and the shorter the connectors
are, the quicker high density ensues in the dendrimer.

Denderitic structures are composed from branching sites and connectors forming symmetric
patterns. Repeated motifs that are in equal distance from the core (moving through the con-
nections) are called generations. (The name refers to the stepwise pair of reaction sequences
they can be generated by.) Every dendrimer molecule can individually be described by its own
chemical composition and chemical structure.

Chemical structure of a dendrimer molecule refers to the spatial arrangement of atoms and
their connecting chemical bonds. In geometric and chemical representations of large dendrimer
structures in 2D space, symmetry and connectivity are often overemphasized at the expense of
angles (that are often distorted) and actual bond lengths (that may be altered). Images of mo-
lecular models are computer-generated, thus atomic sizes, angles and distances are kept at
proper values. These images are more informative of the general shape and surface structure,
but the interior usually cannot be viewed.

Dendrimer families are synthesized using a variety of different synthetic routes, typically
applying repeated sequences of reaction (and purification) steg)s. Some of the significant fami-
lies are the poly(amidoamine) (PAMAM - Tomalia), ¢ arborols (Newkome),?%37
poly(propyleneimine) (PPI, (De Brabander and Meijer),® Frechet’s polyether dendrimer,’
and Majoral’s phosphorus-based dendrimers.*"?®

Constructing a dendritic network from atoms connected by bonds necessarily invokes chemi-
cal properties. Therefore dendrimer molecules of various families always have certain proper-
ties that are characteristic to their family. Consecutive repeated sequences result in generations.
Members (generations) of a dendrimer family contain the same molecular motifs, but their size
and mass are different and therefore may have very diverse physical properties (also depending
on their termini). For the above reasons, none of the observed properties of any family member
can directly be generalized to “dendrimers.”

A formal dendrimer nomenclature was suggested later by Wilks for the DuPont SCION
database,?® but these nomenclatures are rarely used in common practice or in the scientific
literature. Meijer’s naming system for poly(propylene imine) dendrimers follows this scheme:

5



138 Bio-Applications of Nanoparticles

o o
L s S
T__ ~ \j T o e
A~ ) A
M\
e % ¢ " v
" er v NHg  NHHENG ey
we S N T [ " 9w N/ \/
e (b - G sl NH; “ N NH;
e [ =) e 4 [ ¢
) D'e 4 HaN_ - [,
- “No~_N N~ N~
. (9 L
W 1 —, L o MR N - rl-l
r o |
o __;'r (\__ . g ik
A ( ) S\ o N~ N~ Ne
£ I 3 > HNTT [ \ A | 7N,
V- P y LW g f |
e ¥ ] ) { gl ™" NH; N A HH
o oo ) 1 I\ ( N,
J 4 NH; * HyN 2
L - - " sk
_c©
< H
Me 50
e B H
Me o -c-NNPo TV E.o
(PaNa)+0-4 »C-N-N-p._ — H H
O+ H Me 5oL )-C*0
8 g
N-N-P
O\ H
Cqp |6

Figure 1. Chemical structures for ideal molecules of four additional significant dendrimer fami-
lies. A) arborol® B) Polypropyleneimine (PP1), Frechet’s polyether dendrimer,'® and structure of
adendron of Majoral’s phosphorus-based dendrimers.'® A) Reprinted with permission from Boas
U etal, Chem Soc Rev 2004; 33:43-63, © Royal Society of Chemistry. B) Reprinted with permis-
sion from Cloninger MJ, Curr Opinion in Chem Biol 2002; 6:742-748 © Elsevier. C) Reprinted
with permission from Grayson SM et al, Chem Rev 2001; 101:3819-3867, Scheme 2 © 2001
American Chemical Society. D) Reprinted with permission from Majoral JPetal, Chem Rev 1999;
99:845-880, Scheme 50 © 1999 American Chemical Society.

Core-dendr-terminiy (e.g., DAB-dendr-(NH;)¢4 is a diaminobutane core dendritic
poly(propyleneimine) having 64 primary amine termini, also named as DAB-dendr-(PA)g4,
where PA stands for polyamine. PAMAM manufacturer Dendritech, MI, uses lot numbers to
really identify their products made in separate batches, in which the generations are numbered:
e.g., PAMAM 0602-03-G5.0-LD is the third batch of generation five amine terminated PAMAM
dendrimer manufactured in June 2002 in technical quality. Sigma-Aldrich material names
start with a symbol and added comments on core or termini, e.g., Family-(core)-Termini, fol-
lowed by linear or “empirical” formulas and formula weights of an ideal dendrimer (not the
real average molecular mass). The linear (ideal) formula (or a fraction of it) starts with the word
“monomer,” then the number of generation followed by the word “dendri” referring to the
structure, finished with the ideal/theoretical termini (Fig. 1).
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Synthetic Strategies

Dendritic molecules can be constructed in virtually any desired composition.'* To date,
hundreds of dendrimer families and dendritic structures have been reported in the literature.
Sometimes only a part of the macromolecule has dendritic architecture, and some authors have
less stringent ideas regarding what constitutes a dendrimer. The major synthesis strategies re-
main the divergent and the convergent routes. Both employ either nonreactive or protecting
groups cither on A or B components of AB, building blocks. Branching is created during
reaction steps by bi- or multifunctional reactants.

The divergent route® leads to higher yields with lower dendritic purity.*! Convergent strat-
egies'” usually result in much more uniform molecules, although in lower overall yield (a great
number of other strategies combining the above strategies have also been reported) (Fig. 2).

Commercial manufacturers use the divergent approach. In divergent synthesis, the mass of
produced dendrimers increase in every generation (it nearly doubles minus the loss due to
purification steps). Convergent strategies usually produce dendrimer materials with higher
dendritic purity (better purification is possible because the dendrons and the product dendrimers
are more different) but during the synthesis the absolute mass of the products decreases. A
comprehensive description for convergent strategies is available (see ref. 15).

A dendrimer material is a particular substance that is used for practical purposes. Dendrimer
materials always contain molecules with both ideal and nonideal structures. Dendrimer mate-
rials are made in multistep processes, where synthesis of every generation includes at least two
reactions and one or two purification steps. As only perfect reactions (complete conversion
with a 100% yield) would result in completely ideal molecules, or perfect purification (total
elimination of molecules with less than perfect structure) can lead to perfect materials, any
dendrimer material is a mixture of very similar dendrimer molecules.

To describe better the purity of dendrimer materials, the term “dendritic purity” has also
been introduced.*! Dendritic purity is defined as the number of dendrimer molecules of perfect
structure divided by the total number of dendrimers multiplied by 100 %. As an example,
Meijer et al have calculated the polydispersity and dendritic purity for a poly(propyleneimine)
(DAB-dendr-(NH;)g4) dendrimer. In this case, polydispersity of PD=1.0018 and dendritic
purity of 15.3 was found from the deconvoluted mass spectra. The overall branching efficiency,
as typically used for hyperbranched polymers®? was calculated to be a = 0.987, i.c., 98.7%-a of
all the branching was ideal (Fig. 3).
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Figure 2. Divergent and convergent strategies (reprinted with permission from Boas Uet al, Chem

Soc Rev 2004; 33:43-63, © Royal Society of Chemistry).
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Figure 3. A) shows the mass spectrum of a convergently synthesized fifth generation aliphatic
polyether containing two dendrons. In the mass spectrum, only one peak is observed, corre-
sponding to the mass of the ideal molecule plus a silver cation. B) displays the mass spectrum
of a commercial grade fourth generation poly(propylene imine) dendrimer indicating the pres-
ence of a measurable amount of molecules with nonideal structures.'® (Reprinted with permis-
sion from Grayson SM et al, Convergent Dendrons and Dendrimers: from Synthesis to Applica-
tions, Chem Rev 2001; 101:3819-3867, F4 © 2001 American Chemical Society.)

Synthesis of Commercial Dendrimers

Commercial dendrimers are sold as given generations of a particular family. Of the many
divergent syntheses studied to date, a few appear to be particularly noteworthy. These include
Dow’s poly(amidoamine) PAMAM? and DSM’s poly(propylene imine) PPI dendrimers,*
Perstorp™ aliphatic polyesters*® are also made in industrial amounts. As every batch of manu-
factured dendrimers has its unique synthesis history, all commercial dendrimer materials are
somewhat different. It is up to the end user whether these differences are relevant or irrelevant
from the point of view of the intended application (Fig. 4).

Although a number of additional very effective synthesis strategies using larger building
blocks such as “hypercore”,*> “hypermonomer”* and the “double exponential dendrimer
growth>? have been introduced to create dendritic structures, commercial manufacturing still
favors the divergent strategy.
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PAMAM DAB PEG-polyester dendron

Figure 4. Nominal (ideal) chemical structures of Starburst™, Astramol™, and Perstorp™ mate-
rials.** (Reprinted with permission from Duncan R et al, Advanced Drug Delivery Reviews 2005;
57:2215-2237 F1c © Elsevier).

Ideal dendritic growth and its possibility have excessively been debated in the literature.
Theoretically, ideal dendritic growth may occur only until the steric hindrance between exist-
ing terminal groups prevents the attachment of incoming monomers to all available termini
(for divergent synthesis) or all the dendrons (for convergent strategies). De Gennes™® has pre-
dicted that after the molecules reached the “dense-packed” state, ideal growth cannot be con-
tinued for dendrimer molecules because of the steric hindrance between the “closely packed”
termini. A common misunderstanding that dendritic growth cannot continue—it actually can,
but not from all termini.

Ideal dendritic growth can only occur when the symmetry is not broken by side-reactions or
incomplete conversion. However, in practice, only a certain number of reactions are successful.
For convergent syntheses incomplete coupling results in lower molecular weight side-products,
that usually can be separated, thus purity can be maintained in convergent synthesis (only the
yield will be lower). For divergent approaches, such as PPI and PAMAM dendrimers,
side-reactions result in monosubstituted branching sites (“missing arms”) and loops® in addi-
tion to the ideal disubstitution (Fig. 5).

Using the divergent approach, the molecular mass keeps doubling, but the dendritic purity
gradually declines. For example, synthesis of PPI dendrimers utilizes both solution chemistry
and hydrogenation in gas phase. While successive reactions result in products of high dendritic
purity PPI materials, vaporization of molecules is increasingly harder for the consecutive gen-
erations, and completion of the -CN -> -CH,;NH) catalytic reduction step is practically im-
possible after generation five. Low generation Astramol materials are very pure, but high gen-
eration materials may also contain a small amount of -CN end groups.

Structural Diversities of Molecules in Dendrimer Materials

The reason why structural diversities are present in dendrimer materials is simple: there are
no perfect chemical reactions (Figs. 6,7).

Every dendrimer synthesis is based on iterative, or stepwise, procedures involving a reaction
and a subsequent purification step. Let’s assume that we achieve the same degree of perfection
in every single step. Purification of reaction products may result in the removal of unwanted
molecules, but any purification method has to be based on differences in molecular property.
The more expressed these properties (e.g., size, chromatographic behavior, volatility, etc.) are,
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Figure 6. Synthesis and possible side-reactions in PP manufacturing.*" (Reprinted with permis-
sion from Hummelen JC et al, Chem Eur ) 1997; 3(9):1489-1493, Scheme | © WILEY-VCH Verlag
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Figure 7. Origin of skeletal diversity in PAMAM materials.”' (Reprinted with permission from
Tolic LP et al, Internat ) Mass Spectr lon Proc 1997; 165/166:405-418 © Elsevier).
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the more efficient the separation method. Repeating the same synthetic procedures for a diver-
gent synthesis, the same small structural differences in every generation gradually give rise to
relatively smaller and smaller differences in respective properties among the molecules of the
material. As purifications turn out to be less and less efficient, more and more molecules with
nonideal skeletons become part of the material. Reacting molecules with nonideal skeletons
leads to molecules with increasing degree of nonideality, etc.

In any multistep synthesis, the final yield can be calculated as the product of individual
conversions. For a generation five dendrimer (assuming divergent strategy and 90% yield of
perfect structures in every step, the final yield of perfect structures is only 0.9'° = 0.3487 (only
34% of the molecules would be ideal).

There are three possible types of structural diversities present in dendrimer materials: gen-
erational, skeletal, and substitutional diversity52 (Fig. 8).

In any given dendrimer material there may be different generations present, either due to
incomplete conversion of intermediates or due to “trailing” generations (PAMAM) and/or
imperfect purification steps. One of the reactants in PAMAM dendrimer synthesis is ethylene-
diamine. This bifunctional molecule always produces a small amount of dimers whose mass is
very close to molecules in the next generation (e.g., a (PAMAM_E5.NH,), molecule is almost
identical with PAMAM_EG.NH,).

Skeletal diversity arises during dendrimer synthesis and they cannot be corrected or re-
moved by those, who buy the materials—these nonideal molecules will always be present in the
subsequent products.

Substitutional diversity arises during post-modification reactions, when less than 100% of
the available terminal groups are substituted. Incomplete substitution of all Z-groups may be
due to steric hindrance, when not all the terminal groups can react, or intentional, when less
then equivalent reactant was added to the dendrimer. Exact locations of the new substituents
may differ from molecule to molecule, and as a consequence, the dendrimer material is
composed of slightly different molecules. Substitutional diversity always exists in a dendrimer
material after partial substitution. Composition of these dendrimers should be described by an
average composition and a distribution function.

Dendritic Properties

The presence of a large number of terminal groups and the limitations or a complete lack of
interpenetration results in solubility, viscosity, and thermal behaviors different from those of
more classical polymers.” These properties are referred to as “dendritic” properties.

“Dendritic” properties are the consequence of:

* the structure (cascade symmetry of dendrons),

* the uniformity of molecules (nearly perfect dendritic molecules and narrow polydispersity
of the materials),

¢ the collective and cooperative actions of internal and external functional groups (interac-
tions and reactions);

* the large number of termini (-Z groups) that can provide multiple functionalities to the
molecules,

e the high local concentrations of these internal/external functional groups;

* the ability of solvated MGD and HGD molecules to behave as dendrimer “pseudophase”;

e the soft to hard (organic) nanoparticle character of MGD and HGD subclasses.

If chemical composition, architecture and size determine properties, than family, structure,
generation, and surface substitution must determine dendrimer properties. A number of char-
acteristic general properties of dendrimers can be concluded from the geometric structure it-
self, being caused by the symmetry and high degree of branching. These properties are the
function of following parameters: the core structure, the connector length, the degree of branch-
ing, etc., and they appear in all the families (for example, the tendency of dendrons to act in a
concerted fashion,!”>*



145

Dendrimer 101
Poly(Amidoamine) Dendrimers
(EDA Core, Nc=4, Nb=2)
1o 3000000
100
W -
- 2000000
£ 80 E
2 70 £
= =
2 5 &
v — '
& Theoretical (600000 5
50 4
40
Observed
30 T Ll : T T Ll Ll 0
0 1 2 3 4 s 6 7 8 9 10 11 12
Generation

Figure 8. Comparison of theoretical molecular mass, observed molecular mass, and % “shell
filling” (i.e., observed efficiency of reacting the termini) for “gold standards” of ethylenediamine
core PAMAM dendrimers as a function of generation.>® (Reprinted with permission from Tomalia
DA et al, PNAS, 2002; 99(8):5081-5087 © The National Academy of Sciences of the United

States of America.)

LGD MGD

Figure 9. lllustration of LGD, MGD, and HGD dendrimer molecules. (Space filling molecular
models of ethylenediamine core PAMAM generation 2, generation 5, and generation 7 primary
amine terminated ideal dendrimer molecules.)
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To classify properties, it is practical to distinguish classes of ‘low”, “high”, and “middle”
generation dendrimer molecules as they carry similar properties. These classes can be found in
all families, but at different generational level because of the different structural elements and
connector lenghts (Fig. 9).

Low Generation Dendrimer Molecules (LGD)

Low generation dendrimer molecules (LGD) are relatively small molecules or low molecu-
lar weight polymers (oligomers) with fully penetrable networks and a few reactive sites that are
all equally accessible. Historically, these structures were made first, but they were not appreci-
ated at that time, because “dendritic properties” cannot be and (consequently were not) observed.

High Generation Dendrimer Molecules, (HGD)

High generation dendrimer molecules, (HGD) are spheroidal organic nanoparticles with
high structural symmetry and high relative density. In these dense organic nanoparticles the
kinetic accessibility of groups on the surface is much greater than those are in the interior space.

