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Preface

Nanotechnology, a multidisciplinary scientific undertaking, involves creation
and utilization of materials, devices, or systems on the nanometer scale and is
currently undergoing explosive development on many fronts. It is expected to
spark innovation and play a critical role in various biomedical applications,
especially in drug delivery, as is shown by the wealth of information presented
in this book particular, advances in nanotechnology that enable drugs to pre-
serve their efficacy while being delivered to precise therapeutic targets are
creating a host of opportunities for drug developers. In addition, by combining
nanotechnology-based target-specific drug therapy with methods for early
diagnosis of pathologies, we are getting closer to creating the ultimate func-
tional drug carrier.

This book is primarily designed to be a reference textbook on the application
of nanotechnology in the development of drug delivery systems and to high-
light some of the most exciting developments in this field. For this purpose, the
reader is introduced to various aspects of the fundamentals of nanotechnology-
based drug delivery systems and the application of these systems for the deliv-
ery of small molecules, proteins, peptides, oligonucleotides, and genes. How
these systems overcome challenges offered by biological barriers to drug
absorption and drug targeting is also highlighted. To best do this the text is
divided into the following sections: Fundamentals of Nanotechnology in Drug
Delivery; Biopharmaceutical, Physiological and Clinical Considerations for
Nanotechnology in Drug Delivery; Nanotechnology for the Delivery of Small
Molecules, Peptides, Proteins, and Nucleic Acids; and A Look to the Future of
Nanotechnology in Drug Delivery.

The reason for putting the book together this way can be found in the
purpose of any drug delivery system, which is to enhance or facilitate the action
of any active moiety by using sound scientific and therapeutic principles. Most
current methods of drug delivery are direct descendents of ancient practices
that have changed little over the last few centuries. However, advances in the
fields of drug discovery, biotechnology, and molecular biology have resulted in
the discovery of large numbers of novel molecules with the potential to revolu-
tionize the treatment of disease if severe delivery and targeting obstacles can be
overcome. This means that using these new armaments in the war against
disease must stimulate the development of new strategies for drug and vaccine
administration. One such development is the explosion in nanotechnology
research geared toward improving drug delivery and targeting.



vi

Preface

As shown in this text, a variety of nanostructures are being investigated as
functional drug carriers for treating a wide range of therapies, most notably
cardiovascular defects, autoimmune diseases, and cancer. While the concept of
nanoparticles in drug delivery is not new, the number of research programs
and active drug development projects in this field has escalated as funding for
nanotechnology has increased. The result is the emergence of a host of novel
nanotechnologies tailored to meet the physicochemical and therapeutic
requirements of drug developers. With all this potential for advanced drug
delivery and targeted therapy, with reduced side effects, nanotechnology-based
drug delivery systems hold the promise of significantly improving quality of life
through “nanomedicine”.

We hope that this book will help to bring these technologies and the under-
lying fundamental science together in one text for the reader. One or more
distinguished authors from each relevant field wrote each chapter, and ample
use of figures and tables has been included to help demonstrate the most
important aspects.

The successful completion of this text was made possible by the assistance of
a large number of people to whom we are very grateful. We extend special
thanks to the individual chapter contributors. We also want to thank the pub-
lisher and in particular Melanie Wilichinsky for her support.

Melgardt M. de Villiers
Pornanong Aramwit
Glen S. Kwon
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Physicochemical Principles of Nanosized
Drug Delivery Systems

Daniel P. Otto and Melgardt M. de Villiers

Introduction to Nanoscience and Nanotechnology

Today, nanotechnology is a commonly used buzzword in numerous fields
of science and everyday life, and fairly recently in drug delivery (Dosch,
2001; Navrotsky, 2007). Numerous definitions have been coined to
describe nanotechnology and nanoscience and these are often used inter-
changeably. Nanoscience could be defined as the activity aimed at the
understanding of natural laws at a nanoscale level and nanotechnology as
the novel and practical applications of this scientific knowledge to change
the world we live in (Balzani, 2005).

Several restrictions have been placed on what exactly nanotechnology is.
It has been described as the exploitation of materials with structural fea-
tures at the intermediate range between atoms and the molecular scale
with the important prerequisite that at least one dimension is in the nano-
meter length scale (Rao & Cheetham, 2001; Rao, Kulkarni, Thomas &
Edwards, 2002; Jortner & Rao, 2002). The most common consensus,
however, is that nanotechnology investigates and manipulates materials
and phenomena where at least one length scale is below 100 nm (NNI,
2007).

Some early studies reported the potential of nanoscale drug delivery
systems and since then a myriad of these delivery systems have been
documented (Khanna & Speiser, 1969; Brasseur, Couvreur, Kante,
Deckers-Passau, Roland, Deckers & Speisers, 1980; El-Egakey, Bentele &
Kreuter, 1983; Krause, Schwarz & Rohdewald, 1985).

The scale of some nanoparticulate drug delivery systems is compared to
some other easily recognizable objects in Figure 1.1.

The applications described in this chapter focus on the pharmaceutical
aspect of nanotechnology by elucidating applications of nanotechnology
in drug delivery systems. Some fundamental properties make these nanos-
caled systems special, and a physicochemical perspective is required to
explain this. The next sections will focus on the unique characteristics that
make nanosized delivery systems different from conventional or tradi-
tional dosage forms.

M.M. de Villiers et al. (eds.), Nanotechnology in Drug Delivery, DOI: 10.1007/978-0-387-77667-5_1, 3
© 2009 American Association of Pharmaceutical Scientists
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Figure 1.1 Relative size of nanoparticles compared to familiar items (courtesy of
the Office of Basic Energy Sciences, Office of Science, U.S. Department of Energy,
http://www.sc.doe.gov/bes/scale_of things.html). (See Color Plate 1)

The Fundamental Properties of Nanomaterials

Two aspects of nanomaterials render them fundamentally different in their
behavior compared to bulk systems. These aspects can be delineated as
surface-related properties and quantum properties (Roduner, 2006).

Surface-to-Volume Ratio

The surface-to-volume ratio of nanomaterials is significantly larger than
that of their bulky counterparts. If a sphere was taken, it would be seen
that its surface is scaled with its radius, r; however its volume scales with 1.
The fraction of atoms at the surface is known as the dispersion, F, and the
dispersion scales with the ratio of surface area to volume and therefore the
inverse radius (Roduner, 2006).

The dependence of the surface dispersion is illustrated for a cube of n
atoms along an edge, with the total number of atoms in the cube described
as N = n’. A cube would therefore expose 6 surfaces and 12 edges, with the
total number of surface atoms equal to 6n that has been corrected to
eliminate double counting of corner atoms. For large numbers of atoms
in a cube, these corrections become negligible and the dispersion could be
scaled as follows:

F

P —12n4+8 6 2 8§ \ _ 6 |
B R Vel U VTER T ) R TG
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Figure 1.2 Evolution of the dispersion F as a function of n for cubic clusters up to
n = 100 (N = 106). The structure of the first four clusters is displayed. (Reprinted
with permission from the PCCP Owner Societies.)

The conclusion from this equation is that all properties that are related
to the dispersion of surface groups will result in a dependence on the
inverse radius of the particle and also on the number of the atoms by
N '3 (Roduner, 2006) as depicted in Figure 1.2.

The dispersion of surface atoms is also known as the coordination
number, <NN>, and describes the number of nearest neighboring atoms.
For particles with significant fractions of surface atoms, a low coordination
number is found. For infinitely large clusters, the coordination number
extrapolates to 12 and resembles the bulk of the material. A typical property
of materials that scales with N'? is the cohesive energy of particles. Typi-
cally, corner and edge atoms are missing due to their low stability and
tendency to form bonds. Typically, these nanosystems also show lower
melting points with a liquid-like surface property. The surface-related prop-
erties of nanoparticles will be discussed in this chapter.