The terms “surface groups” and “terminal groups” have different meaning: “Surface” refers
to a spatial position, (which is usually temporary or statistical, due to molecular dynamics) and
“terminal” refers to a permanent position in the chemical structure.

Medium Generation Dendrimer Molecules (MGD)

Medium generation dendrimer molecules (MGD), are polymers in between LGD and HGD,
and may display characteristics of both groups. These dendrimers display behavior of “soft
colloidal” particles.”>>®

“Low”, “middle”, and “high” in this classification does not refer to the numerical value of a
generation in a specific family. Any family will have members in LGD, MGD, and HGD
classes, with gradual transitions of properties between them. The difference rather comes from
the decreasing accessibility of interior and terminal functions, of the increasing persistency of
the globular shape and of the increasing rigidity of the molecules with increasing generation
number.

In LGD molecules the accessibility of the internal and external functions is equal. Solvent
molecules between the branches are present in high excess compared to atoms belonging to the
dendrimer molecule. Solvent molecules “within” the dendrimer molecule are minimally differ-
ent from the free solvent pool around the molecules, as most of them does not interact with
dendrimer atoms. In HGD molecules the accessibility of the surface is much greater than that
of the interior—reactants added to the solution will react first on the surface-exposed functions
and they need time to diffuse into the HGD. These molecules can adequately described as
organic nanoparticles.

Properties of MGD molecules are transitional in between LGD and HGD molecules, and
MGD molecules often can be approximated as soft, deformable particles or emulsion droplets.

Exempt from this rule are dendrimer molecules built from rigid sub-units and connectors.
The cascade (tree-like) structural elements of dendrimer molecules, which is made up of re-
peating rigid units arranged in a hierarchical, self-similar fashion around a core raises the pos-
sibility of their application as artificial antennae systems.’’ >’ The two basic properties here are
(1) the (potentially) large number of absorbing units, which number grows exponentially with
generation, (2) the high probability for the capture of light, and (C) the relatively short dis-
tance of the periphery from the center, where a fluorescent trap, a reaction center or a chemical
sensor can be located.*

When the structure is built from electrically conducting units®! like highly branched
phenylacetylene dendrimers, the symmetric and ordered exciton funnel, with a well-directed
energy gradient towards the core. Spectroscopic evidence indicated transfer efficiency of 98%
from the photoabsorbing dendrimer backbone to the core (Fig. 10).
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Figure 10. Chemical structure of an aromatic conjugated dendrimer, referred to as an extended
Bethe dendrimer. It contains 127 benzene rings and a total of 2676 atoms. The peripheral

benzene rings are terminated with tert-butyl groups.®' (Reprinted from Shortreed MR et al, ] Phys
Chem B 1997; 101:6318-6322 © American Chemical Society.)
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Figure 11. Change of number of terminal groups and mass per unit volume (i.e., calculated
average density) for ideal PAMAM molecules as a function of generation. Volume has been
calculated for spheres, i.e., assuming fully protonated molecules in water.>>
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Physical properties of dendrimer materials are different from linear molecules®” and from
conventional polymers with low degree of branching.®® These properties also are different for
different families and different generations (subclasses) as the consequence of increasingly
expanding structure and evolving spherical geometry. In dendrimer molecules, the number of
terminal functionalities increases exponentially with increasing generations, and simultaneously
the overall density of the dendrimer molecules increases (Fig. 11).

The number of terminal groups exponentially increases as a function of generation, but the
flexibility of the molecules and the accessibility of all functional groups decreases. The high
level of symmetry, increasing overall density and increasing rigidity leads to decreasing
interpenetration between molecules, as a function of generation. Although formally the den-
sity of terminal groups (number of -Z groups per surface area) increases, the number of inter-
action termini between molecules decreases as HGD molecules (organic nanoparticles) cannot
penetrate each other, and can interact between at their surface.

Properties of Molecules; Good Solvent—Bad Solvent

End groups of solvated and flexible dendrimers in nonionic state are always “backfolded”,
i.e., terminal groups can also be found in the interior. In good solvents, the molecules are
expanded, but not disentangled. In a bad solvent (where due to the low solubility the concen-
tration is low), the molecules are smaller, due to this “backfolding” (Fig. 12).

In subsequent generations of dendrimers the mass increases exponentially while the volume
increases cubically (after adoption of a globular shape). Thus, a maximum is observed in the
plot of log intrinsic viscosity vs. molecular weight. The reciprocal of intrinsic viscosity, corre-
sponding to the solution density, would therefore be expected to exhibit a minimum. This
leads also to the prediction of a minimum in the refractive index and in the refractive index
increment, dn/dc, for dendritic molecules as the generation number increases.®’

Hydrodynamic radius of PAMAM dendrimers in different solvents were measured by holo-
graphic relaxation spectroscopy (HRS)® (Fig. 13).

Protonation of Polyionic Dendrimers Results

in Nanophase-Separation as a Function of pH

Typical examples of polyionic dendrimers are those families, in which the branching atom
is nitrogen, or phosphorous. Interior nitrogen branching sites can be protonated in solution,
when they subsequently acquire positive charge (and attract anions), or can be deprotonated,
(when they offer free electron pairs for coordinative binding of metal ions). Carboxyl terminal
units can be deprotonated to offer large number of negative charges (Fig. 14).

Because identical charges repel each other and these electrostatic interactions are strong,
protonation of cationic sites and deprotonation of anionic sites may induce large structural
changes in the molecules to reach energy minimum, making them expand or collapse.

This phenomenon may result in complete nanophase-separation. For example, PPI
dendrimers become completely and easily soluble in water when protonated, PAMAM
dendrimers may shrink or expand depending on pH.®® This scaling law holds for various
solvent conditions as has been observed in HRS studies on PAMAM dendrimer in water,
methanol, and butanol, and is supported bg Brownian dynamics simulations on model
dendrimers under varying solvent conditions.*

Physical Properties of Dendrimer Materials

In neat state—unlike in conventional (linear or branched) polymers—there is no interpen-
etration for HGD dendrimers. Dendrimers in solid phase have a very different structure than
in solution because removal of solvent molecules results in the collapse of the spheroidal mol-
ecules. These materials display polymer-like glass transition temperatures (T) during the first
run of DSC (Differential Scanning Calorimetry), but not on the consecutive runs, as it takes
an extremely long annealing time until the materials solidify and recover (Fig. 15).
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Figure 12. Simulated configurations of generation six dendrimers in varying solvent quality.
Projections on the z = 0 plane of the typical configurations of generation six dendrimers under
various solvent conditions: A) athermal (very good solvent); B) T = 4.0 (good solvent); C) T = 3.0
(Theta-solvent); D) T = 2.0 (poor solvent-large monomer attraction).®* In velgood solvents (the
athermal case), there is no significance to the value of the temperature.®* (Reproduced with
permission from Murat M et al, Macromolecules 1996; 29:1278-1285, Figure 3, © American
Chemical Society).
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Figure 13. Hydrodynamic radius of PAMAM dendrimers of different generations in water (O),
methanol (A), and butanol (O), as measured by holographic relaxation spectroscopy.®® (Re-
printed with permission from Stechemesser S et al, Macromolecules 1997; 30:2204-2206, Fig.
3a © American Chemical Society).

Due to their symmetry and spherical shape, solid dendrimers generally are amorphous and
do not form crystals. Their glass transition temperature (Tg) depends on their family, and
usually is not high. When in solid state, they do not have outstanding mechanical properties.
However, as part of crosslinked polymeric systems, they may improve mechanical properties
dramatically (e.g., aliphatic polyester PERSTORP’® improves epoxies). When melted, they
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Figure 14. The radius of gyration R; as a function of number of monomers in the dendrimer using
a log-log scale. The lines are the best fit to a power law dependence with exponents ~0.33. This
scaling exponent indicates a compact space-filling object under various solvent conditions. %2
(Reprinted with permission from Maiti PK et al, Macromolecules 2005; 38:979-991 © American
Chemical Society.)
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Figure 15. Calculated and measured properties of PAMAM dendrimers in solution.? The arrows
illustrate the LGD-MGD-HGD regimes for PAMAM dendrimers. Dendrimer properties on the left
are very different from those on the right, while in between are transitional. (Reprinted with
permission from Tomalia DA et al, Agnew Chem Int Ed Engl 1990; 29:138-175, © WILEY-VCH.)

behave as ideal Newtonian liquids.”"”? Dendrimer materials can play a key role in medicine
and drug delivery, due to the variety of surface functional groups that can facilitate and modu-
late the delivery process.

Dendrimers as manufactured cannot be used directly for biomedical applications and have
to be transformed into nanodevices using post-synthetic modifications. This may involve the
modification of the exterior, the interior or both. Major methods are covalent attachment of
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multiple functional molecules to the dendrimer termini, or physically solubilizing drugs by
ionic or hydrophobic interactions.

Many different molecules and building blocks can be covalently bound to the termini of
dendrimers to form nanodevices. A nanodevice is a polyfunctional macromolecule/nanoparticle
that is able to perform different functions. To reactive terminal groups various substituents can
be attached to, such as simple molecules that regulate charge (e.g., hemisuccinates or acetyla-
tion), polymers (e.g., PEG) that modify solubility and biologic compatibility, dyes that collect
light, and complexing ligands that make imaging possible, targeting moieties (peptides, sugars,
antibodies) that modify biokinetics, etc.

A few possible transformations are illustrated in Figure 16.

Listing of all these applications is out of the scope of this chapter and the reader is referred
to other reviews (refs. 2,11,23,73).

Dendrimers interact with biologic entities primarily through their solvated surfaces, and
the interior only contributes to the resulting system (e.g., by changing the endosomal pH as a
secondary effect). Biocompatibility and toxicity are primary issues.™ The two primarily impor-
tant factor in determining the biodistribution of dendrimers are size and charge.”*”> Too much
positive surface charge may generate holes in the cellular bilayer, which makes positively charged
dendrimers toxic.”

Year by year, increasing number of biomedical applications are reported for dendrimers.
There are two basic ways dendrimers can work for drug delivery; (1) either by multiple cova-
lent modifications of the termini, (which then may be exposed on the surface), or (2) initiate a
physical binding in the dendrimer phase (“encapsulation”, “encrustment”, “entrapment”, etc).”®””

The basis of entrapment is that MGD and HGD dendrimers can form a pseudo-phase of
different polarity ("dendrimer phase”) in solutions, in which a large number of solvent mol-
ecules reside.®” These nanoscopic domains can interact with guest molecules either by very
strong electrostatic interactions, hydrogen bonding or hydrophopic interactions.®! This ("dendrimer
phase” of solvated nonionic dendrimers)—depending on its polar or apolar character—
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is able to dissolve/solubilize smaller molecules (e.g., apolar dyes or drugs) by hydropho-
bic interactions.

Solubilization of apolar drugs is especially important for drug delivery, as an immense num-
ber of anticancer drugs have low solubility. Dendrimers with large internal dipole moments are
able to solvate polar molecules.'” The inclusion complex and the receptor specific approach
may h diffi deli files.3* S f th les of lated d ied

y have very different delivery profiles.”” Some of these examples of encapsulated drugs trie
are doxorubicin,® 5-fluoroacil,®* niclosamide, cis—platine,86 nicotinic acid,”’ ketoprofen,88 etc.

Recepror specific targeting of anticancer drugs may improve therageutic response consider-

bly. These includ hetically available molecul h as folate,””! antibodies,”” and vari
ably. These include synthetically available molecules such as folate,” " antibodies,”” and vari-
ides.” E les of covalently bound d ibuprofen,”® meth. 195
ous peptides.” Examples of covalently bound drugs are ibuprofen,” methotrexate,
acid,”® and taxol.”

Ionic dendrimers (e.g., those with -N< branching sites) can bind acids or metal ions (cat-
ions by donor—acce;)tor interactions or anions when protonated) and can form
nanocomposites.””?’%? The high local concentrations of interior nitrogens may preorient
inorganic ions in the interior, which then can be immobilized in the form of nanocomposites.
Silver/dendrimer nanocomposites have been used for cell labeling (Lesniak, 2005) and for
radiation therapy.'®!

sialic

Conclusions

Summarizing, “dendritic properties” are the manifestation of nanoscale droplet/particle prop-
erties of medium and high generation dendrimers, due to symmetry and macromolecular char-
acter. Regardless of semantics, the importance of creating complex nanosized devices by con-
trolling properties of dendrimers and dendrimer derivatives through synthetic manipulation of
structure and composition is becoming increasingly important for everyday life, especially in
medicine. Dendrimers are fascinating structures, interesting molecules, challenging materials
and promising tools for the present and future that provide a unique opportunity to improve
the quality of life.
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CHAPTER 12

Quantum Dots and Other Fluorescent
Nanoparticles: Quo Vadis in the Cell?

Dusica Maysinger* and Jasmina Lovri¢

Abstract
n exponentially growing number of nanotechnology-based products are providing new
A[élatforms for research in different scientific disciplines (e.g., life sciences and medicine).
iocompatible nanoparticles are expected to significantly impact the development of
new approaches in medical diagnoses and drug delivery; however, very little is known about the
effects of long-term exposure of different nanoparticles in different cell types and tissues. The
first objective of this chapter is to provide a brief account of the current status of fluorescent
nanoparticles (i.e., quantum dots, fluorescently-labeled micelles, and FloDots) that serve as
tools for bioimaging and therapeutics. The second objective of this chapter is to describe the
modes and mechanisms of nanoparticle-cell interactions and the “potential” toxic consequences
thereof.

Introduction

Recent breakthroughs of nanotechnology in biology and medicine have provided new ap-
proaches to address and solve problems either in basic research or clinics. Many consider that
the applications of various nanostructures and nanodevices could significantly contribute to
fighting cancer and neurodegenerative diseases."* Depending on the properties of the
nanostructures used, their function could be due to their intrinsic properties®* or due to the
functionalization of nanomaterials that render them biologically active.>°

Unfortunately some nanoparticles can constitute threats to living cells, animals or humans.
Understanding the mechanisms of their negative effects is critical to preventing or exploiting
their use for diagnostic or therapeutic purposes such as selectively destroying tumor cells.
Currently, metal-containing nanoparticles, including quantum dots, are mainly part of the
fluorescent toolbox for biological applications’ but they may not be a clinical solution for
improving diagnosis or therapy. Other types of nanoparticles such as micelles and FloDots are
mostly used for delivering different agents in a controlled manner and/or as a detection system
for environmental pollutants when applied to medical or detection applications.

Fluorescent Nanoparticles

An Overview
Most fluorescent nanoparticles reported either fluoresce or luminesce because of their in-
trinsic properties (e.g., semiconductor quantum dots) or having covalently or noncovalently
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Figure 1. Some fluorescent/luminescent nanoparticles and their characteristics.

linked fluorescent or fluorogenic organic molecules (e.g., polymeric micelles). This section will
focus on semi-metallic nanoparticles called quantum dots (Q-dots), fluorescent nanoparticles
made of organic molecules called micelles and inorganic materials with attached organic or
inorganic dyes called FloDots. Each of these classes have rather unique photo-physical and
optical characteristics which can be exploited for long-term and multicolor imaging,* ' studies
exploring nanoparticle fate!'? or photosensitization.> The main properties of selected
nanoparticles discussed in this chapter are summarized in Figure 1.

Differences Between Q-Dots, Fluorescent Micelles and FloDots

Q-dots are fragments of semiconductors made of hundreds of thousands of atoms with
optical and electrical properties strongly dependent on the size of these fragments.'® Q-dots are
unique because their emission maxima shift to higher wavelengths when their size increases.
No matter what their size, Q-dots can be excited within a relatively large range of wavelengths.
The emission spectra are rather narrow allowing for the simultaneous detection of multiple
colored Q-dots upon illumination with a single-wavelength light source. Their resistance to
photobleaching, which permits prolonged visualization of the target, is also a valuable addition
to their properties.'* Lastly, due to the electron dense Q-dot core, images can be acquired with
electron microscopy whose high resolution complements information obtained by imaging
live cells using confocal microscopy.'®

A primary task of polymeric micelles is the delivery of poorly soluble drugs in the diseased
tissue and cells. To achieve a controlled release of a drug to a specific population of cells or
subcellular organelles multiple factors play a role, with micelle-cell interactions being the cru-
cial and the most complex. Polymeric micelles are not intrinsically fluorescent but they can be
made fluorescent by solubilizin§ hydrophobic dyes in their cores'®!” or by covalently linking
dyes to a single polymer chain.'* Rendering them fluorescent enables the investigation of their
interaction at the cellular and subcellular level. Optical properties of fluorescently labeled mi-
celles largely depend on the properties of the dye used. However, physicochemical characteristics
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of block copolymers can modify the fluorescence signal intensity (both by quenching or en-
hancing it) and intracellular distribution of dye molecules.'*'® For example, a fluorescent drug,
doxorubicin, at high concentrations can exert an enhanced pharmacological effect (cell killing)
and at the same time serve as a fluorescent agent indicating the extracellular and intracellular
localization of free and polymer-bound agent.'” In combination with photoexcitation, en-
hanced permeability and retention?*?! micelles seem to provide an alternative therapeutic ap-
proach in oncology.

FloDots are silica nanoparticles doped with fluorescent dyes.'® Dye molecules can be either
luminescent organic or inorganic molecules dispersed within the silica matrix. These novel
nanoparticles are extremely luminescent and are highly photostable compared to Q-dots.*
Silica provides dispersion of nanoparticles in water, and its surface can be modified to contain
functional groups. Examples of thousand fold increases in fluorescence intensities of FloDots
over that of pure dyes have been reported.'® Similar to Q-dots, FloDots can be analyzed both
by fluorescent and electron microscopy.

Surface Modifications of Nanoparticles

While the inorganic core of Q-dots is responsible for their optical properties, the organic
shell around the core has multiple functions. First, it enables the dispersion and stability of
Q-dots in an aqueous environment. Secondly, it serves as a substrate for linking biomolecules;
this gives Q-dots their precise biological functions including targeting to specific cells or sub-
cellular organelles. Stabilization is frequently achieved by hetero-bifunctional ligands contain-
ing a mercapto group on one side and carboxylic, hydroxyl or amino group on the other side.?*4
Mercapto groups are linked to the surface of Q-dots while carboxylic, hydroxyl or amino groups
provide solubilization and further biofunctionalization.?” In addition to short bifunctional
ligands such as cysteamine and mercaptoacetic acid, more complex ones such as
mercaptopropylsilane’® and amine-containing dendrimers have been previously employed.
Moreover, ligands such as thiolated peptides can stabilize and functionalize Q-dots at the same
time.”” Q-dots can also be encapsulated with diblock or triblock copolymers and phospholip-
ids.”®

Even though Q-dots can nonspecifically label cells in culture’ (Fig. 2) or accumulate at site
of tumors in vivo,” attachment of biomolecules to their surface is used to actively target them
and increase their internalization in specific cells. Well-known biomolecules such as folic acid*
or different antibodies against tumor antigens, such as prostate-specific membrane antigen® or
over expressed HER2 receptor,® were exploited to achieve active targeting. Destination to
distinct subcellular targets can be achieved by attaching translocation peptides such as nuclear
or mitochondrial localization signal peptide.”” In an elegant work by Dahan et al functionalized
Q-dots were used to track the lateral diffusion of glycine receptors in primary spinal cord
neurons. Individual receptors were seen within tens of minutes at spatial resolutions of 5-10
nm.' In studies employing nerve growth factor linked to Q-dots, the dynamics of ligand
internalization were followed in rat pheochromocytoma cells.?® Similar approaches can be taken
to explore many other receptors in a variety of cells. Such studies could provide new insights
into receptor location, distribution and trafficking in cells under normal and pathological con-
ditions. New conjugated Q-dots with ligands for many receptors need to be developed. How-
ever, a number of versatile conjugation procedures have been described in detail and are being
developed.* This source of information could be very useful in creating new ligand-specific
imaging tools for addressing numerous unanswered questions in neuroscience and other re-
search fields.”

In the case of polymeric micelles, common conjugation approaches were used as indicated
above and frequently applied to functionalize liposomes.>> An attractive feature of block co-
polymer micelles is their ability to accommodate a large number of drug molecules inside their
cores (particularly the large micelles) and at the same time bind to the specific ligand(s) linked
to the block constituting the micelle corona; enabling both drug delivery and imaging of the
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Figure 2. Multicolor imaging of QDs in live cells. Schematic of cell organelles stained with
Hoechst 33342 (nucleus), mitotracker red (mitochondria), and colocalization (yellow) of inter-
nalized QDs (red) with lysotracker (green). Photomicrograph of PC12 cells treated with QDs and
stained with organelle-specific fluorescent dyes show mitochondrial damage, chromatin con-
densation and colocalization of Q-dots with lysosomes. Color version available at Eurekah.com.

drug carrier. Chemically attached ligands to the reactive groups in the hydrophilic corona of
polymeric micelles do not seem to be detrimental to the micelle formation or stability.®

Stability and Fate of Fluorescent Nanoparticles (Q-Dots, Micelles, FloDots)

Relatively little is known about the stability and fate of fluorescent nanoparticles in differ-
ent cell types and in the whole animal. This area is relatively new and many fluorescent dyes
and nanoparticles do not yet have sufficient stability and are not resistant to photobleaching
upon multiple exposures to lasers to allow long term monitoring of these particles. In some
instances, the synthesis of fluorescent polymers is not a trivial matter, and some dyes simply
cannot be easily conjugated to the polymer. Additional problems include the autofluorescence
of the tissue and a limited resolution of available instrumentation for in vivo imaging. An
additional factor complicating the determination of the fate of biodegradable block copolymer
micelles and Q-dots in vivo is the interference associated with components from blood and
other biological molecules. One of the first studies with fluorogenic dyes incorporated into
micelles show how the increasing complexity of the biological environment impacts micellar
disintegration.”’”

Q-dots were mostly used for short-term imaging in live cells, fixed cells and in whole ani-
mals (in vivo).%**337 Upon short-term exposure to Q-dots, particularly those well protected
with shells such as ZnS, there is no immediate damage to the tissue, which can be readily
detected. However, it is currently unclear if some tissues accumulate the semi-metallic
nanoparticles after long-term exposures and if they have a limited capacity to dispose of them.
These studies are ongoing and will provide important information, which will help overcome
the hurdles associated with these diverse and attractive bioimaging tools.
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Figure 3. Stability and fate of fluorescent nanoparticles in the cell. Nanoparticles are endocytosed
by the cell and can be degraded within the lysosomes: A) micelle degradation due to low pH;
B) Q-dot destabilization and aggregation within the lysosomes.

For Q-dots to efﬁciently fluoresce, the protection of the core has proven to be an essential
factor. The shell protects its core, and loss of the ligands from the shell can occur with changes
in pH or due to the oxidation from prolonged illumination®®4! (Fig. 3). Q-dots whose organic
shells are built of short bifunctional ligands do not have sufficient stability in cellular environ-
ments, which is required for long-term labeling and imaging. The protection of the core with
polymers of multilayered densely packed shells enhances the stability of the entire system,
enabling Q-dots to strongly fluoresce for days and months after exposure to complex in vivo
environments. The development of new surface coatings will allow Q-dots to demonstrate
their full potential as superior imaging tools.

The problem of stability with organic nanoparticles such as micelles can be partly circum-
vented by cross- linking the micelle shell. However, complete control of drug release from such
micelles becomes an issue to be resolved for each individual drug. One way to enhance the
micelle stability is by using shell-cross-linking*? and formation of shell cross-linked knedel-like
(SCKs) nanoparticles. SCKs can be labeled with fluorescent, radlohgand or dense core particles
and decorated with different ligands to allow for cell or tissue targeting.*’
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Live Cell and Tissue Imaging with Q-Dots and FloDots

Q-dots’ wide variety of emissions allows the use of numerous combinations of fluorescent
dyes and Q-dots for the tracking of nanoparticles within cells™*' (Fig. 2). Moreover, Q-dots
have an efficient multiphoton absorption cross-section which makes them brighter probes under
photon-limited in vivo conditions.”” Q-dots that can emit infrared or near infrared light are
particularly suitable for deep tissue imaging because autofluorescence of hair and tissues in this
range is minimal.* 4’ Q-dots emitting within 650-800 nm conjugated with polyethylene glycol
(PEG) and specific ligands recognizing receptors could be particularly useful. If administered
intravenously, the liver does not immediately eliminate PEG-Q-dots and their protracted
circulation time allows their fate to be followed using different imaging set-ups. Injected Q-dots
with PEG coatings or functionalized Q-dots can be detected with standard in vivo imaging
systems for several days when administered subcutaneously or intravenously.*'>° In vivo
monitoring of Q-dots is appealing because it can provide needed information on time-dependent
Q-dot distribution and accumulation in tissues, which is important in the evaluation of poten-
tial therapeutic applications. Data for the biodistribution and pharmacokinetics of Q-dots are
emerging’’ and more systematic studies are needed to demonstrate how rapidly these particles
can be eliminated from the body, where they accumulate, and what nonspecific tissue damage
they may eventually cause.

Bioluminescent Q-dot conjugates for in vivo imaging were recently developed by Rao’s
group.49 Instead of excitation from an external illumination source, these Q-dot nanocrystals
are excited by bioluminescence resonance energy transfer and consequently tissue
autofluorescence is significantly reduced;*’ a lucrative approach using bioluminescent Q-dot
conjugates, particularly in small animal imaging.

Significant advances have been made in the field of biosensors based on Q-dots. Other
nanoparticle types that can respond to various pathological or physiological stimuli are of par-
ticular interest for applied cell biology and medical investigations.””

Intracellular trafficking and fluorescence imaging of micelles has been recently reviewed.37,55
Ultrasenstive and high-resolution microscopic techniques are beginning to provide insight into
the real-time dynamics of cellular components and macromolecular pharmacological agents as
they are delivered into and travel within single cells. By combining genetic manipulations of
cells with fluorescent markers and labeling of individual cellular organelles, the journey of
nanoparticles and the intricacies of their interactions with cellular components within the single
cells are being elucidated.

FloDots have also been employed for imaging of different cell types, e.g., leukemia cells™®
and in E. coli.”” Owing to their greatly amplified fluorescence intensities in comparison with
single fluorescent molecules, FloDots can be used as tools for detection of trace amounts of
bacteria in high throughput assays.

Nanoparticles as Potential Hazards

Problems in Nanotoxicology

Is there a real reason to fear nanoparticles? The lay community and scientists are divided
into two extreme and opposing camps. One of the reasons for this wide disagreement is the
lack of sufficient knowledge regarding different nanoparticles. We have only begun to collect
the necessary information about what is undesirable in the chemical composition of different
nanoparticles; how poorly stable Q-dot surfaces can induce unwanted side effects in live cells
after many hours of continuous exposure and how different cell types deal with the short and
long-term exposure. Unless we have enough scientific evidence for their direct and indirect
damaging effects, all the excitement and uncertainties are just speculations.’® The novel and
unique properties of nanoparticles, which have been enthusiastically explored for their ad-
vancement in therapeutics and diagnostics, could also be the source of undesirable effects on
biological systems.’® The factors that play important roles include nanoparticle size, chemical
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composition, surface structure, shape, solubility and aggregation.>® The vast array of nanoparticles
with diverse properties is currently being explored and each type could specifically interfere
with cellular systems. It is of great importance to identify the key factors that can be used to
predict their toxicity,”® and we should use our knowledge of the toxicity of environmental
pollutants in this size range to complement our understanding of functionalized nanoparticles.
The objective of this section is to point out some of the potential sites of cell injury caused by
some types of nanoparticles.

Nanotoxicity

Recently, a significant number of investigations have focused on the potential toxic effects
of nanoparticulate systems.”> While completely benign in certain paradigms,”* nanoparticles
including Q-dots,*? fullerenes®® and nanotubes® have induced negative effects in others.

The toxicity of Q-dots when tested in vitro, is dependent on numerous factors associated
with Q-dot properties and cell status. Q-dot properties, which are critical for biocompatibility
are: size, surface charge, type of surface ligand, stability, and concentration. The core, when not
protected, can gradually disintegrate and cause the release of toxic ions (such as cadmium ions)
into the medium.®® Also, the diffusion of oxygen is facilitated by the loose shell around the
core; this can result in electron or energy transfer resulting in the formation of toxic reactive
oxygen species (ROS).1%5¢7 The protective coating of Q-dots can also breakdown (e.g., by
irradiation, low lysosomal pH or possibly metabolic degradation), leading to the cell damage
and death.®® A great deal of toxicological data is available on individual metals, such as cad-
mium, selenium, zinc, lead and copper. Much less is known about tellurium, indium and
gallium, which are also components of different types of Q-dots. Almost twenty years ago
tellurium was shown to induce significant damage in the peripheral nervous system.®’

The cellular environment plays a critical role in influencing the physiological status of cells
and has an impact on their response to Q-dots. For example, cells exposed to Q-dots are more
vulnerable when deprived of growth factors, whereas cells cultured in the presence of serum
will be more resistant to Q-dot induced cell death. Moreover, certain types of Q-dots can
interact with serum and other biological fluid components reducing or increasing their damaging
effects on cells. One of the best documented components in cell culture medium which can
modify nanoparticle entry and modify the extent of nanoparticle-induced cytotoxicity is se-
rum albumin. This biomolecule can reduce the internalization of Q-dots and micelles and also
delay or reduce cell death induced by these nanoparticles.

Current status and limitations of different nanoparticles were recently reviewed.70 The
source of polymeric micelle-induced harmful effects in living cells is often the result of residual
unpurified catalyst. These trace catalytic metals and unstable (decomposed) fluorescent dyes
can be toxic. Micelles have been used as nonviral gene carriers, and some of them have certain
advantages, such as safety, simplicity of preparation and large-scale production over viruses.
However, DNA-polymer complexes (polyplexes) may often not be suitable for in vivo gene
delivery because of their considerable toxicity, e.g., polyethylene imines proposed for gene
delivery are often toxic.” Recent applications of micelles for gene delivery, photosenzitizers
and small interfering RNA have been facilitated by employing newly developed biocompatible
block copolymers by Kataoka’s group.”! Micelles made of modified polyaspartamides linked to
PEG and poly-lysines, in contrast to many other positively charged materials can be well tolerated
by live cells in relatively high concentrations. The attraction of these new PEG-b-(Asp) block
copolymer particles is their remarkable loading capacity for siRNA (close to 90%) and appre-
ciable gene silencing in a sequence-specific manner. It is anticipated that calcium phosphate
core-shell type nanoparticles incorporating siRNA will prove sufficiently biocompatible as
nanocarriers for other siRNAs.”!
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Mechanisms Involved in Nanoparticle-Induced Cell Death

A common property of nanoparticles seems to be their ability to induce the generation of
ROS in the cellular environment. The exact mechanisms for the productlon of these reactive
oxygen species are not well understood; through high levels of free metal ions®® leading to the
formation of ROS and oxidative damage are detected in live cells exposed to the nanomaterials.
Some types of nanoparticles, such as Q-dots, due to their electronic configuration have the
ability to spontaneously induce ROS. At the same time, it seems that cells themselves can be
the source of ROS in contact with nanoparticles lacklng this intrinsic property.”*

The disturbance of cellular ROS equilibria has an important impact on cellular physiology.
ROS, aside from being toxic mediators, are also important signaling molecules. Cells are re-
sponsive to minute changes in the intracellular redox state; which is sufficient to inhibit prolif-
eration, induce differentiation’? or cell death.”® The effect of these disequilibria will depend on
the cell type or organelle in contact with the nanoparticles and the redox status of cells and
their organelles. A number of fluorescent probes have been used to reveal ROS in live cells,”
but there is a need for new, more species specific probes for such studies. A complex interplay
between nanoparticles, cells, and reactive oxygen species could be decisive factors, which can
affect the performance, behavior and fate of both nanoparticles and cells.

In summary, cell death by nanoparticles is a relatively unexplored area of research. Further
studies are required to understand the mechanisms involved in nanoparticle cell death, and to
discover the ways to prevent it. We should also keep in mind that nanoparticles could have an
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impact on cellular function even if non toxic. Studying all these effects will be important to the
safe preparation, handling and utilization of nanoparticles in science and beyond.

Cell Organelle Responses to Nanoparticles

Several cell organelles are implicated in different types of cell deaths (Fig. 4). In this section
we will briefly discuss some of the key roles of these organelles, both individually and in com-
bination.