Quantum Effects

It has been found that the electronic structure of small particles is generally
very discrete and not overlapping as is the case with bulk material phases.
This is due to confinement of the electron wavefunctions of certain physi-
cal dimensions of the nanoparticles (Rao et al., 2002).

As with most orbital systems, electrons can be found at different (higher
and lower) energy levels, and the average spacing of this energy level is
known as the Kubo gap, 6. By considering the lowest unoccupied energy

5
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state of the electronic system of a bulk material, the Fermi energy, Ej,
could be incorporated to describe the Kubo gap:

§ = 4E;/3n ©)

where 7 is representing the number of valence electrons in the nanosys-
tems. In the case where the thermal energy of systems exceeds the Kubo
gap, they will behave metallically, and if the thermal energy does not
exceed this value, they will behave non-metallically. This change is
especially prevalent in small systems at the nanoscale and explains why
certain materials become magnetic or electrically conductive at the nan-
ometer scale. Differences in optical properties are also noted for nano-
systems that are observed as luminescence and size-dependent color
changes of certain metallic nanoparticles. Before we discuss the thermal
and optical properties of nanosystems, some more definitions are
needed.

The thermal and optical properties of materials arise from the vibra-
tion of adjacent molecules, atoms or ions that are arranged in the lattice
and these vibrations are known as phonons. The order in the lattice is
momentarily disturbed as phonons vibrate like waves from one point to
the next. These phonons are quantized and therefore only certain vibration
frequencies are allowed. This term is analogous to the term photon referring
to the emission of electrons in the form of light energy, also in discrete units
of energy or quanta. Phonons are responsible for heat transfer, optical
effects and the acoustic properties observed in all materials. As we already
established, nanosystems are very confined compared to macrosystems, and
therefore the phonon transport under confined conditions imparts different
properties to nanomaterials compared to their bulk counterparts (Balandin,
2005; Cahill, Ford, Goodson, Mahan, Majumdar, Maris, Merlin & Phillpot,
2003; Shakouri, 2006).

Optical Properties of Nanoparticles

Gold nanoparticles have received a lot of attention over the years, and the
peculiar optical behavior at the nanoscale has seen marked interest. The
differences in particle colors are a direct consequence of the interaction of
phonons and photons and result in size-dependent color emissions. The
Raman effect is one of the most widely known phenomena that arise from
this interaction. As seen previously, decreasing size will increase the Kubo
gap and therefore the energy emitted by the photons will change frequency
and hence their color. (Sun & Xia, 2003; Nobile, Kudera, Fiore, Carbone,
Chilla, Kipp, Heitmann, Cingolani, Manna & Kranhe, 2007; Xu & Cortie,
2006; He, Liu, Kong & Liu, 2005; Hu, Chen, Li, Au, Hartland, Li,
Marquez & Xia, 2006; Hirsch, Gobon, Lowery, Tam, Drezek, Halas &
West, 2006; Aizpurua, Hanarp, Sutherland, Kill, Bryant & de Abajo,
2003).

Multiple sensing applications are made possible by the color changes
associated with gold and other metal nanoparticles as they change in size
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or due to interactions with target biomolecules that alter their size. There-
fore, one can perform quantitative and qualitative analyses of particle size
and distributions and particle concentration and the effect of particle
shape as consequence of optical spectrum shifts. A typical example
includes detection of cholera toxin which if agglomerated with gold parti-
cles changes the gold nanoparticle color from red to purple (Schofield,
Field & Russell, 2007).

Assembly and disassembly of nanoparticles can also be monitored as
aptly illustrated for gold nanoparticles that are functionalized with DNA.
Upon assembly of a DNA-gold complex, the gold nanoparticles display a
blue color due to the size change of the DNA complex. As these complexes
hydrolyze in the presence of lead, they release the individual, red gold
nanoparticles (Liu & Lu, 2004).

Obviously, these examples indicate the sensing capabilities of these
particles. Various chemical and biochemical binding events could be
envisioned based on various silver and gold nanoparticles in different
environments. Additionally, it has also been shown that gold nanoshells
(with hollow interiors) are significantly more sensitive to environmental
changes than solid colloids (Figure 1.3) (Sun & Xia, 2003; Hutter &
Fendler, 2004).

By adjusting the composition of the particles from pure silver or gold to
alloys of the two metals, the UV-visible extinction spectrum of these
particles could be tuned, and therefore their activity could be changed.
Figure 1.4 illustrates these effects.

The effect of swelling and temperature was also shown for various
metals incorporated into polymer gels. The authors speculate that these
effects could have application in the biomedical and electronic fields. Gold
and silver nanoparticles were synthesized in an acrylic polymer matrix
containing charged amino groups in the polymer chains. Subsequently,
the gold nanoparticles were in proximity to each other if the polymer
matrices were cooled down and moved away from each other once heat

400 nm light color 750 nm
. |
silver spheres siver rods
gold rods

gold spheres

goldisilver alloyed spheres gold shells with hollow interiors

: silver plates
silver cubes R

Figure 1.3 A list of silver and gold nanoparticles having various morphologies,
compositions and structures, together with their typical locations of surface plas-
mon resonance bands in the visible regime (Sun & Xia, 2003). (Reprinted with
permission from The Royal Society of Chemistry.) (See Color Plate 2)
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Figure 1.4 (A) UV-visible extinction spectra of solid colloids made of pure silver,
pure gold, and silver/gold alloys with various molar fractions of gold. All spectra
were normalized against their peak extinctions. (B) A plot showing the linear
dependence between the extinction peak position (4,.x) and the molar fraction of
gold (7 av) in the nanoparticles (Sun & Xia, 2003). (Reprinted with permission from
the Royal Society of Chemistry.)

was applied to swell the polymer matrix. The color changes are observed in
Figure 1.5 (Suzuki & Kawaguchi, 2006).

One could typically speculate about the application of the temperature-
dependent extinction maxima of the nanoparticles. It could be stated that
these polymer—gold nanoparticle complexes could be stored at some pre-
determined temperature for stability purposes and therefore exhibit some
distinct color or color change once the temperature is changed. If the
polymer matrix was synthesized such that a color change was irreversible,
it should prove a valuable visual indicator of stability.

An in vivo effect of this type of polymer—nanoparticle complex could
arise once these nanosensors are absorbed in the body. The polymer matrix
would heat up and show a spectral shift in terms of the absorption max-
imum for the gold particle as the polymer swells. Some lesions in the body
could show different temperatures compared to unaffected parts due to
localized inflammation or localized concentration of nanoparticles. Appli-
cations could be tuned toward this absorption maximum, such as seen
later, for cancer treatment and diagnosis, and for potentially other inflam-
matory responses such as arthritis. Figure 1.5 illustrates the swelling and
temperature effect on the colorimetric properties of copolymer nanopar-
ticles with various metallic compositions.

We can speculate that it will not be long before the size- and aspect-
dependent optical effects are employed in the pharmaceutical field. The
sensing capabilities of these particles could prove invaluable in applications
such as monitoring stability. Pharmaceutical substances could agglomerate
at any stage during manufacturing and storage; and these sensors could
give visual inspection of particle size and distribution. Furthermore, these
sensors do not show the characteristic photobleaching of currently emplo-
yed fluorescent probes. These metallic type probes could probably render
in vitro and vivo studies even more effective in terms of detection effici-
ency (Gobin, O’Neal, Watkins, Halas, Drezek & West, 2006; Burns, Ow &
Wiesner, 20006).
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Figure 1.5 (a) UV-visible spectra of NG-NH;-Au/Au2, (b) NG-NH,-Au/Ag/Au microgels (NG is the
copolymer gel), (¢) measured at 25°C (black diamonds), 40°C (gray squares) and 25°C after 10 heating—
cooling cycles (open diamonds). All spectra presented here were normalized by taking the temperature effects
into account (Suzuki & Kawaguchi, 2006). (Reprinted with permission from ACS publications.) (See Color

Plate 3)

The interaction of phonons and electrons has already provided very
useful effects, and since these optical resonances could be tuned to scatter
or absorb light in the UV and NIR regions, they could also be employed as
UV shields. Photosensitive drugs including nifedipine have been shown to
benefit from a nanocoating composed of titanium dioxide particles to
shield it from UV radiation (Li, Kommireddy, Lvov, Liebenberg, Tiedt &
De Villiers, 2006).