Mitochondria play a central role in energy metabolism; they are responsive to even small
stresses in multiple ways.”® The intermembrane space of mitochondria harbor proteins that are
lethal to cells once released into the cytosol, which gives mitochondria a critical role in cell
death. When cells are exposed to nanoparticles (e.g., Q-dots), which can induce the generation
of ROS, mitochondria are among the first and most sensitive organelles affected. If nanoparticles
are not capable of producing ROS themselves, dysfunctional mitochondria in stressed cells
could be the major source of ROS produced in cells.”” In Q-dots injured cells, reductlon of
mitochondrial membrane potential and swelling of mitochondria can be detected.®!

Lysosomes are organelles commonly associated with cell death.”®”® Lysosomes and lysosomal
hydrolyses play a role in the engulfment and digestion of dead and dying cells and in cellular/
tissue autolysis during necrosis. Studies showing the involvement of lysosomes in cell death,
induced by either pharmacological or genetic manipulations, were recently reviewed.79 Lyso-
somes are also very sensitive to oxidative stress, and this property is exploited in photodynamic
therapy. Lysosomal membranes can potentially be damaged by nanoparticle-produced ROS
internalized by endocytosis. This can lead to the release of lethal hydrolyses and consequent cell
death.

Endoplasmic reticulum (ER) is another organelle at risk in cells exposed to certain types of
nanoparticles. The ER is a sensor for oxidative stress (reviewed in refs. 80,81,82). If the ER
damage is extensive, programmed cell death is initiated by the unfolded protein response or by
the release of calcium. The Bcl-2 family of proteins and cytoplasmic calcium coordinate the
cross talk between the mitochondria and the ER.5%®

Nanoparticles; Prospects

Developments of new nanotechnologies are gaining momentum and claims have been made
that they will dominate the economy of the 21st century. The application of these technologies
already extends to solar technology, new means of transportation, telecommunications, medical
diagnostics and devices. However, the evident and tremendous potential benefits of
nanotechnology in our society will only be achieved if we apply it sensibly and learn how to
reduce the potential health risks associated with nanoparticle contamination in our environ-
ment. In the context of biological systems we must especially understand the mechanisms
underlying the interactions between nanoparticles with different physical and chemical prop-
erties in conjunction with biological structures and functions.

Multidisciplinary efforts to understand the chemistry, physics, and biology of nanoparticle-cell
interactions will provide a foundation to better address numerous questions, including ‘Quo
vadis, nanoparticle?” and how to use them to our benefits.
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CHAPTER 13

Toxicity Studies of Fullerenes and Derivatives

Jelena Kolosnjaj, Henri Szwarc and Fathi Moussa*

Abstract

ue to their unique properties, fullerenes, a model of carbon-based nanoparticles, have
D attracted considerable interest in many fields of research including material science

and biomedical applications. The potential and the growing use of fullerenes and
their mass production have raised several questions about their safety and environmental im-
pact. Available data clearly shows that pristine Cy has no acute or sub-acute toxicity in a large
variety of living organisms, from bacteria and fungal to human leukocytes, and also in droso-
phila, mice, rats and guinea pigs. In contrast to chemically—either covalently or noncovalently—
modified fullerenes, some Cg derivatives can be highly toxic. Furthermore, under light expo-
sure, Cg is an efficient singlet oxygen sensitizer. Therefore, if pristine Cg is absolutely nontoxic
under dark conditions, this is not the case under UV-Visible irradiation and in the presence of
O, where fullerene solutions can be highly toxic through 'O, formation.

This chapter offers a general review of the studies on the toxicity of [60]fullerene or Ceo, the

most abundant fullerene, and its derivatives.

Introduction

[60]fullerene was discovered in 1985 by H. Kroto, R. Smalley and Curl.! The molecule
-buckminsterfullerene or simply fullerene- was named after the American architect Richard
Buckminster Fuller (1895-1985), since it had the shape of a truncated icosahedron that looked
like his geodesic domes. Since their discovery fullerenes have attracted considerable interest in
many fields of research including material science and biomedical applications. Fullerenes were
proved useful in the chemical and material science applications, such as semiconductors and
microscopic engineering and polymers.” Biomedical applications include antioxidant, antivi-
ral, antibiotic and anti-cancerous activities, enzyme inhibition, cell signalling, DNA cleavage
as well as imaging and nuclear medicine.®

As underivatized and derivatized fullerenes are becoming increasingly available, it is of
great importance to assess their safety and environmental impact. Indeed, since 1993, differ-
ent groups of researchers performed toxicity studies in vitro as well as in vivo in various model
systems. Available data clearly shows that pristine Cgo has no acute or sub-acute toxicity in a
large variety of living organisms. However, it is obvious that chemical modifications can change
the general properties of pristine fullerene. As a matter of fact, in contrast to pristine Cgp,
(Fig. 1A) several of its derivatives can be highly toxic. Besides, some modifications, sometimes
even noncovalent interaction with a solubilizing agent (like for example polyvinylpyrroli-
done, PVP, which forms a charge transfer complex with fullerene), can have a considerable
impact on its toxicity. Several authors cleverly avoided the problem of chemical modification

*Corresponding Author: Fathi Moussa—UMR CNRS 8612, Faculté de Pharmacie,
Université Paris-Sud 11, 5, Rue J.-B. Clément, 92296, Chatenay-Malabry, France.
E-mail: fathi.moussa@u-psud.fr

Bio-Applications of Nanoparticles, edited by Warren C.W. Chan. ©2007 Landes Bioscience
and Springer Science+Business Media.




Toxicity Studies of Fullerenes and Derivatives 169

Figure 1. Schematic of [60]fullerenes with different surface modifications.

by forming highly stable aqueous suspensions or molecular-colloid systems of Cg in water.
Similar molecular-colloid systems can be prepared by using intermediate organic solvents,
notably THE However, the molecular-colloid resulting complex can lead to surface modifica-
tion and hence a different toxicological profile. On another hand, Cg is an efficient singlet
oxygen sensitizer under light exposure.” Then, in the presence of O, this fullerene and some
of its derivatives can be highly toxic through 'O, formation. The latter is then able to damage
crucial biological molecules such as DNA, lipids and proteins. This chapter presents a general
review of toxicity studies of Cgp and derivatives, the most abundant and most studied fullerene.
For a better understanding, the following section will be divided in three subsections includ-
ing toxicity studies performed with pristine Cgo, noncovalently modified Cgo and covalently
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modified Cgg. However, to understand the reactivity and the behaviour of the fullerene, it is
useful to review some of its general physical properties.

Physical Properties

Ceo is a granular, dark-brown powder which is not soluble in polar solvents. However, this
molecule is soluble in some organic solvents, like chloronaphtalene, dichlorobenzene, toluene
etc.'” Other ways of solubilization might involve the encapsulation or micro-encapsulation in
carriers (such as y-cyclodextrines, calixarenes or liposomes) or the addition of PV octanol,
Triton X or lecithin, Tween and phospholipids. The latter methods have a great advantage for
using Cgo and its derivatives for medicinal purposes.®!! Cgp is a symmetric molecule which
consists of 60 carbon atoms that form 12 pentagons and 20 hexagons, like a ball of the Euro-
pean football. As a consequence, it has been called by several other names, notably buckyball,
soccerballene or, in Europe, footballene. Cgp is the most perfectly symmetrical molecule in
nature (symmetry group I,) and even though rts molecular weight seems large, the van der
Wiaals diameter of the fullerene molecule is 1nm." This corresponds approximately to the length
of a CgH g molecule. The carbon atoms are connected by sp? bonds and the remaining 60
electrons distribution gives rise to an aromatic character. The reactivity of Cgp is that of a
strained, electron deficient poly-alkene with rather localized double bonds.'? The fullerene can
be reversibly reduced up to six electrons. It readily forms adducts with nucleophiles and carbenes,
participates as an electron deficient dienophile component in a variety of thermal cycloaddition
reactions. The additions are exothermic and are presumably driven by the relief of strain in the
Ceo cage that largely results from the pyramidalization of its sp* C atoms. In adducts, the
functronalrzed fullerene C atoms change their hybridization from trigonal sp” to the less strained
tetrahedral sp® state.'® Due to its spherical molecules with 30 carbon double bonds, [60]fullerene
or Cgp can easily react with free radicals: it is a very efficient free radical scavenger, which labels
this molecule as a “radical sponge”.9 Indeed, Cg) and derivatives has been widely used in vitro
as well as in vivo in different model systems to protect living organisms against free-radical
damage.!31¢

Ceo stron%ly absorbs light, especially in the UV domain of the spectrum. Singlet excited
state of Cgg (*Cgp) is initially formed upon light excitation. The main decay mode of fullerene
singlets consists in mtersystern crossing to trlplet states ((Cg).” Additionally, fullerene triplets
can be formed indirectly using triplet sensitizers such as acridine and anthracene, and are
quenched by triplet state quenchers such as rubrene, tetracene and ground state triplet oxygen.”
It is well established that under UV irradiation and in the presence of Oy, *Cg can efficiently
(almost 100 %) sensitize formation of 'Oy, a highly reactive form of O, that can damage
bio-molecules.'® Several in vitro studies showed that Cgg and derivatives can be highly toxic
under UV irradiation, including DNA cleavage.'”*’

Toxicity Studies of Pristine Cg

Available data clearly show that pristine Cg has no acute or sub-acute toxicity in a large
variety of living organisms, from bacteria and fungal to human leukocytes, and also in
drosophilae, mice, rats and guinea pigs. The ﬁrst toxicity study of pristine Cg has been con-
ducted in the United States (Tucson, Arizona).>' The authors used a Cgp-benzene solution to
determine the effects of acute and sub-chronic exposure of topically applied fullerene extracts
on mouse skin. This study has not revealed any acute toxic effects on mouse skin eprdermrs 2
As benzene is highly toxic, it cannot represent the appropriate solvent for studying the toxicity
of Cgo. Nevertheless, this experiment was relevant for the scientists working in the area of
fullerenes as they were routlnely exposed to such Cgp-solutions. One year later, another Ameri-
can team synthesizedC labelled Ceo and suspended it in water in order to study its uptake by
cultured human keratinocytes.”* Although the authors have not succeeded in visualizing the
fullerenes inside cells, they observed that it was rapidly up-taken by the cells without any sign
of acute toxicity. At the same time, a Russian team used the somatic mosaicism model to
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demonstrate that this fullerene has no genetic toxicity.*® In 1995, a French team used a simply
hand-grinded Cy to study its effects on cultured human leucocytes.”* The authors of this
study demonstrated for the first time that Cg can be internalised by normal human phago-
cytes (Fig. 2) without any sign of acute toxicity, which confirm the results obtained previously
in the United States on human keratinocytes.”” One year later, a German group confirmed the
absence of cytotoxic effects on cultured bovine alveolar macrophages and HL-60-macrophages.”’
The authors also measured the effects of Cgp on the production by these cells of
tumour-necrosis-factor and interleukin-8 as well as on superoxide anion release. The same year,
the French group prepared a highly concentrated aqueous suspension of micronized Cg (100
mg/ml), in order to study for the first time the in vivo toxicity of this fullerene after

Figure 2. Micrograph of a 5um long Ce crystal (B) inside a human leukocyte (A: nucleus); insert:
electron diffraction spectrum of (B) (Moussa et al 1995%4).
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intra-peritoneal injection to rodents.”*?” Despite the large amounts injected (2.5 to 5.0 g/kg
of body weight), Cgo showed neither lethal nor acute?® or sub-acute?” toxicity with respect to
this animal species. This work clearly demonstrated that Cgg can cross the membrane barriers
in vivo (Fig. 3).

In early stages, Cgo induced hypertrophy and hyperplasia of hepatic stellate cells (HSC:
liver resident nonparenchymal cells also referred to as fat-storing or perisinusoidal cells, lipocytes
and Ito cells) where it mainly accumulates (Fig. 3). HSC play a central role in the production
of extracellular matrix both in normal and fibrotic liver.!® The phenomena of hypertrophy and
hyperplasia of HSC, showing the activation of these cells, usually occurs under different patho-
logical conditions leading to liver fibrosis.*® The activation of HSC irremediably leads to their

Figure 3. Cgp crystals (arrows) inside an lto cell (Moussa et al 1996%).



Toxicity Studies of Fullerenes and Derivatives 173

transformation into myofibroblast-like cells (MFC).?® This phenomenon is now recognised as
the main event in hepatic fibrogenesis, which occurs through the amplification of extracellular
matrix production by these cells.?® Furthermore, the transformation of HSC into MFC can be
modulated by oxidative stress-related products® as reflected in rat intoxication with CCly, a
well-known in vivo free radical initiator.>*?! In the case of Cg however, in spite of HSC
activation, the mouse liver structure remained normal and no fibrosis either sinusoidal or por-
tal developed.? Fifty-six days after Cgo-treatment, HSC decreased in number without any
transformation into MFC.'® This surprising phenomenon of inhibition of HSC transforma-
tion into MEC may be attributed to the free radicals-scavenging properties of Cgo.'® Not much
later, the Russian group confirmed the absence of mutagenic effect of Cg in a prokaryotic in
vitro test using the Escherichia coli strain PQ37 and in a eukaryotic in vivo system on somatic
wing cells of Drosophila melanogaster larvae.?” In another way, an English group showed dur-
ing the same period that fungal can grow on Cg.%> At the same time, the French group ob-
served that Cg did not induce interleukin1-p secretion in cultured human leukocytes* and
demonstrated for the first time that this fullerene can react in vivo inside liver cells with vita-
min A, according to a Diels-Alder-like reaction (Fig. 1B).%> Two years later, in France, a study
on the microbial growth of 22 collection strains including E. coli (5) ; P aeruginosa (2); S.
typhimurium (6); S. aureus (2); L. monocytogenes (2) E. hirae (1) ; B. cereus (1) 5 B. subtilis (1) ;
B. pumilis (1) and C. albicans (1) showed that Cgo has no effect on the normal growth of these
micro-organisms.*® Very recently, through collaboration with an American team, the French
group confirmed the absence of acute and sub-acute toxicity in another species of rodents

Figure 4. Cyo crystal (arrow) inside a rat Kuppfer cell (Gharbi et al 2005').
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Figure 5. TEM micrograph of Cg clusters (arrows) inside a rat hepatocyte (Gharbi et al 2005'°).

(Figs. 4 and 5).!° The latter work also showed that Cyg can be partly eliminated through the
bile ducts and transformed into Cgp-retinyl adducts like that which occurs in mice.® Recently,
the Japonese group confirmed the result obtained by the French scientists in 1996 on the
absence of toxicity in rodents”” upon exposure. The authors used the same Cgy aqueous sus-
pension than that described by Moussa et al'®?*?” and administered it orally as a single dose of
2g/kg of bodyweight to male and female Sprague-Dawley rats. No deaths were observed in
treated rats and the growth was normal in all instances. The absence of genotoxicity was also
assessed by the same group in a bacterial reverse mutation assay (Ames test) and the chromo-
somal aberration test in cultured Chinese hamster lung (CHL/IU) cells. The authors con-
cluded that fullerenes are not of high toxicological significance.”” In conclusion these studies
performed on various experimental models by different groups from different countries showed
that pristine Cgo has no acute or sub-acute toxicity.