Nanoencapsulation of a sunscreen agent in PLGA nanoparticles also
curbed the photodegradation of the agent. The polymer most probably
filtered the UV radiation due to a photon—phonon interaction, although, it
has not been stated directly by the authors. The two examples of
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photostability should, however, provide enough motivation to investigate
the effects on other photosensitive drugs.

Finally, cancer therapy and diagnostics could be optimized when
nanometallic particles are used as augmentation to chemotherapeutic
agents. Not only could the particles serve as heat absorbents, but the
particles could be tuned to absorb the maximum quantity of light energy
from a laser source at a very discreet wavelength due to a tunable surface
plasmon resonance which could also enhance the target-specific thermo-
lysis of tumors (Loo, Lowery, Halas, West & Drezek, 2005; Gobin et al.,
2006; Lin, Lewinski, West, Halas & Drezek, 2005; Liao, Nehl & Hafner,
20006).

Thermodynamic Properties of Nanoparticles

Heat Transfer

One can generally validate thermodynamics when the number of atoms
in a particular system is large and again consider the coordination number
of a certain atom. However, the coordination number is small in nanosys-
tems and some deviations are evident. A primary problem is how to define
a local temperature in a small system, something that could easily be
observed in a bulk system. An oversimplification could be made stating
that one might not have abrupt variations in temperature between two
successive rows of atoms in a nanosystem as would be the case in bulk
transitions (Guisbiers, Shirinyan & Wautelet, 2005).

We already saw that phonons can play a vital role in the optical proper-
ties of nanoparticles (as a consequence of surface plasmon resonance
effects), and these vibrations are also the mechanism for heat transport
in the nanosystems. Phonons fluctuate over a specified length scale, the
mean free path, since they are quantized in the nanoscale range. If different
regions showed different local temperatures, then the distributions of their
phonons are also different. Phonons can scatter its energy along its mean
free path, resulting in local temperature differences. The phonon scattering
is highly dependent on the frequency of the solid, and the mean free path
of the phonon can therefore not be readily predicted as found for silica
nanofilms (Ju & Goodson, 2000) which showed a mean free path of
250-300 nm instead of the predicted 40 nm (Chen, 2000). This perspective
implies that temperature could not be defined for an atom or atom plane
and will need to be investigated in the future.

A troublesome issue in nanosystems is therefore that the particles are
too small to show deviations in temperature in different regions of the
material. Additionally, the effect of phonon vibrations (that are quanti-
tized along a specified pathlength) on the heat dispersion in nanopartciles,
is still not fully understood. A local nanosized region with a defined local
temperature would only be possible if it is larger than the mean free path of
the phonon. This definition is compounded by the fact that different
phonons have different mean free path lengths, i.e., low-frequency pho-
nons have long mean free path lengths and high-frequency phonons short
mean free path lengths (Cabhill et al., 2003; Hatta, 2002).
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Figure 1.6 Effective thermal conductivity as a 10
function of the particle size parameter (particle
radius normalized by the phonon free path in the
surrounding medium) for heat conduction in the
vicinity of a nanoparticle embedded in a host
material. As the particle size becomes smaller than
the phonon mean free path in the host material, the
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Closely related to the definition of temperature is that of heat transfer for
which bulk materials follow Fourier’s law (Chen, 2000; Michel, Gemmer &
Mahler, 2006; Lepri, Livi & Politi, 2003):

qg=—kVT 3)

The local heat flux is defined by the term ¢ and the temperature gradient
isdenoted by VT, and finally the thermal conductivity is noted as the term k.

The heat flux is proportional to the temperature gradient between the
material extremities and also to the thermal conductance of the material.
However, this is invalid for nanoparticles since the phonon free length path
is larger than the distance between adjacent heat sources and the Fourier
law fails to describe heat transfer, and the heat transport between nano-
particles is therefore said to be ballistic rather than diffusive (Tien & Chen,
1994; Cenian & Gabriel, 2001; Chen, 2000; Chen, 1996).

The ballistic nature of heat transfer arises from boundaries between
nanoparticles and the contribution of these boundaries to phonon scattering
at the boundaries by in and out of plain lattice vibrations rather than diffu-
sive transfer to the next particles (Chen, 2002; Gomes, Madrid, Goicochea,
Amon, 2006). Figure 1.6 depicts the Fourier limit to heat transfer.

The difference between the heat transfer mechanism in nano- and
macroscale materials also results in different thermal properties as will
be discussed in the following sections.

Basic Treatment of Classic Nucleation Theory

Classic treatment of nucleation states that a multicomponent system exists
as a single phase, and following a change in boundary conditions by events
such as a change in temperature and pressure or by mixing with a further
homogenous phase the free energy changes as well and favors phase
separation. This approach assumes that the particles of one component
would tend to coalesce and form nuclei. Equation (4) describes the change
in energy as the Gibbs-free energy (Rieger & Horn, 2001):

AG = AGs + AGy = 4nr*y + 4/31r Ag, 4)
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where the subscripts S and V' refers to the surface and bulk volume,
respectively. Clearly, the equation is derived to accommodate geometrical
parameters of the surface and bulk and, the nucleus radius is given by r, the
surface tension between the two phases by y and very importantly, the
difference in free energy per unit volume between the two phases by Ag,.
At a radius exceeding the critical radius *(Equation 5) particles start to
grow whilst those below this value redissolve (the Ostwald-ripening effect).
The effect of the critical radius on the Ostwald ripening is discussed else-
where (Finsy, 2004):

rt=-2y/Ag, (5)

If an equilibrium approach is followed, the rate of nucleation can be
described as function of time and volume by the Arrhenius relation
(Equation 6):

J = Aexp(—AG"/kT) (6)

where A is determined by the molecular process frequency, & is the reaction
tempo constant and 7 is the absolute temperature of the reaction
environment.

Thus, the nucleation rate J expressed in terms of supersaturation and
particle radius is given by Equation (7):

J = Aexp(—(167y*v*) /(3K T*[In S])) (7)

where the supersaturation is presented by S = ¢(r)/c*, with ¢*the equili-
brium solubility and if coupled to molecular volume assumes the form in
Equation (8):

kTIn(S) =2ov/r )

Figure 1.7 depicts the energy changes and also illustrates the classic
colloid effect where a substance will dissolve or react to produce an

B precipitation

critical nucleation

growth of concentration
_g@l: particles [
solute
concentration
AG saturation limit

size of nucleus, r ——» } o—

QGS

Figure 1.7 (A) Energy diagram to explain the nucleation process (AGis the free
energy of a particle of radiusr, AGgsand AGy is the surface and bulk energies,
respectively, r*is the critical nucleus radius of a particle. (B) The concentration
relationship in controlled particle formation (Rieger & Horn, 2001). (Reprinted
with permission from John Wiley.)
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increasing concentration until a critical concentration is attained. At the
critical concentration a multitude of nuclei forms can grow. With precipi-
tation of these grown particles, the concentration of the solute momenta-
rily drops below the critical level and no new nuclei forms. The nuclei that
did form, however, grows until the concentration of the solute approxi-
mates the equilibrium concentration.

Various manipulations of these surface energies have been documented
and particularly dedicated to the nanoscale regime. The following sections
will explain some of these findings in, glass transition, melting point and
solubility.

Glass Transition Temperature

A multitude of materials can solidify as glasses rather than crystals and it
has been found that finite size effects exist in the glass transition state that
affects the stability of low-dimensional materials (Zhang, Zhao & Jiang,
2001; Jiang, Shi & Li, 1999).

Since the 1990s, significant interest has been focused on the glass
transition temperature (7,) for nanomaterials for which both depressions
and increases of the values were found compared to bulk material transi-
tions. The T, provides a very practical guide to the maximum processing
temperature of the material for many applications (Koh, Mckenna &
Simon, 2006). This development was most probably the offspring of a
study by Bares (1975) that found that the 7, of styrene-butadiene-styrene
triblock copolymers decreased as surface-to-volume ratio increased. Bares
(1975) expanded the dependence of the 7, on the molecular weight as
follows from the original form (Equation 9) (Fox & Flory, 1950) to the
form (Equation 10) (Bares, 1975):

Ty = Tyo — Kut/M )

Ty = Tyoo — Kni/M — Ks(S/V) (10)

where T, is the glass transition temperature of the material, Ty is a
constant glass transition temperature of the material where the molecular
weight of the material is infinite (therefore constant). K, is a constant
describing the change in glass transition temperature for a specific material
with a molecular mass of M. K is a constant that describes the change in
glass transition temperature as a function of the surface-to-volume ratio,
(S/V), of particles in the nanomaterial. Illustrations of Equation (10) are
seen in Figure 1.8.

From Figure 1.7, one can see that a strong dependence is noted for 7, on
molecular weight for this specific polymer fraction and most materials will
show at least some dependence on weight. In addition, in the work of Bares
(1975), some depression in T, could also be expected as function of the
surface-to-volume ratio of small particles. It was found that the depression
of T, was linear in the range that was evaluated for styrene-butadiene—
styrene triblock copolymers as well as for styrene—isoprene—styrene tri-
block copolymers.

13
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Figure 1.8 Transition temperatures of polystyrene fractions versus (A) molecular
weight and (B) inverse molecular weight (Reproduced from the original data)
(Fox & Flory, 1950).

A number of studies have shown that T, is depressed for ultrathin
polymer films of nanoscale proportions compared to the bulk (Koh et al.,
2006) and that the depression is proportional to the thickness of the films.
These depressions could probably tie in with the decrease in the associated
<NN> of the films as they become thinner (Jiang et al., 1999). Conse-
quently, lower cohesive energies are apparent, resulting in depression of
T, of the film. Figure 1.9 illustrates the change in T, for ultrathin polystyr-
ene films as function of thickness. The films were collected as free-standing
films or on support and this also influenced their glass transition depression.

It is not just nanofilms of polymers that could show depression of glass
transition temperature of the material compared to the bulk. If organic
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Figure 1.9 T, of PS ultrathin films as a function of the film thickness (%): (e) first
DSC heating scan for films spin coated from toluene and collected with tweezers; (O)
subsequent heating scan for films spin coated from toluene and collected with
tweezers; (¢) DSC heating scan for films spin coated from toluene and collected
on Teflon; (&) DSC cooling scan for films spin coated from toluene and collected on
Teflon; and (A) DSC second heating scan for films spin coated from a cosolvent and
collected on Teflon. The thick line is the best fit found (Keddie & Jones, 1995) for
supported PS thin films. The thin line and squares for freely standing PS thin films
(Dalnoki-Veress, Forrest, Murray, Cigault, & Dutcher, 2001) that have a molecular
weight similar to that of this sample (Koh et al., 2006). (Reprinted with permission
from John Wiley.)
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liquids are confined in nanoscale pores of a certain substrate, the nuclea-
tion of the liquid could be markedly affected. It is known that a critical
nucleus size must be exceeded for the liquid to start crystallizing. This
nucleation is affected by the surface-to-volume ratio of the small crystals
and subsequently the wetting properties of the specific crystallization
material in a specific liquid. The confinement can often be induced by
small pore matrices composed of polymer films and gels, porous glass,
silica gels and zeolites (Jackson & McKenna, 1996). Ultimately, this con-
finement should retain the liquid in a supercooled state and thereby facil-
itate crystallographers to prepare and study the glass phase of the material
in question (MacFarlane & Angell, 1982; Alba, Busse, List & Angell,
1990).

The melting point of nanocrystals has been studied and based on this
the argument was expanded to the glass transition of these materials. The
finite size effects or confinement of nanoparticles could be studied for the
glass transition as derived from the melting point model in Equation (7)
and predicted by modification of the model to Equation (11):

Tm(D) G(Z:b[Tm<oo)] = exp < 2Sm(oo) > (11)
Tim(0)  o2[Tw(D)] 3RD/Dy — 1
where 62Ty, (D)] is the averaged mean-squares displacement of atoms of a
crystal at the melting point of the crystal, Ty (D). Tin(o0) and 62, [Tin(c0)]
are the corresponding bulk values of 7y, (D) and 62[Tm(D)] respectively.
Sm(00) indicates the melting entropy of the bulk crystal. R is the ideal gas
constant and Dy represents a critical diameter at which all atoms of a low-
dimensional particle are located at the surface (Zhang, Zhao & Jiang,
2001).

The critical diameter, Dy, is further related to certain shape dimensions
of the crystal (Zhang et al., 2001; Jiang et al., 1999; Jiang, Aya & Shi, 1997)
by Equation (12):

Do =2(3—d)h (12)

where d= 0 for particles, d = 1 denotes nanowires and d = 2 is used for
thin films and the molecular diameter of the crystals is denoted by /.
Therefore, if d = 2 it represents the thickness of a thin film layer.

Mott’s equation and Equation (13) are used to derive the size-depen-
dent melting entropy of a nanosized particle:

Sn(D)/Sm(c0) =1—1(D/Dy — 1) (13)

where (D) and (co) are again representative of specific small particle
diameter and of the bulk particle diameter, respectively. Theoretical and
experimental analyses have shown that (Zhang, et al., 2001; Novikov,
Réssler, Malinovsky & Surovtsev, 1996)

Géb(Tg) &= ng(Tm) (14)

15
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where the mean square displacement of molecules of the bulk glass at the
glass transition temperature of the bulk, 7(c0), is assigned the term, Géb.
This implies that as the mean displacement of atoms or ions reach a critical
fraction of the interatomic distance, a crystal or glass will melt owing to a
common feature: a sharp decrease in viscosity.

By substitution of the bulk heat capacity difference between the glass
and liquid, ACp(00), at Ty(oo) for the entropy term S,,(c0) and changing
notation of the various terms to account for glass transition instead of
melting, Equation (15) is derived:

Tgw)céb[Tg(oo)JeX( 2Acp<oo>> 15)

To(oc)  02[Te(D)] " 3RD/D — 1
whereT, (D) is the size-dependent glass transition temperature with D the
diameter of the particle. Gé [T:(D)] is the averaged mean-squared displace-
ment of atoms of a crystal at T,(D) and the corresponding values for the
bulk is given by Ty(co)and o3, [Ty (00)], respectively.

Correspondingly, the critical diameter is also now modified (Jiang et al.,
1999) in Equation (16):

Dy =203 —dN (16)

where /'now represents the smallest distance unit in glasses, i.e., the average
chemical bond length between nuclei. A comparison of the size-dependent
depression of both melting and glass transition is shown in Figure 1.10 as
determined from the derived model in (Equations 11 and 15).

The question could now be raised on the importance of the above-
mentioned equations. It seems very complex and inapplicable to a phar-
maceutical delivery system. In fact, it could be very important to exploit
these properties and explain some observations studied during the proces-
sing and analysis of nanoparticulate delivery systems. Clearly, there is a
departure in the glass transition behavior of nanomaterials from the bulk.