Toxicity Studies of Noncovalently Modified Cgp

In contrast to what occurs with pristine Cgp directly suspended in water or by means of
biocompatible additives, some aqueous Cgg preparations can be highly toxics. These prepara-
tions include Cgo-solutions prepared with solubilizing agents that could form charge-transfer
complexes Cg such as PVD, as well as aqueous Cgo-suspensions using polar organic solvents
like THE. The Cgo/PVP complexes have the highest equilibrium constant X found so far for
organic charge-transfer complexes.*® Such charge-transfer complexes formed in aqueous me-
dium generally exhibit either one or multiple coordinating nitrogens, depending on the
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concentration of the ligand and its ionization potential.>® In biological media, a Cgo/PVP
complex could then bind to different receptors in comparison to Cg alone; this could lead to
different effects. As a matter of fact, the first study pointing out a possible negative effect of
Ceo was observed as early as 1995 in Japan by Satoh et al.*” The authors studied the effects of
acute and short term repeated application of a PVP-solution of fullerene Cgp (4 uM) on
agonist-induced responses in various tissues of Guinea pigs and rats. This study has not re-
vealed any direct effect on all tissues or antagonistic properties towards drug receptors, how-
ever, they reported that sub chronic exposure decreased responsiveness.®”

Actually, the first harmful effect of Cgo-PVP solutions was observed in 1996 by Tsuchiya et
al on mouse embryos in vitro as well as in vivo.%0 In vitro, the authors used a mouse midbrain
cell differentiation system and observed that the incubation of Cgy with various PVP concen-
trations inhibited cell differentiation and proliferation but the effect was weaker than the ve-
hicle controls. In vivo, they observed that Cg-PVP solutions strongly alter embryogenesis
while PVP alone has no effect.“’ In 1996 however, the interactions between Cg and PVP were
still unknown. Ignoring the strong interactions between Cg and PVD, Tsuchiya et al attributed
this harmful effect to Cgo.%" We can now give a better interpretation of these results. As both
Cs0-PVP and PVP are toxic in vitro while only Cgy-PVP exhibits harmful effects in mouse
embryos, the obvious conclusion is that Cg-PVP complexes can cross the placental barrier
while PVP cannot. Surprisingly, at that time, the media ignored this “serious harmful effect of
Ceo” according to the authors, perhaps because fullerenes were not yet mass-produced. This
was not the case in 2004 when a study performed in the Southern Methodist University in
Dallas, Texas linking a fullerene aqueous suspension (nano-Cg aggregated water-soluble
fullerenes or nCgp) to brain damage in fish.“! This article made international headlines with
coverage in a number of newspapers.*>% According to Rittner M. N., provocative headlines
turned this single small study into a poster child for the alleged dangers of fullerenes and
nanotechnologies.*> Nevertheless, this study raised a serious doubt about the safety of Cyg and
its possible ecotoxic effects. Other reports emanating from a limited group of authors using the
same nCg preparation continued to maintain that pristine Cgo might be very toxic in living
systems such as bacteria, algae and fishes by inducing oxidative stress.*#® According to these
authors, Cg derivatives are less toxic than pristine Cgo, which is contrary to all previous stud-
ies. 49550 T et s examine how the nCgg suspensions used in these alarming studies are ob-
tained. To get them, the authors first dissolve fullerene in THE. The resulting solution is then
mixed with water and the organic solvent is removed through an evaporative step, leaving
clusters of nCg as a stable colloidal suspension in water.”’ According to the authors, “This
suspension consisted of stable 30- to 100 nm aggregates in which the fullerenes facing the
water were most likely partially modified but the central core of the aggregate contained
unmodified fullerenes”.*” Since 1995, a number of papers published by several research groups
clearly demonstrated that the toxic effects observed with such nCg suspensions47’58 can be
actributed to THE/Cgy complexes. The first criticism came from Andrievsky, the Ukrainian
pioneer of biological applications of nCgp.>” Andrievsky et al. also showed by FTIR analysis
that organic groups remained in the nCy structure prepared using THF as organic solvent.®’
This finding was soon confirmed by NMR imaging by a Chinese group.®’ In the same way, a
Serbian group demonstrated that y-irradiation of THF/nCgy modifies the physico-chemical
properties of THF-prepared nanocrystalline Cgp, resulting in a complete loss of its toxic ef-
fects.® Furthermore, Deguchi et al., a Japanese group at the origin of the preparation of nCgg
suspensions, demonstrated that avoiding the use of THF during the preparation of nCg sus-
pensions prevents the toxic effects observed with THF/Cgo.% In another way, Jia et al®* a
Chinese group, did not observe any significant toxicity for Cg up to a dose of 226 microg/cm?*
on alveolar macrophage cell lines after 6h exposure. At the same time in France, Gharbi et al.
confirmed the absence of acute and sub acute toxicity in rodents.'® One year later, an
Italian-French collaborative study explored the inflammatory response of murine and human
macrophage cells in vitro.®> The authors showed that Cgy does not stimulate the release of NO
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by murine macrophages in culture and that this fullerene has no toxicity against human mac-
rophages. Last summer in Japan, Mori et al. confirmed the absence of toxicity of pristine Cg in
rats.”’ Finally, a recent study® highlighted the impact of the method of preparation on nCgp
properties. The authors examined the physical and chemical characteristics of colloidal disper-
sions of fullerene materials produced through several solvent exchange processes and through
extended mixing in water only. According to these authors, the nCgy produced via the different
methods differs from one another with respect to size, morphology, charge, and hydrophobic-
ity. They found that the greatest dissimilarities were observed between the nCg produced by
extended mixing in water alone and the nCgg produced by solvent exchange processes. The role
of the respective solvents in determining the characteristics of the various nCg were attributed
to differences in solvent-Cg interactions and the presence of residual solvent within the nCg
structure; this emphasizes the importance of the solvent properties in determining the ultimate
characteristics of colloidal fullerene. Thus, the authors concluded that fullerene Cgp that may
become mobilized through natural processes (agitation in water) may behave in dramatically
different ways than those produced through more artificial means.’® Taken together; all these
reports definitively show that pristine Cg is not of high toxicological significance. However,
the authors*'44%>%7 who announced the toxicity of fullerene Cgo induced confusion in the
mass media®® but have to be granted merit. They attracted considerable interest on the safety
and the environmental impact of nanotechnologies as reflected in the importance of the funds
which are now allowed to research in the emerging area of nano-toxicology.

Toxicity of Covalently Modified Cg

Despite the large number of papers devoted to the potential of medicinal applications of
fullerenes derivatives,®1315:50:57:6679 Jitdle is known about their toxicity and their in vivo
behaviour. Few studies were performed in vitro®!>3¢77078 a5 well as in vivo,!%20:4%:51:69.79-82
They show that in contrast with pristine Cgo, some derivatives can be highly toxic (Fig. 1).
Furthermore, their effects in vitro generally do not reflect exactly their in vivo behaviour. The
first study on the toxicity of Cgy derivatives was conducted by Yamago et al."? After a single
intra-peritoneal injection of 0.5 g/ kg of bodyweight of a water-soluble methanofullerene (Fig.
1C), the mice survived for one week. One year later Rajagopalan et al. studied the pharmaco-
kinetics of another water-soluble methanofullerene (Fig. 1D).# Although the in vitro toxicity
of this derivative was quite low,”” it appeared highly toxic in vivo.*” At a dose of 15 mg/kg, this
derivative seemed well tolerated. However, a dose of 25 mg/kg resulted in shortness of breath
and violent movement of the rats, followed by death within 5 min of dosing.49 We also ob-
served in our laboratory a similar behaviour in mice treated with a cationic Cgo-derivative for a
dose as small as 2 mg/kg of bodyweight (unpublished work). In 2000 we studied the in vivo
behaviour and the toxicity of two Cg derivatives, a highly water-soluble dendrofullerene (DF,
Fig. 1E) and a less soluble pyridinium salt (Fig. 1F).’! After intra-peritoneal injection to mice,
the two compounds both exhibited very low toxicity with a LDsg about 0.7 g/kg and a LDs
higher than 1.2 g/kg, respectively. Compound E (Fig. 1) was readily eliminated through the
kidneys while Compound F (Fig. 1) was not. This work showed for the first time that some
Cgo-derivatives can be readily eliminated by a living organism.’! Later, Dugan et al.>? reported
a LDs higher than 0.4 g/kg in mice for another Cgo-derivative (Fig. 1G). According to these
authors, Compound G can also be eliminated through the kidneys in this rodent species.”
Very recently, we tested the toxicity of a highly water-soluble cyclodextrine-Cgg derivative (Fig.
1H), synthesized by Zhang’s group.>® After intra-peritoneal injection up to 1g/kg, the treated
mice survived for 2 weeks without any sign of toxicity (unpublished work).

Taken together, these preliminary results show that in contrast with pristine Cg, some of its
derivatives can be highly toxic and highlight the difficulties in generalizing the in vivo behaviour
and the toxicity of chemically modified Cg (Table 1).
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Table 1. In vivo toxicity of some Cg derivatives

Compound (Fig. 1) Toxicity in Rodents
A > 5 g/Kg
C > 0.5 g/kg
D 0.015 - 0.025 g/kg
E 0.7 + 0.2 g/kg
F > 1.2 g/kg
G > 0.4 g/kg
H > 1 g/Kg
Conclusion

It has been considered for a long time that “the dose makes the poison”. In the case of
fullerenes and nanoparticles in general however, evidence proves that we should expand this
term. The dose by itself is no longer sufficient, as numerous parameters can have a crucial
impact. Some of these parameters include crystal structure, chemical composition, size
distribution and surface area, surface chemistry and surface charge, shape, porosity and ag-
glomeration state. Most of these parameters obviously depend of the method of preparation of
the suspension. To sum up, this review shows that if pristine Cg is not toxic, the toxicity of
each Cgp preparation or each Cgo-derivative must be determined before use. For the promising
medicinal applications of fullerenes, sufficient data regarding in vivo behaviour of fullerenes
should be accumulated. As to environment impact, new experimental models of Cgyy release
have to be developed.
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CHAPTER 14

Toxicity Studies of Carbon Nanotubes

Jelena Kolosnjaj, Henri Szwarc and Fathi Moussa*

Abstract

s for fullerenes, the potential and the growing use of CNT and their mass production
Ahave raised several questions about their safety and environmental impact.

Research on the toxicity of carbon nanotubes has just begun and the data are still frag-
mentary and subject to criticisms. Preliminary results highlight the difficulties in evaluating
the toxicity of this new and heterogeneous carbon nanoparticle family. A number of param-
eters including structure, size distribution and surface area, surface chemistry and surface charge,
and agglomeration state as well as purity of the samples, have considerable impact on the
reactivity of carbon nanotubes. However, available data clearly show that, under some condi-
tions, nanotubes can cross the membrane barriers and suggests that if raw materials reach the
organs they can induce harmful effects as inflammatory and fibrotic reactions. Therefore, many
further studies on well-characterized materials are necessary to determine the safety of carbon
nanotubes as well as their environmental impact.

Introduction

Along with fullerenes, carbon nanotubes (CNT) represent the third allotropic crystalline
form of carbon.! CNT are basically rolled sheets of graphite terminated by two end caps simi-
lar to half fullerene skeletons (Fig. 1). Since their discovery in 1991, CNT with their unique
structural, mechanical and electronic properties attracted considerable interest in many fields
of materials science, including conductive and high-strength composites; energy storage and
energy conversion devices; sensors; field emission displays and radiation sources; hydrogen
storage media; and nanometer-sized semiconductor devices, probes, as well as biomedical ap-
plications.> 1

As for fullerenes, the potential and the growing use of CNT and their mass production have
raised several questions about their safety and environmental impact. Since 2001, many re-
searchers investigated the toxicity of CNT and derivatives. The results are highly contradic-
tory: whereas some authors reported high toxicity, others affirm that the toxicity is low.

This chapter presents a general review of toxicity studies on CNT and their derivatives. We
will initially present the physical properties of these unique nanostructures. Subsequently, this

chapter will be divided in two subsections including in vitro and in vivo toxicity studies per-
formed with pristine CNT and covalently modified or functionalized CNT (FCNT).

General Properties
CNT are composed entirely of sp> bonds, similar to graphite. Stronger than the sp® bonds
found in diamond, CNT bonding structure provides them with their unique strength.’?
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Figure 1. Structures of carbon nanotubes. A) Full length; B,C) Short-cut SWNT and MWNT. D)
Functionalized SWNT.

Nanotubes are usually classified according to two headings: single-walled carbon nanotubes
(SWNT), which are composed of rolled monolayered graphene sheet and multi-walled carbon
nanotubes (SWNT), which are composed of several graphitic concentric layers (Fig. 1). The
distance between each layer of a MWNT is about 0.34 nm. The diameter varies from 0.7 to 20
nm for SWNT and from 1.4 to 100 nm for MWNT, while the length usually reaches several
micror;leters. CNT naturally align themselves into “ropes” held together by van der Waals
forces.

Depending on their structure CNT can have different thermal properties as well as metallic
or semi-conductive characteristics. MWNT also strongly absorb and emit light in the
near-infrared (NIR) emitting region (800-1600 nm) with extremely photostable fluorescence,
showing no blinking or photo-bleaching after prolonged exposure to excitation at high fluence.'®

The chemical reactivity of CNT depends on their structure. Semiconducting nanotubes are
analogous to aromatic [4n+2]annulenes, whereas metallic nanotubes are analogous to
antiaromatic [4nJannulenes.” Such reasoning explains the high reactivity of metallic nanotubes
over their semiconducting counterparts. However, CNT are materials practically insoluble and
hardly dispersed in any kind of solvent: this is a major practical difficulty for their
functionalization. Successful approaches toward chemically functionalized SWNT reported so
far can be generally divided into three categories, namely, defect functionalization, noncovalent
(supramolecular) functionalization, and covalent functionalization of the sidewalls (Fig. 1).17-19

Three processes are being used for producing CNT: carbon arc-discharge, laser-ablation
and chemical vapour deposition (CVD). Among the CVD processes, high-pressure carbon
monoxide process (HiPCO) can be easily scaled-up to industrial production. This affords the
production of controllable diameter and length of the CNT as well as acceptable purity.?’

To integrate the nanotube technology with biological environment, the dispersion of the
nanotubes have been improved by addition of anionic and cationic surfactants including
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sodium dodecyl sulfate, Triton X-100, sodium dodecyl benzene sulfonate, etc.2?? Although
surfactants may be efficient in the dispersion of CNT, they are known to destabilize plasma
membranes and some of them exhibit intrinsic toxicity. Dispersion of CNT with biocompatible
polymers has been progosed as an alternative to surfactants although they do not have better
dispersion efficiency.?*%

Furthermore, CNT samples typically contain up to 30% metal catalyst (mainly iron and
nickel particles), some amorphous carbon, and nanoparticles residual from the production

Figure 2. TEM images showing a SWNT sample with iron impurities before (A) and after (B)
purification (unpublished work).
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procedure (Fig. 2). Several methodologies have been described for CNT purification.?*?* Strong
acidic treatments are commonly used for removing metallic impurities. However, this method-
ology has a deep impact on the structure of the nanotubes. Strong acidic treatments irremedi-
ably lead to oxidation of the nanotubes and this results in cutting them into short pieces (Fig.
1) and generating carboxylic acid and hydroxyl groups at the tips and around the sidewalls
where the curvatures present a higher strain.?®

In Vitro Toxicity Studies on Pristine CNT

A relatively large number of in vitro studies on CNT toxicity have been performed since
2003. Their results vary as a function of the origin of the sample (method of production), the
method of purification, the methodology of dispersion in the biological medium as well as the
assays reagents used to evaluate the viability of the cells (Tables 1, 2).

The first study was conducted by Shvedova et al from the National Institute of Occupa-
tional Safety and Health (Morgantown, West Virginia, USA).ZG’27 The authors studied the
effects of unrefined SWNT produced by the high-pressure carbon monoxide process (HiPCO)
on human epidermal keratinocyte cell line (HaCaT) and human bronchial epithelial cells
(BEAS-2B). The results obtained from this study showed that exposure of the cells to SWNT
(0.24 mg/mL for 18 h) induced oxidative stress with ultra-structural and morphological changes
as well as loss of cell viability. Adding desferrioxamine, a classical metal chelator, in the medium
dramatically decreased the electron spin resonance signal intensity, indicating a key role of iron
in the radical generation. The authors therefore concluded that cytotoxicity of the SWNT is
associated with the well-known iron catalytic effects.2®% Indeed, the nanotubes used in these
studies contained 30% of iron catalyst. It is worth noting here that free as well as chelated
ferrous iron can catalyse the reduction of oxygen to superoxyde radical.*®

Two years later, several studies have been performed by other authors. Cui et al evaluated
the effects of SWNT on human embryonic kidney cells (HEK293).%8 The authors observed
that SWNT can inhibit the proliferation of these cells with cell apoptosis, decrease of cell
adhesive ability, and secretion of some 20-30 kd proteins, which wrap SWNT into nodular
structures and isolate SWNT-attached cells from the main cell populations. The maximal dose
tested was 200 pg/mL and the viability of the cells was determined with the MTT [3-(4,
5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide] test. However, the CNT
samples used in this study were not characterized and no details on the preparation of the
suspension were given.