A recent study on the effect of nanocoating on the stability of amor-
phous indomethacin material might be interpreted from the effect of
confinement of the surface molecules as imparted by the polymer nano-
film. The molecular mobility of the surface molecules is numerous orders

Figure 1.10 71,(D) and T, (D) versus 1/D for benzyl
alcohol. The solid lines are the modeled predictions of
T'm(D) and T¢(D). The calculation of T, (D) employed a
value of = 0.707 nm, the maximum calculated size of a
molecule from bonding lengths for benzyl alcohol.

Dy = 4h = 2.828 nm. The symbols (m) and (e) represent

0

0.1

T 7 experimental data obtained for 7y, (D) and Ty (D)
02 03 respectively (Zhang et al., 2001). (Reprinted with

1/D (nm™") permission from Elsevier.)
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higher than in the interior bulk of the crystals. The surface coating
employed successfully arrested the molecular surface mobility and there-
fore precluded crystallization of the surface and subsequently that of the
interior bulk (Wu, Sun, Li, De Villiers & Yu, 2007).

Regarding this study of Wu et al. (2007), one might speculate that
studies of the nanocoated surface layer should show a lower T, compared
to the bulk indomethacin or interior of the amorphous solid. This would
potentially affirm the decrease in cohesive energy of surface molecules and
hence their lack of clustering to reach the kinetic critical radius for nuclea-
tion. Furthermore, it could confirm findings for the polymer films on
substrates or without supports as already discussed earlier. AFM studies
could evaluate this hypothesis if coupled to DSC. In addition, it is prob-
able that the surface coating arrests the scattering of the phonon, subse-
quently stunting energy and heat transfer, and therefore limits lattice
mobility and crystallization of the surface layer. It is not yet known
whether this nanocoating would also result in optical phonon effects.

The nanocoating approach holds promise to result in a dual action
imparted by the polymer nanofilms as both crystallization and photosta-
bilizing agents. The nanocoating could manipulate phonon properties to
tailor particles to exhibit specific properties. This development will result
in numerous pharmaceutical applications in the years to follow. In fact,
phonon filtering or insulation was already suggested to be a major devel-
opment in the near future of thermal management systems (Kim, Wang &
Majumdar, 2007).

Melting Point

As was seen for glass transition temperature, the melting points of nano-
materials also differ from their corresponding bulk materials as a conse-
quence of their free surface and size. Several examples could be found to
illustrate the melting point depression as function of the particle size and
the reader is referred to these studies (Jiang, Yang & Li, 2002; Liang, Zhao
& Jiang, 2002; Shrivastava, 2002; Xue, Zhao & Luan, 2001). The melting
temperature is linear to the reciprocal of crystal size and can be expressed
(Q1, 2005) in Equation (17):

Ty = Tmp(1 — C/D) (17)

The terms in Equation (17) are assigned as follows: T}, is the melting
temperature of the nanosolid, T}, is the bulk melting temperature corre-
sponding to the material of the nanosolid, D is the crystal size of the
nanosolid and Cis a material constant.

Qi (2005) further developed Equation (17) by stating that the number of
total atoms of a nanosolid is equated to nand the number of surface atoms
as N. The number of interior atoms in the solid is therefore n — N, and this
interior structure could be compared closely to that of the bulk material. If
the cohesive energy of a single atom in the bulk is set as Ey, then the total
contribution of the interior atoms in the nanosolid is Ey(n — N). Further-
more, half of the total bonds of each surface atom do not contribute to the
cohesive energy, and therefore the contribution of the surface bonds to

17
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cohesive energy is expressed as E;/2 and the total contribution of the
surface atoms to cohesive energy therefore assumes the form NE;/2. The
cohesive energy could therefore be expressed as in Equation (18):

1
Euw = Eo(n = N) + 5 EoN (18)

Equation (18) is further elaborated by consideration of the Avogadro
number, A4, to account for the energy per mole of nanosolid, E,
(Equation 19):

N
Ep:Eb<l _ﬂ> (19)

where Ey, = AEy. In turn it has also been reported that the cohesive energy
and melting temperatures of material are indicative of the bond strength
between nuclei of the material, and in fact the cohesive energy is linearly
proportional to the melting temperature of the material (Guinea, Rose,
Smith & Ferrante, 1984).

As is to be expected, the cohesive energy of the nanosolid is therefore a
function of the ratio, N/n, and the melting temperature relation can be
derived from (Qi, 2005) Equation (20):

N
T = Ty (1 - 2n> (20)

Considering all arguments stated to this point we can easily deduce, as
was predicted by W. Thomson in as early as 1871, that the ratio N/n is
dependent on the particle size (Buffat & Borel, 1976) as well as the shape of
the particles in question (Guisbiers & Wautelet, 2006; Wang, Fei, Zheng,
Jin & Zhang, 2006; Zhang, Li & Jiang, 2000; Wautelet, Dauchot & Hecq,
2003).

Several permutations of the ratio are allowed according to shape, and it
was apparent that the variation in Ty, for particles of equivalent size but for
geometries of nanospheres, nanowires and nanofilms is in the relation
3:2:1 (Wautelet, 1998). The reader is referred to the study of Qi (2005).
Figure 1.11 depicts the findings of this study.

The effect of size and shape was additionally studied (Wautelet et al.,
2003) and some conclusions became apparent. Non-spherical particles of
the same volume as that of the spherical ones will solidify at a lower
temperature. Nanodisks and nanorods melt at a lower temperature than
nanospheres. Under certain conditions the liquid nanoparticles could act
as an adhesive between solid particles. It is expected that the shape of the
nanoparticle would play a significant effect in the nucleation and reactivity
of the particle.

The studies discussed to this point focused primarily on metallic or
inorganic materials; however, organic nanocrystals of benzene, chloroben-
zene and heptane and naphthalene have also shown Figure 1.12, the
identical dependency of melting temperature on particle size as was
found for their inorganic and metallic counterparts (Jiang, Shi & Zhao,
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Figure 1.11 (A) The dependence of melting temperature on particle size for tin and lead nanoparticles and
(B) on the geometry of the particles, i.e., nanowires and thin films (Qi, 2005). (Reprinted with permission

from Elsevier.)
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1999). This illustrates again that nanoscience deals with the fundamental
building blocks of materials and that certain universal laws apply to this
field.

One should realize that as was observed with glass transition tempera-
ture, the melting point temperature could also oscillate under and above
the melting point of the bulk material. This phenomenon is also attributed

r (nm)
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to size and the modification of the cohesive energy in a particular system.
This cohesive energy change is explained in terms of the bond-order length
strength that fluctuates in lower-coordinated systems and is determined
by geometry, phonon and surface lattice instability (Sun, Li, Bai & Jiang,
2005).

An application of the oscillation of the melting temperature could be
illustrated by introducing single impurity effects on the melting of
nanoclusters of materials. By introduction of a single impurity atom,
such as Ni or Cu (smaller than the atoms in the nanocluster) that tends
to be incorporated inside the cluster, the melting point of a silver cluster
could be increased. Though the study was modeled, experimental proof
should become apparent in the near future illustrating the selective tuning
of the melting temperature of nanomaterials (Mottet, Rossi, Baletto &
Ferrando, 2005).

We now focus again on the potential effect of a polymer matrix as a
medium for confining the crystallization of organic crystals. Upon achiev-
ing a critical size, crystal nuclei will become stable resulting in the growth
of mature crystals. The sum of the surface free energy (dominating the
precritical size stage) and volume free energy (dominating the stage
beyond the critical nucleus size) determines this growth process. Struc-
tures that mimic the crystal packing of mature crystal forms could be
exploited to manipulate polymorphism, crystal habit and size (Oxtoby,
1998).

Since the dimensions of the near critical size are in the nano-dimen-
sional range, it is thought that modification of a matrix to provide crystal-
lization chambers of a specific dimension and shape could be exploited to
regulate crystal properties as illustrated for crystallization in nanoscopic
pores of glass and polymer matrices (Ha, Wolf, Hillmyer & Ward, 2004).

Expanding these findings, it was found that interaction of the melt with
the polymer matrix walls also affected the total depression of melting
temperature of the nanocrystals and is not explained purely from the
Gibbs-Thomson equation (Jackson & McKenna, 1990) in Equation (21):

Y solid-melt 1
ATy =Ty = Ti(d) = — 2™ g);[fu‘::on? Q1)

where the bulk melting temperature of the bulk is Ty,, T (d)is the melting
temperature of a small cylindrical solid with diameter d. AH™ is the molar
enthalpy of fusion, psliq 1s the molar density of the solid and v, jig_mer 15 the
specific free energy of the interface between the solid and melt. From this
(Equation 20), the familiar inverse relationship between the depression of
the melting point and crystal size, which would be equal to the pore
diameter that poses a physical constraint on crystal size, is observed
again. However, it negates the contribution of other interfaces to specific
free energy such as the solid-pore and liquid-wall interfaces and also the
effect of the characteristics of the material on the interface properties. This
was proven by virtue of a polystyrene matrix that had a more pronounced
depression on Ty, than a silica-based matrix and prompts further investi-
gation possibly modification of the equation for these situations (Ha et al.,
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2005). Clearly, the validity of Equation (21) could be questioned and
should be investigated in future studies.

At this point, we emphasize again that the majority of work done to this
point arises from an array of sciences outside that of pharmaceutical
sciences. However, the principles that were revealed by these studies
could be applied in biomedical research. One example that could be
found to illustrate the application of these principles was for a drug-
polymer matrix intended for oral drug delivery. It is a well-established
fact that the oral route of drug administration is the most popular con-
sidering patient compliance. However, poor bioavailability of drugs admi-
nistered orally often limits the successful exploitation of the route.

Numerous drugs have demonstrated poor dissolution properties and
this might hamper the absorption of drugs tremendously. If the drug could
be forced to assume a nanoscale periodicity, the dissolution could be
significantly enhanced and, for some drugs at least, improve their oral
bioavailability. Induction of this nanoscale periodicity is characterized by
profound increases in interface boundaries and changes in melting tem-
perature and enthalpy. As illustrations of this, the melting temperature of
nanostructured griseofulvin and nifedipine in cross-linked PVP showed
significant depression if compared to the bulk and could find application
in the improvement of bioavailability of these drugs (Beregese, Colombo,
Gervasoni & Depero, 2004).

The technological advances arising from studying the melting point
and glass transition temperature of nanomaterials and how these differ
from the bulk could find various applications such as drug crystalliza-
tion, dissolution and bioavailability of drugs prone to problematic
behavior.

Pharmaceutical scientists should familiarize themselves with the devel-
opments concerning the thermodynamics of nanosystems since it is appar-
ent from trends in research and industry that nanotechnology will have a
profound impact on both sectors. Additional studies should be consulted
for more comprehensive analysis of the thermodynamics of nanosystems
compared to the bulk phases (Shirinyan & Wautelet, 2004; Shirinyan,
Gusaka & Wautelet, 2005).

Solubility

Solubility of solids in liquids is a fundamental property of materials. Many
models are used to predict the solubility of materials based on cohesive
energy density (Hildebrandt, 1929), melting point and oil-water partition-
ing coefficient (Yalkowsky & Valvani, 1980) and the molecular surface
area (Amidon, Yalkowsky, & Leung, 1974); and the results of these all
vary. One of the latest models considers the fractal surface dimensions
(Mihranyan & Stremme, 2007). This model considers that rough nano-
particles are much more soluble than that predicted by the Ostwald—
Freundlich equation. First we will discuss the theory before considering
the factors that might influence the solubility of nanoparticles.

Two general descriptors of solubility that should be considered are the
molecular descriptors that elaborate the bulk properties of the solute
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material and the particulate descriptors that describe the interfacial prop-
erties between the solvent and solute. In macrosystems, the surface-to-
volume ratio is significantly smaller and molecular descriptors dominate
the solubility. As we have become familiar with by now, the ratio increa-
ses as we move into the micro range and becomes very significant in the
nano regime. Therefore, in these small systems, the particulate descriptors
overshadow the solubility properties of the material under investigation
(Mihranyan & Stremme, 2007).

One of the earliest descriptions of the dependence of solubility on
particle size is given by the Kelvin equation in Equation (22) (Galvin,
2005; Nanda, Maisels, Kruis, Fissan & Stappert, 2003) that considers
vapor pressure for a liquid droplet in equilibrium with its vapor pressure,
and was extended to the Ostwald—Freundlich relationship to consider
solubility terms (Smolen & Kildsig, 1967) in Equation (23):

RT. P 2
kel LI (22)
Vm P() r

where R is the universal gas constant, 7 is the absolute temperature, P is
the measured vapor pressure on the vapor side of the liquid—vapor inter-
face for a droplet of radius r (nanoparticle) and Py is the saturated vapor
pressure of the surrounding medium or a flat surface. V7, is the molecular
volume of the solute particle and the surface tension is represented by the
term v:

RT. S 2y
—In—-== 2
Vm nS() r ( 3)

where S is the solubility of small particle and Sy is the solubility at
equilibrium.

Numerous arguments have been conducted that dispute the validity of
the Ostwald—Freundlich equation (Equation 23) to predict the solubility of
small particles and is still being debated. However, some correlations could
be found for spherical particles. The surface tension for small particles is
however not constant and interferes with the prediction of the Ostwald—
Freundlich relation. Corrections have been suggested for both surface
charge (by W.C.M. Lewis) and opposing effects of surface tension (inward
pressure on the particle) and electric tension (outward pressure) (by
L.F. Knapp) (Mihranyan & Stremme, 2007). The limitations of the Kelvin
equation is that it describes macrosystems and as we have seen by now the
definitions of density, surface tension and radius of curvature may not be
applicable in nanosystems.

Knapp’s correction for surface charge is given by Equation (24)
((Mihranyan & Stremme, 2007):

RT, S 2 2

_r__9 24
Ve So 1 8nKr* 24)

where ¢ is the electric charge and k is the permittivity of the particle
dispersion medium, with the other parameters as previously described.
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The Ostwald-Freundlich-Knapp equation implies an exponential
increase in solubility that is not infinite; in fact a maximum is seen at the
Lewis critical radius, r*, whereafter the solubility again approximates the
equilibrium solubility.

The authors would like to make an interjection at this point and point to
the fact that the melting point of nanomaterials also fluctuates as seen in
the section discussing the melting point of nanoparticles that showed an
initial decrease to a certain minimum and then an increase to attain the
bulk melting point. Therefore, the arguments of Lewis and Knapp could
most probably apply to the melting point as well.

The effect of the critical radius of particles was seen for the solubility of
alloying metal particles that showed a threshold limit for particle size and
the exponential increase in solubility. Therefore, particle size should
decrease below a certain critical size before an exponential increase in
solubility was observed. The study did, however, not investigate whether
a certain critical Lewis radius existed for these systems; however, the
significant drop in solubility of the nanoparticles below the critical radius
alludes to this (Ouyang, Tan, Wang & Yang, 2006). Kipp (2004) also
reviewed the increased solubility of poorly water-soluble drugs as function
of particle size to exploit nanosuspensions for prolonged release of these
substances. From this drug-related study it is also unclear whether the
Lewis critical radius would in fact hamper solubility. The implication of
the Knapp correction is seen in Figure 1.13, and the reader is referred to
the study of Mihranyan and Stremme (2007) for additional discussions on
the topic of surface geometry and solubility of nanoparticles.