Jia et al reported a comparative study of the effects of SWNT, MWNT and Cg on guinea
pig alveolar macrophage cell line.?? Using the MTT viability test, the authors concluded that
SWNT were highly toxic under their conditions. In these studies, the iron impurities present
in the CNT samples were removed by an acidic treatment. The authors did not focus on the
subsequent surface modification of the nanotubes. The samples used in these studies also con-
tained amorphous carbon.

Monteiro-Riviere et al explored the capacity of MWNT to enter human keratinocytes and
to elicit a biological effect by IL-8 release.’*® MWNT (0.4 mg/ml) were suspended by sonica-
tion in the culture medium. According to the author the nanotubes were free from iron impurities
due to the synthesis method and there was no evidence that the process led to breaking or
defect formation in the MWNT. The authors observed that the morphologies of keratinocytes
exposed to MWNT were different from those of the control. The nuclei of the cells were free of
MWNT while several cytoplasmic vacuoles contained MWNT of various sizes, up to 3.6 um
in length. In addition, MWNT were found within the cytoplasm and, at times, were seen lying
close to the nucleus and appeared to pierce the nuclear membrane. The nanotubes within cells
did not undergo structural changes; they preserved their typical multi-walled ‘bamboo’ shoot
structure. The concentration of IL-8 increased with time and the viability of the cells, assayed
by neutral red, slightly decreased in a dose-dependent manner. After 24h under exposure of
0.4mg/mL, 75% of the cells were still viable.?
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Table 2. In vitro toxicity studies of functionalized carbon nanotubes

Author Type of CNT Concentration Cell Line Effects
Pantarotto et al®® FITC-labeled  Upto10uM  Human 3T6 90%
viability at
SWNT Peptide- fibroblasts 5 uM 20%
SWNT conjugate Murine 3T3 viability at 10 uM
fibroblasts
Human
keratinocytes
Shi Kam et al®” Carboxylic group 0.05 mg/mL Human Toxicity observed
charged SWNT promyelocytic  only with the
Fluorescein- leukemia HL60 SWNT-biotin-
functionalized cells Jurkat-cells streptavidin conjugate
SWNT Biotin- Chinese hamster
functionalized ovary Human
SWNT SWNT- 373 fibroblast
biotin-streptavidin
Sayes etal®”  SWNTin 1% Up to 30 mg/mL Human dermal Cytotoxic response
Pluronic F108 fibroblast is dependant on the
SWNT-phenyl-SO;H degree of
SWNT-phenyl-SO3;Na functionalization of
SWNT-phenyl- SWNT
(COOH),
Nimmaga Raw and purified Upto 1.0% 373 mouse No differences in
etal®® SWNT SWNT- (wt/vol) fibroblasts metabolic activities in
glucosamine cells treated with
conjugate 0.25%

glucosamine-
functionalised SWNT
Raw and purified tubes
cause cell viability
decrease in smaller
concentrations than
the functionalized

nanotubes
Dumortier Lymphocytes and Up to 10 ug/mL Mouse spleen  No activation of
etal® macrophages of cellsBand T lymphocytes and
BALB/c mice mouse macrophages, except
lymphocytes for the pegilated
Mouse compound that

macrophages  activated the
macrophages No
disturbances of cell
functions No loss in
cell viability

Murr et al®! performed a comparative toxicity study on murine lung macrophage cell line
between carbon nanotubes (SWNT, two different types of MWNT from different sources and
with different size characteristics), carbon black and chrysotile asbestos nanotubes, the latter
two were used as toxicity standards. Their conclusion was that the cytotoxicity of carbon
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nanoparticles is dose dependent.’® Tron impurities (roughly 5 to 10%) were present only in the
SWNT samples. All materials were suspended (5 ug/mL) in a stock solution in dimethyl sul-
foxide (DMSO) and concentrations up to 2.5 ug/mL were tested on the cell line. The cell
viability was assessed with the MTT viability test. Murr et al also assessed the cytokine produc-
tion of murine macrophages after exposure to raw SWNT or MWNT.*! The concentrations
above 2 ug/mL caused cell death, however no IL-10 or IL-12 response was observed.

Sato et al®? studied the effect of length of MWNT on cytotoxicity by investigating the
activation of the human acute monocytic leukemia cell line (THP-1). Since the purity of the
nanotubes was about 80% (the impurities being amorphous carbon, Fe, Mo, Cr, Al), they
further guriﬁed the nanotubes with an acidic treatment (HCI) followed by a neutralization by
NaOH.?* The nanotubes were then cut with a mixture of sulphuric and nitric acid (95%
H,504-60% HNO3), ultrasonic irradiation and heating. They finally separated the nanotubes
in two length fractions, 220 and 825 nm, respectively. These authors used human acute mono-
cytic leukemia cell line because it provides a macrophage system that not only eliminates for-
eign bodies but also produces cytokines that work as signalling mediators serving as initial
triggers of antibody production. As a positive control diacylated lipopeptide (FSL-1) was used,
since FSL-1 is known to induce macrophages production of TNF-a. Both length fractions
induced the production of TNF-a in a dose dependent manner, but the level of induction by
the MWNT was much lower than that of the microbial peptide. FSL-1 at a concentration of
0.5 pug/mL induced a 30-time bigger production of TNF-0.(1780 pg/mL) than the nanotubes
(59 pg/mL and 48 pg/mL for 220 nm and 825 nm, respectively). The lowest dose of CNT (5
ng/uL) did not elicit TNF-a production. The inflammatory potential of the nanotubes used in
this study can be considered low because because the nanotube stimulated the macrophages
more than the positive control. At the same time, Ghibelli et al found no direct cytotoxicity of
MWNT of 10 to 50 nm of average size. The nanotubes were internalized in phagocytes, but no
apoptosis or necrosis was observed at doses up to 125 pl.g/mL.33

Manna etal also reported the induction of oxidative stress by SWNT in human keratinocytes
through the activation of the nuclear transcription factor-kappaB (NF-kB).>* These authors
used dimethylformamide to disperse the particles and MTT to determine the viability of the
cells. Unfortunately, they did not mention the amount of residual catalysts or an eventual
purification of the nanoparticles. Purification is crucial to the interpretation of the data since
iron itself can induce NF-kB.* Finally, Bottini et al compared the effects of pristine and
acid-treated MWNT on human T lymphocytes isolated from healthy human blood donors
and Jurkat T leukaemia cells.*® Incubation of cells was performed by adding 0.5 mL of
nanomaterial (carbon black or MWNT, both pristine and oxidized) dispersed in water, or 0.5
mL water alone, to 4.5 mL of cell suspension. The incubation lasted up to 5 days. Pristine
MWNT showed no toxicity to the lymphocytes at doses up to 40 ug/mL or approximately 10°
individual MWNT per cell. However, oxidized MWNT were toxic at the same dose, and both
types were toxic at a dose of 400ug/mL.

One year later, many studies were performed. Their results lead to more confusion. While
some studies reported harmful effects, other observed either no toxicity or beneficial effects
(Table 2).

Sayes et al reported that pristine SWNT are more toxic than their covalently functionalized
counterparts to human dermal fibroblasts.”” The nanotubes used in this study were suspended
in 1% Pluronic F108. The surfactant itself exhibited a decrease in cell viability of 10%, as most
of the surfactants usually do by destabilizing cell membranes. Anyway, at a concentration of
0.2 ug/mL the surfactant-SWNT assembly decreased the viability of the cells up to 50% after
48 h of incubation. Unfortunately, the authors did not compare the toxicity of SWNT with
that of the SWNT-Pluronic F108 assembly, which could correlate the relationship of the in-
tegrity of the membrane and toxicity. The end result would be a better understanding of the
mechanism of toxicity.
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As several authors suggested that CNT radical generation activities observed so far can be
attributed to metal impurities, Fenoglio et al tried to examine the possible radical generation
by purified CNT.*® They used MWNT suspended in 5% SDS after purification by subsequent
treatment with sodium hydroxide leading to a final metal content of less than 1%. Surprisingly,
their results showed that MWNT exhibit strong radical scavenging activity towards hydroxyl
and superoxide radicals, under their experimental conditions. Basically they compared the radical
generation/scavenging activity of normal and ground nanotubes immediately after grinding
and after ageing. Grinding a covalent solid may cause exposure of free radicals generation sites
at the surface of the particles as previously described for silica.’® To exclude the eventual in-
volvement of particle sizes, they also compared the effect of non-ground, amorphous silica,
with a specific surface that equalled or was smaller than that of the nanotubes. Two radical
generating mechanisms have been investigated: 1- the generation of hydroxyl radicals in the
presence of H,O: this reaction mimics the contact of particles with physiological fluids during
their phagocytosis by alveolar macrophages and recruited granulocytes; and 2- the generation
of CO;" radicals following cleavage of the C-H bond of formate ions. Such reaction may be
triggered directly by active sites at the particle surface, on contact with formate ions, or by a
short-lived radical (e.g., HO' radicals) which would react with formate ions as primary traps.
The abstraction of a hydrogen atom may occur with several endogenous molecules, such as
proteins, nucleic acids, and lipids, yielding reactive products which may in turn be involved in
oxidative damage. In this study, the hydroxyl radicals were generated following the Fenton
reaction (H,O, + Fe** — HO. + OH+ Fe®*) as well as by photolysis of hydrogen peroxide by
irradiation with an UV lamp (H,0,— 2HO'). Under all conditions, CNT were able to scav-
enge high amounts of hydroxyl radicals. When the scavenging reaction toward hydroxyl radi-
cals generated from H,O, UV irradiation was conducted in a non-buffered solution, the pH
drastically decreased (from 6.6 to 2.0) only in the presence of nanotubes. Acidity may arise
both from reactions taking place in the supernatant and from surface modifications of oxidized
CNT. The authors also investigated the effects of CNT on the oxidation of cytochrome ¢ by
superoxide radicals (O;7), generated by the xanthine/xanthine oxidase system. Under their
conditions, the authors observed that CNT drastically decreased, or completely abolished, the
oxidation of cytochrome c by superoxide radicals.*® Due to their high electron affinity, MWNT
can directly react with cytochrome c. Moreover, the high hydrophobic surface of CNT may
adsorb and possibly inactivate both cytochrome c and xanthine oxidase. To exclude these hy-
potheses, superoxide radicals were also generated by irradiating with a UV lamp a phosphate
buffered solution (pH 7.4) of riboflavine and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) but
this method led to the same results as the former one.*®

Although the idea of radical quenching is not new, three years ago Watts et al* have already
described CNT as polymer antioxidants, the mechanism has not been elucidated yet. How-
ever, radical addition reactions might occur as it happens with fullerenes.*°

In another way, Fiorito et al recently tried to assess the toxicity and the capacity of elicitin§
an inflammatory reaction of highly purified SWNT on murine and human macrophages.*
The induction of an inflammatory response was evaluated through the release of nitric oxide
(NO) by murine macrophages and the stimulation of phagocytic activity of human macroph-
ages.’! The nanotubes were purified by a thermal acidic treatment and were administered to
cell cultures in a dose up to 60 ug/mL. The nanotubes did not induce apoptosis and cell death
compared to that induced by graphite particles. This suggests that the nanotubes are not able
to elicit a reactive-inflammatory response by mammalian cells in vitro and were not cytotoxic
under their conditions. The nanotubes were internalized in a smaller extent than graphite
particles used a positive control and, in contrast to the control, did not stimulate the release of
NO by murine macrophage cells in culture. In this study cytotoxicity of graphite nanoparticles
and nanotubes on cell cultures was evaluated by observing the nuclear morphology and count-
ing the number of apoptotic or necrotic cells counter-stained with propidium iodide. The
cytotoxicity was low (- 4% apoptotic/necrotic cells after 48 h treatment, whereas the positive
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control led to 25% apoptotic/necrotic cells). On top of that, no morphological changes due to
surface damage were noticed in cells treated with the nanotubes.*!

In the same way, Tsien et al reported redox cycling and DNA damage induced by
iron-containing carbon nanomaterials.*? Highly pure and iron-doped carbon nanofibers were
synthesized and characterized and their toxicity compared to positive and negative control
(with non-toxic particles and asbestos fibers) in an in vitro system using iron mobilization,
plasmid DNA breaks, and cell death as endpoints. Iron mobilization and DNA breaks were
increased in the presence of ascorbate. Addition of ferrozine, an iron chelator, prevented DNA
breaks induced by asbestos fibers or iron-doped nanomaterials. The investigators concluded
that iron-catalyzed generation of reactive oxygen species could play an important role in the
toxicity of particulate nanomaterial if the iron residues are not fully encapsulated.

At the same time, a major breakthrough in in vitro studies of CNT was made by
Worle-Knirsch et al.*® These authors showed that CNT toxicity studies can be heavily
perverted by using the MTT cell viability test. They demonstrated that MTT-formazan crys-
tals can clump with CNT. The resulting agglomerates could not be dissolved with SDS, 2-pro-
panol/HCI, not even when heating (60°C, 10 minutes). Measuring the viability of cells after
incubation with chemicals is a routinely made method in toxicological laboratories. The MTT
salt is reduced by mitochondrial dehydrogenases to the water-insoluble MTT-formazan, then
extracted and photometrically quantified at 550 nm. When applying the MTT assay to cells
incubated with SWNT, MTT-formazan-SWNT agglomerates cannot be extracted leading to
an apparent loss in viability.*® Indeed, the authors tested different viability assays after human
A549 lung epithelial cells, endothelial ECV304 cells and rat NR8383 macrophages incubation
with SWNT (with mainly cobalt and nickel impurities ranging from 8 to 2%) were suspended
in 1% SDS. Except for MTT, other tests like the tetrazolium salt 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium and lactate dehydrogenase showed no
decrease in viability. According to the authors these findings strongly suggest verifying in vitro
cytotoxicity data of this new class of materials with at least two or more independent test
systems.*> Magrez et al also compared the toxicity of MWNTT, carbon fibers and flake-like-shaped
carbon black nanoparticles on three different human lung-tumor cell lines, H596, H446, and
Calu-1.% All particles were suspended in a strongly diluted gelatine solution and the cell pro-
liferation and cytotoxicity of the materials were evaluated by the MTT assay. The results showed
a clear particle morphological dependence on the cell toxicity: carbon black particles exhibited
the highest cytotoxicity evidenced by the lowest number of viable cells at all concentrations
and time points tested. In particular, at low nanoparticle concentrations (0.002 and 0.02 pg/
mlL), the number of viable cells decreased in the following sequence: carbon black > carbon
nanofibers > MWNT. At higher concentrations (0.2 ug/mL), differences diminished especially
for carbon nanofibers and carbon black. However, MWNT always appeared to be less toxic
than the other two materials. A possible explanation for the observed aspect-ratio dependence
of the carbon nanoparticle toxicity is the presence of dangling bonds, which are highly reactive
sites. In general, they are present in carbon black with a high density, whereas in carbon nanotubes
they preferentially occur at lattice defects or end caps.

To explore the effects of surface chemical properties of SWNT, these authors performed
another set of experiments in which they modified the surface of the nanotubes and the fibres.
The surface of MWNT and carbon fibres has been modified by acidic treatment resulting in
the addition of carbonyl (C=0), carboxyl (COOH), and hydroxyl (OH) groups onto the
nanotube and nanofiber surfaces. The surface treatment increased the toxicity of the particles,
especially in the case of MWNT, where surface modification led to cell proliferation inhibition
and cell death. %

In a second study, Kagan et al recently compared purified (0.23 wt. % iron) and non puri-
fied SWNT (26 wt. % iron) on RAW264.7 macrophages.*” Neither purified nor non-purified
SWNT were able to generate intracellular production of superoxide radicals or nitric oxide in
RAW 264.7 macrophages as documented by flow-cytometry and fluorescence microscopy.
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SWNT with different iron contents displayed different redox activity in a cell-free model sys-
tem as revealed by EPR-detectable formation of ascorbate radicals resulting from ascorbate
oxidation. In the presence of zymosan-stimulated RAW 264.7 macrophages, non-purified
SWNT were more effective in generating hydroxyl radicals than purified SWNT. Similarly,
EPR spin-trapping experiments in the presence of zymosan-stimulated RAW 264.7 macroph-
ages showed that non-purified SWNT more effectively converted superoxide radicals gener-
ated by xanthine oxidase/xanthine into hydroxyl radicals as compared to purified SWNT. Add-
ing catalase in the medium partially protected macrophages against SWNT-induced elevation
of biomarkers of oxidative stress, thus confirming the effects of iron impurities on macroph-
ages response.®’

Anyway, a comparative toxicity study has been performed very recently by Simon et al. ¢
According to the authors, MWNT were much more toxic to A549 lung carcinoma human cells
than other nanoparticles (TiO2, Al203 and ZnO). However, the authors did not give any
specification about the eventual impurities present in the samples or the surface state of the
tested materials.