The solubility of nanoparticles clearly differs from their corresponding
bulk materials, and the effects of surface tension, which is related to
particle size, will be a subject of intense research in the near future. The
fluctuations in solubility is also an interesting subject, and solubility
should again not be investigated without consideration of other properties
at the nanolevel, including cohesive and free surface energy and melting
point, all of which are related to particle size and geometry at some level.

0

Solubility, S/S

Figure 1.13 The effect of particle size on
solubility according to Knapp. Sy is the

equilibrium solubility of the particle and r* is -
the particle size at which the maximum
solubility is obtained (Mihranyan & Stremme,

2007). (Reprinted with permission from

Elsevier.) Particle size, r
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Rheology

The success of liquid and semi-solid dosage forms is often dependent on
their rheology or flow properties. Good knowledge of the mixing, pump-
ing, filling and packing behavior is often required to determine optimum
conditions for the manufacturing of these dosage forms and other pro-
ducts (Barnes, 1994).

This section will not elucidate all the classic descriptions of rheology,
but try to add the observations made on nanoscale systems. The readers
should familiarize themselves with the classic descriptions for coarse sys-
tems and subsequently realize that the behavior of nanosystems are once
again different compared to the coarse systems. Therefore, one should
consider that this section will be biased to some extent as to illustrate the
effect of particle size and especially nanoparticle size on the flow proper-
ties. The classic approaches will only be discussed briefly.

The Newtonian definition of viscosity, 7, relates the rate of flow to the
applied stress (Marriott, 1988) and is expressed in Equation (25):

n=1/D (25)

where rate of flow is denoted by D and applied stress by 7.
Various derivations of the Newtonian law of viscosity followed to
determine relative viscosity (Marriott, 1988) as in Equation (26):

e =-L (26)
o

where 7, is the relative viscosity, 7 is the solution viscosity and pure solvent
viscosity 7.

Equation (26) can take the form of the Krieger-Dougherty equation
(Equation 26). This condition considers the expected viscosity for suspen-
sions of weakly attractive particles coated with long-tail dispersants, tak-
ing into account the suspension-effective solids content (Studart et al.,
2006) as shown in Equation (27):

—kyGmax
m:ﬁ: (1_@) Q@7
o ¢max

where the unknown terms in Equation (27) are ¢nax representing the
suspension maximum solid content, k, is a constant equal to 2.5 for
spherical particles.

Finally, the Einstein equation (Marriott, 1988) (Equation 28) could be
derived that related the volume fraction of the dispersed phase to the
viscosity of the dispersion and the solvent:

T 14250 (28)
Mo

where the volume fraction of the colloidal phase ¢ is the ratio of the
dispersed phase to the total dispersion volume.
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The specific viscosity is defined by 7, = 7. — 1 and Equation (28) can be
expressed as follows (Mariott, 1988) in Equation (29):

Tk (29)

where concentration of the particles in the dispersion is denoted by C.

If k is determined (Equation 29) for a series of concentrations of the
polymer, the linear plot could be extrapolated to zero concentration to
obtain the limiting viscosity number or intrinsic viscosity of the dispersion.
The intrinsic viscosity is related to polymer molecular mass and shape by
the Mark-Houwink equation (Marriott, 1988) expressed in Equation (30):

(] = KM*® (30)

where the exponent, «, indicates the shape of the particle and [r)] is the
intrinsic viscosity.

The slope of the plot of k versus Cis equal to the Huggins constant that
illustrates the interaction of the polymer with the solvent. The power
series form of Equation (27) is derived (Marriott, 1988) and shown in
Equation (31):

%:h+bc+hé 31)

where the solvent interaction constant is denoted by k».

These equations illustrate the influence of particle concentration on
viscosity; however, the effect of particle size on the rheology of dispersions
is very complex. It has been established that dispersions with micrometer
dimensions to that of approximately 100 nm undergo a transition to a
shear-thickened state at high shear stresses. This is of course a problematic
occurrence in the processing of these particles. The lower limit of reversible
shear thickening has not been established and studies have reported shear
thickening for particles of 75 nm. However, this would indicate that the
thickening is caused by short-range lubrication forces. The shear thicken-
ing is marked by an increase in the viscosity as a function of an increase in
shear stress or shear rate (Lee, Norman, Wagner, 2006).

One of the key challenges in the preparation of nanoparticle suspen-
sions is the limit placed on solid contents due to the size effects of nano-
particles on the viscosity of nanodispersions. The preliminary limit for the
concentration of suspended nanosolids is approximately 40 vol % for
particles of less than 70 nm diameter. The limit to this solid content is
attributed to the excluded volume that is formed around each particle to
prevent agglomeration. Typically, a layer of dispersion medium molecules
that sterically stabilizes the particle or electric bilayer prevents particle
attraction. By now the reader should immediately realize that surface will
have an effect on this stabilization. In the event of adsorption of dispersion
medium molecules, the adlayer thickness defines the excluded volume and
in the instance of electric double layers, the Debye length describes this
volume (Studart, Amstad, Antoni & Gauckler, 2006).
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The effective solid content of a suspension is therefore determined
by the excluded volume and can be described (Studart et al., 2006) in
Equation (32):

3

ar=0-+ dma =01+ 3] (32)
where the particle solid content is ¢, the excluded volume fraction is ey,
A is the particle radius and 6 is the adlayer thickness or the Debye length.
Clearly, the ratio §/a increases as particles become smaller and the excluded
volume fraction increase dramatically as particle size decreases. Subse-
quently, the viscosity of nanoparticle suspensions is significantly higher
than that of the conventional suspensions with a comparatively low solid
content (Studart, Amstad, Antoni & Gauckler, 2006). Figure 1.14 indi-
cates the effects of effective volume fraction and adlayer thickness on the
relative viscosity of alumina nanopowders.

However, Studart et al. (2006) also considers one important aspect
which is that the attractive forces between nanoparticles are smaller than
that between larger particles as seen from their van der Waals potential
energy that is dependent on the distance between surfaces and the size of
the spheres. The estimation made from this potential energy is that for a
fixed interparticle distance of 10 nm, 500 nm particles show a 30 times
higher energy than experienced by 50 nm particles. From this estimation it
was reasoned that a lower adlayer thickness would be required to prevent
agglomeration of particles. Very importantly, this statement indicates that
the use of standard polyelectrolytes provides adlayer thicknesses far
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Figure 1.14 (A) Relative viscosity predicted for suspensions containing 65 nm
alumina particles as a function of the dispersant adlayer thickness. The dashed
curves were obtained from the extrapolation of the apparent viscosity at 100s 'of
suspensions at various solid contents (O, 14 vol%; O, 20 vol%; A, 25 vol%.
The short dotted lines at the right of the curves were calculated with the Krieger—
Dougherty equation for model non-attractive hard spheres with a maximum solids
fraction of 0.63. (B) Viscosity of suspensions containing nanoparticles dispersed
with octadecyla gallate in toluene as a function of the effective solids volume
fraction. The apparent viscosity at 100s ' is represented by (O) and the Casson
viscosity as expected for high shearing conditions by (e). The solid line curve was
obtained from the Krieger—Dougherty equation for non-attractive hard spheres
with ¢max = 0.63 for k, = 2.5 (Studart, Amstad, Antoni & Gauckler, 2006). (Rep-
rinted with permission from the American Ceramic Association.)
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exceeding the value actually required to stabilize these suspensions and in
fact contributed to excluded volume and subsequently resulted in signifi-
cant increases in the viscosity.