In a second study, Witzmann et al examined the cytokine release and the proteomics of
human keratinocytes (HEK) after 24 and 48 h exposure to MWNT.# As previously,®® they
used 0.4 mg/mL of MWNT dispersed in KGM by sonication. HEKs showed a significant
increase in IL-8 at both time points compared to controls. IL-1p concentrations showed a
significant increase only at 48 hours. IL-6 release was lower than that of the controls. TNF-a
levels were not increased, although this cytokine is considered as one of the most common
initiators of keratinocyte activation. MWNT exposure for 24 hours resulted in the altered
expression of 36 HEK protein spots, measured by two-dimensional electrophoresis and pep-
tide mass fingerprinting, whereas 48 hours of MWNT exposure altered 106 protein spots. In
the control group, on the other hand, only 48 protein spots were significantly different. Changes
in proteins expression involved signalling, cytoskeleton, and membrane trafficking proteins.
The proteins that have been altered by CNT exposure were identified, yet their impact on the
keratinocyte specifically and the skin more generally remains difficult to define.

Soto et al also performed a comparative study of the toxicity of Ag, NiO, TiO,, MWNT,
and chrysotile asbestos nanoparticles on murine macrophage cell line (RAW 267.9).¢ They
used dimethyl sulfoxide (DMSO) to suspend the nanoparticles at concentrations up to 5 ug/
mL and the viability of the cells was determined by the MTT test. According to these authors,
cytotoxicity did not appear to be associated with specific particle morphologies. Fibers, plate-
lets, and spherules corresponding to MWNT, NiO, and Ag, respectively have all demonstrated
recognizable cytotoxic response for the murine macrophage cell line. Whereas there was no
toxicity observed with TiO; treated cells, MWNT had almost the same toxicity as asbestos (the
cell viability was smaller than 509%).%®

An ancillary comparative study between refined and unrefined SWNT, MWNT, active
carbon, carbon black, and graphite was performed by Tian et al on human fibroblast cells.*’
These authors purified all the nanomaterials by acidic treatment and dispersed them in water
by sonication. The cells were treated with concentrations up to 100 pg/mL of SWNT from 1
to 5 days. The other carbon nanoparticles were tested only at a concentration of 25 ug/mL. At
the end of the experiment, the survival rate of cells as compared for the 25 ug/mL concentra-
tion was 84% for graphite, 78% for MWNT and 58% for SWNT. Cell survival was assessed
with the MTT test and cell death, on the other hand, was assessed by Bio-rad Model 680 using
Cellular DNA Fragmentation ELISA kit. After this experiment, the authors found out that a
significant difference in cell death occurs after treatment of the cells with 25 ug/mL of purified
SWNT, compared to the control. When they compared the non-purified SWNT and the
control, no significant difference between the cells was observed.* Cell adhesion and cell mor-
phology were evaluated and results showed that cells treated with purified SWNT detached
from the substrate and showed ruffles on their cell membranes and the cell shape appeared
rounded in comparison to the normal cell. Cells treated with the nanotubes had their nuclei
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moved towards the regions where the nanotubes were attached. As their membranes and nuclei
moved closer, the adhesion-related proteins exhibited a punctuate distribution along the cell
periphery. Normal fibroblast cells showed a rather organized radial distribution of actin net-
work, which turned random and irregular when treated with SWNT. While the concentration
of SWNT increased the western blot results of proteins, fibronectin, laminin and collagen IV
did exhibit a strong decrease of expression levels. However, focal adhesion and cell-cell adhe-
sion protein (FAK and P-cadherin) expressions showed a less severe decreasing tendency. Cell
cycle related protein czrclin D3 expression also decreased while the B-actin protein expression
remained unchanged.”

Very recently, Davoren et al described the in vitro cytotoxicity assessment of SWNT on a
human lung cell line (A549 cells).”® In their experiments, the authors used HiPCO derived
SWNT with 10%wt iron suspended in water without or with 5% foetal bovine serum (FBS) in
which nanotubes appeared to disaggregate more readily. Concentrations up to 800 ug/mL
were tested and cellular viability was determined using the Alamar blue, Neutral red and MTT
assays, which evaluated metabolic, lysosomal and mitochondrial activity, respectively. In addi-
tion, the total protein content of the cells was measured using the coomassie brilliant blue
assay. Supernatants were also assayed for adenylate kinase release and IL-8 used as a marker of
loss of cell membrane integrity and of inflammation response, respectively. Results from the
cytotoxicity tests revealed that SWNT have very low acute toxicity to the A549 cells. Cytotox-
icity was recorded at 400 and 800 ug/mL of SWNT tested in presence of serum for the Alamar
blue assay, with approximately 33% and 53% inhibition in comparison to untreated controls.
For CNT exposures in presence of serum, the ECs( value was about 800 ug/mL. In serum free
media, cytotoxicity was recorded at 400 and 800 ug/mL of SWNT where 42% and 51% of
inhibition were observed in comparison to unexposed controls. In the absence of serum, the
ECsp was found to be greater than 800 ug/mL SWNT. The cytotoxicity of the positive
control-quartz particles in the FBS was determined after 18% and 23% cell inhibition corre-
sponding to 200 to 400 pg/mL suspension. On the other hand, the same particles without the
FBS proteins exhibited cytotoxicity already from a concentration of 25 ug/mL and reached
90% inhibition at the concentration of 800 ug/mL. No ECs values were determined for the
coomassie blue assay for both serum and serum free exposures, as maximum cytotoxicity deter-
mined in both instances was less than 50%. For the MTT assay, exposure in serum containing
media resulted in significant cytotoxicity from much lower doses-12.5 ug/mL of SWNT up-
wards, and a maximum of 32% inhibition was recorded at 800 ug/mL of SWNT. For expo-
sures in the absence of serum, significant cytotoxicity was recorded from 3.125 ug/mL of SWNT
upwards and 800 ug/mL of SWNT resulted in approximately 45% inhibition. Since the inhi-
bition assessed by MTT never reached 50%, ECsq values could not be determined for the
MTT assay. Of the multiple cytotoxicity assays used, the Alamar blue assay was found to be the
most sensitive and reproducible.’’

Transmission electron microscopy studies confirmed that there was no intracellular localization
of SWNT in A549 cells following 24 h of exposure; however, morphological features such as
lamellar body structures, microvilli, tonofilaments, desmosome junctions, characteristic of alveo-
lar epithelial type IT cells were observed in TEM images of control cell cultures.> Following expo-
sure to 400 ug/mL of SWNT, an increase in lamellar bodies was recorded. Multivesicular bodies
were also observed and the presence of extracellular (excreted) lamellar bodies was noted. Follow-
ing exposure to the highest test concentration of SWNT, substantially more lamellar bodies were
observed when compared to untreated controls. A reduction in microvilli and an increase in lipid
droplet numbers were also evident compared to control cultures. Multivesicular bodies were also
observed at the cell surface. Since transformed cell lines are typically less resistant to toxic effects
than other cells derived from normal tissues, Davoren et al are currently using normal lung cell
lines e.g., HFL and BEAS-2B in their on-going toxicity studies.’® While conducting the cytotoxic-
ity assays it was observed that the SWNT were interacting with some of the colorimetric and
fluorescent dyes used in the toxicity assessment, resulting in unexpected absorption/fluorescence
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data. The most obvious interference was found with the Neutral red assay as reflected in the widely
scattered results obtained with this viability test.”

Casey et al’! conducted spectroscopic studies in order to elucidate the interactions of SWNT
with cell culture medium and its components, prepared both with and without FBS. Although
interactions between the nanotubes and the cell medium and the FBS growth supplement are
most likely interpreted as a physisorption through van der Waals forces, this phenomenon
implies that the availability of the constituents to the cells will be reduced, potentially resulting
in a secondary rather than primary toxicity.”!

Monteiro-Riviere and Inman’* have also reported that adsorbing properties of carbon in-
terfere with viability markers in the assay systems resulting in false cytotoxicity interpretation.
The adsorbing properties of CNT were also suspected to interfere with the adenylate kinase
and cytokine assays in the study of Davoren et al.’® Therefore no results for Neutral red test,
adenylate kinase or IL-8 assay for either SWN'T or the positive control quartz were presented.’’

As it has been proved by Worle-Knirsh et al,*® when cells are grown in sub-confluent culture
and are challenged with SWNT, the nanotubes adhere to the cells and the cells start to form
agglomerates around the site of actachment. Human epithelial A549 cells grown to confluence
24 h after exposure with SWNT start to enclose the nanotubes. Nanotube preparations that
were used in this study were stored in a 1% SDS solution and before use in the experiment, and
then SWNT were acetone precipitated and resuspended in bi-distilled water, centrifuged and
finally taken up in growth media and diluted to final concentrations. Enclosing the nanotubes
seems to be an active process because strong condensation of actin filaments and FAK could be
observed in the overlay image of SWNT, actin, and FAK. The CNT bundles are actively an-
chored to the cells and kept at this location; the cells start to detach from the culture dish and
grow out of the plain. This tendency to form agglomerates may explain the formation of granu-
loma in animals but it could also be used as a substrate for mammalian cells’ growth.*> Meng et
al? recently showed that non-woven SWNT scaffolds (Macroscopic membranes made with
carbon nanotubes) have promotional influence on the cells growing upon the cells cultivated
on the other substrates through cell-cell communication by using a modified trans-well de-
vice.”> The non-woven SWNT were composed of thousands of highly entangled SWNT bundles
with 20-30 nm diameters and several hundred micrometers in length. The average size of pores
formed by the entangled SWNT bundles ranged from 50 to 200 nm. The thickness of the
non-woven SWNT observed was about several micrometers. Experimental results indicated
that non-woven SWNT exhibited excellent functions of enhancing long-term 3T3-L1 mouse
fibroblasts proliferation in vitro, which could have implications in tissue regeneration and
repairing.”> The cell adhesion and proliferation were assessed by the CellTiter 96 AQueous
One Solution Cell Proliferation Assay (MTS assay) and cell morphology was observed by fluo-
rescence and laser scanning confocal microscopy. 313 L1 fibroblasts were spreading and prolif-
erating on non-woven SWNT exhibiting highly organised skeletal systems. Their survival per-
sisted for at least 3 weeks, indicating a more desirable growth environment for the cells compared
to the other substrates including carbon fibers with microscopic structure features, and the
polyurethane films.>®

Finally, a very recent study reported that CNT show no sign of acute toxicity but induce
intracellular reactive oxygen species resulting from contaminants. In this study, Pulskamp et
al** used particle suspensions prepared freshly before the experiments in the complete culture
medium and sonicated to break up agglomerates. The authors observed no acute toxicity on
cell viability of rat (NR8383) and human (A549) lung cells upon incubation with all CNT
products up to 100 ug/mL with exposure times up to 72h. None of the CNT induced the
inflammatory mediators NO and IL-8. Cells that were priory stimulated with LPS and after-
wards with the nanotubes showed an increase of TNF-o production, which was not statisti-
cally significant compared to the only LPS-treated cells. A rising tendency of TNF-a release
from LPS-primed cells due to CNT treatment could be observed. They detected, however, a
dose- and time-dependent increase of intracellular reactive oxygen species and a decrease of
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the mitochondrial membrane potential with the commercial CNT in both cell types after
particle treatment whereas incubation with the purified nanotubes had no effect: this leads to
the conclusion that metal traces associated with the commercial CNT are responsible for
their biological effects.”

Functionalized CNT

A great deal of interest in functionalized carbon nanotubes was evoked after Mattson et al
reported the first application of carbon nanotube technology to neuroscience research.’® They
developed a method for growing embryonic rat-brain neurons on MWNT. Although the study
was not really a toxicological one, we can extrapolate that no toxicity was observed against rat
neurons, since neurons grown on nanotubes coated with the bioactive molecule
4-hydroxynonenal elaborated multiple neurites, which exhibited extensive branching.”

In the end of 2003 Pantarotto et al*® reported the effects of fluorescein isothiocyanate
(FITC)-labeled SWNT and the peptide-SWNT conjugate on Human 3T6, murine 313 fibro-
blasts and human keratinocytes. The peptide in cause was taken from the o subunit of the G
protein. The capacity of the two compounds to penetrate into the cells was studied by
epifluorescence and confocal microscopy. The cells were stained with DAPI
(4A,6-diamidino-2-phenylindole). The cytotoxicity caused by a peptide-functionalised CNT
was studied by flow cytometry (FACS) in the range 1 to 10 uM concentration. Annexin V-APC
(allophycocyanine) and propidium iodide were used as apoptotic and necrotic fluorescent probes,
respectively. When the fibroblasts were incubated with 5 uM of peptide-CNT derivative, 90%
of the cell population remained alive. In contrast, increasing twice the concentration of nanotubes
induced 80% of cell death.’®

The toxicity of FCNT were also evaluated by Shi Kam et al’’ during their study of the
uptake of functionalized SWNT (carboxylic group charged SWNT, fluorescein-functionalized
SWNT, biotin-functionalized SWNT and SWNT-biotin-streptavidin conjugates) into human
promyelocytic leukemia (HL60). Stable aqueous suspensions of purified, shortened, and
functionalized nanotubes were obtained by oxidation and sonication. Zeta potential confirmed
the existence of numerous negatively charged acidic groups at the sidewalls of the nanotubes.””
The toxicity of the four derivatives was examined after 1h incubation of the cells with 0.05 mg/
mL isolated by centrifugation and observed after 24 and 48h. No appreciable cell death was
observed for all tested FSWNT, however, the SWNT-biotin-streptavidin conjugate was found
to cause extensive cell death when examined after 48 h of incubation. The authors attributed
the toxicity to the ability of CNT to make the streptavidin enter the cells. The same results
were obtained with other cells as well, including Jurkat-cells and Chinese hamster ovary (CHO)
and 3T3 fibroblast cell lines.

As mentioned above, Sayes et al”” compared the cytotoxicity of non functionalized SWNT
suspended with a surfactant and some covalently functionalized SWNT on human dermal
fibroblast cell line. SWNT samples used in this exposure include SWNT-phenyl-SOsH and
SWNT-phenyl-SO3Na (six samples with carbon/-phenyl-SO3X ratios of 18, 41, and 80),
SWNT-phenyl-(COOH); (one sample with carbon/-phenyl-(COOH), ratio of 23), and
underivatized SWNT stabilized in 1% Pluronic F108. The authors concluded that sidewall
functionalized SWNT are substantially less cytotoxic than surfactant stabilized SWNT and
that the cytotoxic response of cells in culture is dependent on the degree of functionalization of
SWNT.”

Nimmaga et al*® also performed a comparative in vitro study of raw SWNT (with nickel
and yttrium impurities), acid purified SWNT, SWNT functionalized with glucosamine over
concentrations of 0.001-1.0% (wt/vol) in order to improve the nanotube solubility.

As many debates followed fullerene-THF associated toxicity, it is worth noting that the
nanotubes reacted with glucosamine dissolved in THF for 72h under reflux (66-68°C).

The authors investigated the effects of various nanotubes on 3T3 mouse fibroblasts.”® In
contrast to raw nanotubes, the purified and glucosamine functionalised ones did not cause
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significant cell viability decrease at concentrations between 0.001% and 0.016% (wt/vol). At
concentrations up to 0.25% glucosamine- functlonahsed SWNT showed no significant differ-
ence in metabolic activity from control values.’

Dumortier et al® reported that SWNT functionalized via the 1,3-dipolar cycloaddition
reaction are not cytotoxic to mouse spleen cells, B and T lymphocytes and macrophages of
BALB/c mice, since they induced neither cell death nor activation of lymphocytes and mac-
rophages and since they do not disturb cell functions. In contrast PEG-functionalized CNT,
obtained using an oxidation/amidation procedure, can activate macrophages and modify their
subsequent capacity to respond to a physiological stimulus.

In Vivo Toxicity Studies
Pristine CNT

Although still fragmentary, in vivo toxicity studies performed hitherto in order to assess the
dangers of respiratory and skin exposure to these nanoparticles, especially concerning people
working in the carbon nanotubes é)roduction industry, showed some harmful effects (Tables 3, 4).

In 2001 Huczko and Lange® evaluated the potential of CNT to induce skin irritation by
conducting two routine dermatological tests. Initially, 40 volunteers with allergy susceptibili-
ties were exposed for 96 h to a patch test consisting in a filter paper saturated with a water
suspension of unrefined CNT synthesized via the arc discharge process. Secondly, a modified
Draize rabbit eye test using a water suspension of unrefined CNT was conducted with four
albino rabbits monitored for 72 h after exposure. Both tests showed no irritation in compari-
son to a CNT-free soot control and it was concluded that “no special precautions have to be
taken while handling these carbon nanostructures”.’

In a two-part study, preliminary investigations have been carried out by Maynard et a
into the potential exposure routes and toxicity of SWNT. The study was undertaken to evalu-
ate the physical nature of the aerosol formed from SWNT during mechanical agitation. This
was complemented by a field study in which airborne and dermal exposure to SWNT was
investigated while handling unrefined material. Although laboratory studies indicated that
unrefined SWNT material can release fine particles into air under sufficient agitation, concen-
trations generated while handling material in the field were very low. Estimates of the airborne
concentrations of nanotube materials generated during handling suggest that concentrations
were lower than 53 ug/m® in all instances. In another way, glove deposits of SWNT during
handling were estimated at between 0.2 mg and 6 mg per hand.®!

However, unprocessed nanotubes are very hght and could become airborne and potentially
reach the lungs; therefore their pulmonary toxicity was investigated.

Lam et al®” studied three different groups of SWNT: raw and purified HiPCO and CarboLex
nanotubes. The first was rich in iron impurities and the last contained nickel and yttrium
impurities. The particles were dispersed by brief shearing (2 min in a small glass homogenizing
tube) and subsequent sonication (0.5 min) in heat-inactivated mouse serum. Mice were then
intratracheally instilled with 0, 0.1, or 0.5 mg of CNT or carbon black or quartz particles used
as negative and positive control, respectively. Seven and 90 days after this single treatment, the
animals were sacrificed for histopathological examination of the lungs. All CNT treatments
induced dose-dependent epithelioid granulomas and, in some cases, interstitial inflammation
in the animals euthanized after 7 days. These lesions persisted and were more pronounced in
the group euthanized after 90 days; the lungs of some animals also revealed peribronchial
inflammation and necrosis that had extended into the alveolar septa. The lungs of mice treated
with carbon black were normal, whereas those treated with high-dose quartz revealed mild to
moderate inflammation. These results show that, under these conditions and on an equal-weight
basis, if carbon nanotubes reach the lungs, they are much more toxic than carbon black and can
be more toxic than quartz, which is considered a serious occupational health hazard in chronic
inhalation exposures.®?
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Wiarheit et al®® performed another pulmonary toxicity assessment of pristine SWNT. The
aim of this study was to evaluate the acute lung toxicity of intratracheally instilled SWNT in
rats. The nanotubes used in this study were produced by laser ablation and contained about 30
to 40% amorphous carbon (by weight) and 5% each of nickel and cobal.

The lungs of rats were instilled either with 1 or 5 mg/kg of the following control or particle
types: SWNT, quartz particles (positive control), carbonyl iron particles (negative control),
and the vehicle-phosphate buffered saline (PBS) and 1% Tween 80, or graphite particles. Fol-
lowing exposures, the lungs of treated rats were assessed using bronchoalveolar fluid biomarkers
and cell proliferation methods, as well as by histopathological examination of lung tissue at 24
h, 1 week, 1 month, and 3 months post-instillation. Exposures to high-dose (5 mg/kg) of
SWNT produced mortality in approximately 15% of the instilled rats within 24 h

Table 3. In vivo toxicity studies of pristine carbon nanotubes

Route of
Author Type of CNT Dose Species Administration Effects
Huczko  Filter saturated Man Dermal No irritation
and with raw SWNT
Lange®®  Water suspension Rabbit Ocular
Lam et al®? Raw and purified 0,5 mg/animal Mouse Intra-tracheal  Epitheloid granulomas
instillation Interstitial and
peribronchial
inflammation
Necrosis
Warheit ~ Raw SWNT Up to 5 mg/kg Rat Intra-tracheal ~ Temporary
et al®? instillation inflammatory and cell
injury effects
Granulomas, non-
progressive beyond 1
month of exposure
Sato et al*? Purified MWNT 0,1 mg clusters Rat Subcutaneous  Shorter tubes
of 220 and implants slighter inflammatory
825nm of lenght response then longer
ones
Muller MWNT and Up to Rat Intratracheal  Inflammation.
etal® ground MWNT, 5 mg/animal instillation Fibrosis, granulomas
suspended in
0,9% saline and
1% Tween 80
Shvedova Purified SWNT  Up to Mouse Pharingeal Inflammation.
et al® 40 ug/animal aspiration Fibrosis, granulomas
Functional respiratory
deficiencies Decreased
bacterial clearence
Zhu et al®” MWNT Up to Stylonychia Oral Growth
200 pg/mL mytilus inhibition
Koyama ~ SWNT, MWNT 2 mg/animal Mouse Subcutaneous  Activation of MHC |
et al®® (20nm average implants and MHC I
diameter), MWNT Granulomas

(80 nm average
diameter), CSNT
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Table 4. In vivo toxicity studies of functionalized carbon nanotubes

Route of
Author Type of CNT Dose Species  Administration  Effects
Singh et al’”®  SWNT-DTPA and 400 Mouse Intravenous No acute
MWNT-DTPA ug/animal toxicity
radiolabelled with
111 In
Carrero- MWNT and Up to Mouse Nasal N-MWNT cause
Sanchez N-MWNT 5 mg/kg Oral granuloma at
etal” Intratracheal some

Intraperitoneal

intratracheally

instilled animals
but no distress
when other
routes of
administration
were used

post-instillation. This mortality resulted from mechanical blockage of the upper airways by the
instilled particulate SWNT. In the surviving animals, SWNT produced temporary inflamma-
tory and cell injury effects. Results from the lung histopathology indicated that pulmonary
exposures to SWNT in rats produced a non-dose-dependent series of multifocal granulomas,
which were evidence of a foreign tissue body reaction. However, the gr were non-uniform in
distribution and not progressive beyond one month of post-exposure.

The observation of SWNT-induced multifocal granulomas was inconsistent with the fol-
lowing: lack of lung toxicity by assessing lavage parameters, lack of lung toxicity by measuring
cell proliferation parameters, apparent lack of a dose response relationship, non-uniform distri-
bution of lesions, the paradigm of dust-related lung toxicity effects, and possible regression of
effects over time. The observation of granulomas, in the absence of adverse effects measured by
pulmonary endpoints was surprising, and did not follow the normal 1nﬂammogemc/ﬁbrot1c
pattern produced by fibrogenic dusts, such as quartz, asbestos, and silicon carbide whiskers.®>

While Lam et al concluded that SWNT exposures were more toxic than similar exposures
to quartz and crystalline silica particles;® in contrast Warheit’s results indicated a transient
pulmonary inflammation and granuloma formation after SWNT exposure, but sustained lung
inflammation, cytotoxicity, enhanced lung cell prollferatlon foamy macrophage accumulation
and lung fibrosis after exposure to quartz particles.®’ The differences between these findings
may be related in part to species differences (mouse vs. rat), but are more likely due to the
differences in the experlmental designs of the two studies.®*

Respiratory toxicity of MWNT has been assessed as well by Muller et al.®> They adminis-
tered intratracheally MWNT or ground MWNT suspended and sonicated in sterile 0.9%
saline containing 1% of Tween 80, at doses of 0.5, 2 or 5mg per animal corresponding to
approximately 2.2 mg/kg, 8.9 mg/kg and 22.2 mg/kg to Sprague-Dawley rats. The applied
nanotubes were still present in the lung after 60 days (80% and 40% of the lowest dose) and
both induced inflammatory and fibrotic reactions. At 2 months, pulmonary lesions induced by
MWNT were characterized by the formation of collagen-rich granulomas protruding in the
bronchial lumen, in association with alveolitis in the surrounding tissues. These lesions were
caused by the accumulation of large MWNT agglomerates in the airways. Ground nanotubes
were better dispersed in the lung parenchyma and also induced inflammatory and fibrotic
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responses. Both MWNT and ground MWNT stimulated the production of TNF-a in the
lung of treated animals.®®

The physiological relevance of the intratracheally instilled CNT is questionable since par-
ticles that are inspired encounter several barriers before reaching the trachea and lungs. Never-
theless, even if administered by pharyngeal aspiration, as it has been shown by Shvedova et al,®¢
purified SWNT elicited inflammation, fibrosis and granulomas formation in C57BL/6 mice.
The nanotubes used in this study were produced by HiPCO and where further purified by
acidic treatment. The analysis also proved that CNT accounted for more than 99% of carbon.
The animals were treated with either SWNT (0, 10, 20, 40 ug/mouse) or two reference mate-
rials (ultrafine carbon black or SiO; at 40 ug/mouse). The animals were sacrificed at 1, 3, 7, 28,
and 60 days following exposures. A rapid progressive fibrosis found in mice exhibited two
distinct morphologies: 1- SWNT-induced granulomas mainly associated with hypertrophied
epithelial cells surrounding dense micrometer-scale SWNT aggregates and 2- diffuse intersti-
tial fibrosis and alveolar wall thickening likely associated with dispersed SWNT. These differ-
ences in fibrosis morphology were attributed to the distinct particle morphologies of compact
aggregates and dispersed SWNT structures. Importantly, deposition of collagen and elastin
was also observed in both granulomatous regions as well as in the areas distant from granulo-
mas. Increased numbers of alveolar type II (AT-II) cells, the progenitor cells that replicate
following alveolar type I (AT-I) cell death, were also observed as a response to SWNT admin-
istration. Moreover, functional respiratory deficiencies and decreased bacterial clearance (List-
eria monocytogenes) were found in mice treated with SWNT.®

In another way, Sato et al*? evaluated the response of subcutaneous tissue in rats to MWNT
of different lengths. They used 220 nm and 825 nm-long MWNT. Two pockets were made in
the subcutaneous tissue and 0.1 mg of clusters of the MWNT samples were implanted bilater-
ally in each rat. The degree of inflammatory response around the 220nm long MWNT was
slight in comparison with that around the 825nm long ones, indicating that macrophages
could envelop the shorter nanotubes more readily than the longer ones. However, no severe
inflammatory response such as necrosis, degeneration or neutrophiles infiltration was observed
around both MWNT.*

The first ecotoxicological study of MWNT was performed by Zhu et al.*” They examined
the interaction of CNT with living unicellular protozoan Szylonychia mytilus. They found that
MWNT were largely ingested by this kind of organisms. They also examined by optical mi-
croscopy the distribution of MWNT in the cells, the redistribution during dividing process as
well as the excretion from the cells. The dependence of viability of Szylonychia mytilus was
determined on the concentration of MWNT, ranging from 0.1 pug/mL to 200 ug/mL. It was
found that exposure of Stylonychia mytilus to the MWNT with concentration higher than 1.0
ug/mL induced a dose-dependent growth inhibition to the cells and the damage occurred on
the macronucleus and external membrane of the cells. The ultra-structural changes observed
by electron microscopy revealed that MWNT exclusively localized on the mitochondria. There-
fore it was proposed that the damage of macronucleus, micronucleus, and membrane of the
cells,&as well as growth inhibition of the cells might be a result of the damage of mitochon-
dria.

Very recently Koyama et al®® evaluated the biological responses to SWNT, two different
types of MWNT (20 and 80 nm of average diameter) and cup- stacked carbon nanotubes
(CSNT made with stacked truncated cones) subcutaneously implanted in mice (2 milligrams
per animal) for up to 3 months. The nanotubes used in this study were purified by thermal
treatment process during which the metal particles evaporate. After 1, 2, 3 weeks, 1 month, 2
months and 3 months post-implantation the animals were sacrificed, blood was collected for
CD4+ and CD8+ T-cells counting by flow-cytometry and tissue of skin including muscle
layers was collected for histopathological examination. All mice survived, and no large changes
in their weights were observed during the experimental period. After one week of implanta-
tion, only SWNT activated the major histocompatibility complex (MHC) class I pathway of
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antigen-antibody response system (higher CD4+/CD8+ value), leading to the appearance of
an oedematous aspect. After two weeks, significantly high values of CD4+ without changes in
CD8+ signified the activation of MHC class II for all samples. The authors noted that anti-
genic mismatch becomes less evident with time, notably one month post-implantation, indi-
cating an establishment of a granuloma formation. Furthermore, the toxicological response of
CNT was absolutely lower than that of asbestos.%®

Functionalized CNT (f-CNT)

Although it was not for a tox1colog1cal study per se, the first on the in vivo behaviour of
f-CNT was conducted by Pantarotto et al.”” The purpose of their study was to produce such a
peptide-functionalized SWNT that could immunize mice and serve as synthetic vaccine for
foot-and-mouth disease virus (FMDV). They administered an i.p. dose of 100 ug of
SWNT-peptide conjugate (the peptide was a neutralizing B cell epitope from FMDV) to-
gether with 100 pg of ovalbumin in a 1:1 emulsion in complete Freund’s adj uvant and 3 weeks
later they repeated the injection in incomplete Freund’s adjuvant. The mice used in this stud dy
succeeded in producing antibodies to the FMDV and the authors did not report any mortality.®’

Singh et al’® functionalized SWNT and MWNT with a chelating agent, the
diethylene-triamine-penta-acetic acid (DTPA) in order to label them with indium (''In). Af.
ter administering a single dose of 400 ug intra-venously to BALB/c mice, the authors followed
the radioactivity tracing using gamma scintigraphy No animal exhibited signs of acute toxicity.
The nanotubes were rapidly cleared from systemic blood circulation through the renal excre-
tion route. Urine samples of the treated animals revealed unmodlﬁed excreted nanotubes.””

A very recent study conducted by Carrero-Sanchez et al”! compared the toxicological ef-
fects between pure and nitrogen doped MWNT (N-MWNT). Different doses of nanotubes
suspended in PBS (up to 5 mg/kg) were administered in various ways to mice: nasal, oral,
intratracheal, and intraperitoneal. When MWNT were injected into the mice’s trachea, the
mice could die by dyspnea depending on the MWNT doses. However, N-MWNT nanotubes
never caused any death to animals. They found that N-MWNT were far more tolerated by the
mice when compared with pristine MWNT. Extremely high concentrations of nitrogen-doped
nanotubes administrated directly into the mice’s trachea only induced granulomatous inflam-
matory responses. The other routes of administration did not induce signs of distress or tissue
changes7(1)n any treated mouse. N-MWNT could therefore be less harmful than MWNT or
SWNT.

Conclusion

The data presented in this chapter are still fragmentary and subject to criticisms because of
the lack of characterisation of the administered material as well as the non-physiological modes
of administration used. Taken together, these preliminary results highlight the difficulties in
evaluating the toxicity of this new and so heterogeneous carbon nanoparticles family. Indeed, a
number of parameters have considerable impact on the reactivity of CNT. These parameters
include CNT structure, size distribution and surface area, surface chemistry and surface charge
and agglomeration state as well as purity of the sample. Most of these parameters obviously
depend of the method of production of the sample, the method of purification and the method
of preparation of the tested suspension. As the reactivity and the general behaviour of CNT in
biological media are not completely understood, assessing the safety of these carbon nanoparticles
should include a careful selection of appropriate experimental methods.

The concern about the nanotubes in the industrial context was somewhat reduced in 2005
by the relative risk analysis of several manufactured nanomaterials.”? The results from the analysis
performed by Robichaud et al”* determined that relative environmental risk from manufactur-
ing SWNT, bucky balls, one variety of quantum dots, alumoxane nanoparticles, and
nano-titanium dioxide, was comparatively low in relation to other common industrial manu-
facturing processes.”*
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Figure 3. TEM image showing SWNT ropes and bundles (arrows) inside a rat macrophage
(Unpublished work).

Nevertheless, available data clearly show that, under some conditions, nanotubes can cross
the membrane barriers (Fig. 3) and suggest that if CN'T raw materials reach the organs they can
induce harmful effects as inflammatory and fibrotic reactions. Thus, many more studies are
necessary in order to determine the safety of CNT and their environmental impact.
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