This effect of excluded volume and adlayer thickness was illustrated
for aqueous kaolinite suspensions upon addition of nanoparticles. This
study illustrated that upon exceeding a critical concentration of added
nanoparticles or electrolyte, an increase in yield stress and viscosity was
observed (Baird & Walz, 2007). The effect of coating the alumina powder
nanoparticles was also investigated and resulted in complex rheology
behavior. The effect of coating on ¢ was investigated, and it was con-
cluded that particle— particle interaction and maximum volume fraction
should be investigated further (Mary, Dubois, Carreau & Brousseau,
2000).

Rhodes and Lewis (2006) did in fact investigate particle—particle inter-
action to determine the structure and influence on rheology and illustrated
that nanoparticles at a certain concentration provide the beneficial adlayer
to stabilize suspended microparticles; however, higher concentrations
resulted in flocculation. The relative van der Waals potential proved to
be very important in this behavior as was the particle size of interacting
particles.

In addition to solid dispersions, nanoemulsions also demonstrated
fascinating rheology that was related to the ¢ of the emulsified droplet.
If the volume fraction of emulsions increased, the liquid changed from a
viscous dispersion to an elastic solid with a significantly shear modulus at
high volume fractions. The elasticity is a consequence of an increase in
droplet surface arising from droplet deformation under the influence of
shear. Therefore, the rheological properties of an emulsion are dependent
on the concentration and particle size of the droplets of the dispersed
phase. Figure 1.15 is a depiction of these occurrences.

The rheology behavior of nanosystems is also in its infancy and several
studies are emerging to study its behavior. The technological impact will
become clear as we gain further understanding of nanosystems rheology,
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Figure 1.15 Diagram of droplet positional structure and interfacial morphology for
disordered monodisperse emulsions of repulsive droplets as a function of the volume
fraction,¢, of the dispersed phase. In the dilute regime at low¢, the droplets are
spherical in the absence of shear. As ¢ is raised near the hard sphere glass transition
volume fraction, ¢, = 0.58, the droplets become transiently caged by their neighbors.
As ¢ is further increased into the concentrated regime, the droplets start to randomly
close pack at ¢rcp ~ 0.64 and become compressed with deformed interfaces for
larger ¢. As ¢ — 1, the droplets become nearly polyhedral in shape and form a
biliquid foam. Dilute emulsions behave as viscous liquids, whereas concentrated
emulsions exhibit solid-like elasticity (Mason, 1999). (Reprinted with permission
from Elsevier.)
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and the application could be numerous and advantageous compared with
macrosystems.

Additional elaborations on rheology will not be made here and the
reader is referred to additional text in the literature expanding the rheology
of nanoscale systems (Hoekstra, Vermant, Mewis, Narayanan, 2002; Lee,
Norman, Wagner, 2006; Sarvestani & Jabbari, 2006; Probstein, Sengun &
Tseng, 1994 and Tuteja & MacKay, 2005).

Conclusion

Numerous fields of science are converging to study science at a very
fundamental level or building block level, namely nanoscience. The appli-
cations that have spawned under the collective of nanotechnology are
emerging and some major breakthroughs have been made. The majority
of studies have focused on materials sciences, ceramics and electronics,
with some applications emerging in the biomedical field.

It is virtually impossible to imagine that such marked differences in the
physical behavior of nanosystems could be seen compared to what is
considered bulk systems. The two main effects that arise at the nanolevel
are the surface-to-volume ratio that becomes very significant at this level
and the lesser discussed in this text, quantum effects. Hopefully, the focus
of research in the following years will investigate nanoscale phenomena
and give answers to fundamental questions and the beneficial application
to developing new drug delivery technology.

Very few fundamental studies have been performed in the pharmaceu-
tical field discussing the fundamentally different properties of pharmaceu-
ticals at the nanolevel. The application is clear and promising; however,
the basics of nanoscience in drug delivery are poorly understood. To
perplex these studies, the biological component is included in this field
and might pose challenges that are significantly different than those
encountered in the non-living world. Some aspects of thermodynamics
have been elaborated here; however, the challenge is to extrapolate it to
biological systems. With sound investigation of these basic properties, the
scope of pharmaceutical sciences within the invisible nanoworld seems
poised to result in a revolution in our world as we experience it in our
everyday lives.
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Block Copolymer Synthesis
for Nanoscale Drug and Gene Delivery

Motoi Oishi and Yukio Nagasaki

Introduction

One of the fascinating subjects in areas such as materials science,
nanochemistry, and biomimetic chemistry is concerned with the creation
of supramolecular architectures with well-defined shapes and functions.
Self-assembly of block polymers through non-covalent forces including
hydrophobic and hydrophilic effects, electrostatic interactions, hydrogen
bonding, and metal complication has great potential for creating such
supramolecular structures. In particular, polymeric micelles formed in
aqueous media through the self-assembly of block copolymers containing
poly(ethylene glycol) (PEG) as the corona-forming segment have attracted
considerable attention in the field of drug and gene delivery systems due to
their excellent biocompatibility, long blood circulation time, and nontoxi-
city (Otsuka, Nagasaki & Kataoka, 2003). As can be seen in Figure 2.1, the
number of publications on drug and gene delivery systems using block
copolymer and PEG-based block copolymer is increasing significantly
every year. Thus, the merits of PEG-based block copolymer have been
becoming clearer to the research community every year.

The PEG corona of the PEGylated polymeric micelles is believed to
prevent recognition by a group of scavenger cells, viz., the reticuloendothe-
lial system (RES) that is located mainly at the liver, the spleen, and the
lungs. In addition, the increase in the apparent molecular mass by self-
assembly of the block copolymers reduces clearance by renal excretion,
resulting in prolonged blood circulation. Thus, the stealth effect of the
PEG corona of the polymeric micelles is fairly effective in vivo. Indeed, a
variety of nano-sized (< 100 nm) PEGylated polymeric micelles have been
developed to precisely and safely deliver the appropriate concentrations of
the anticancer drugs to tumor tissue, and some of these carriers have been
approved for clinical use (Maeda, Sawa, & Konno, 2001) or are being
studied currently in clinical trials, since they showed preferentially tumor
accumulation caused by the enhanced permeability and retention (EPR)
effect (Matsumura & Maeda, 1986). Furthermore, the installation of
specific ligand molecules on the surface of PEGylated polymeric micelles
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© 2009 American Association of Pharmaceutical Scientists



36 M. Oishi and Y. Nagasaki

| —— e e Figure 2.1 Number of publications on drug

Number of publications

and gene delivery systems using block
copolymer (black bar) and PEG-based block
copolymer (white bar) cited in SCI Finder from
1995 to 2008.

L.

w“qﬁ x“ﬁb\é\@%@qg\@ '\»@\ﬂfé&@@w@h@& n@b 'ﬁé N

is indispensable to the achievement of specific and enhanced cellular
uptake at the target tissue, allowing the effective dose and side effects of
the drugs to be reduced. Thus, ligand-installed and PEGylated polymeric
micelles are a promising approach to constructing targetable drug and
gene carriers. Nevertheless, end group of the PEG-based block copolymer,
usually the methoxy-group, should be inert, viz., it is not possible to use the
PEG end group for further linking to ligand molecules.

A major key to the successful development of targetable drug and gene
carriers is considered to be the preparation of an end-functionalized PEG-
based block copolymer that allows easy installation of ligand molecules in
the reactive group located at the PEG chain end. We have been focusing on
the synthesis of end-functionalized PEG-based block copolymer which
denotes PEG possessing a functional group at the PEG chain end, selec-
tively and quantitatively. Several types of end-functionalized PEG-based
block copolymers have been prepared so far using heterobifunctional
PEGs as the macroinitiator. In this chapter, the synthesis, characteristics,
and application of these compounds are described.

Synthesis of Heterobifunctional Poly(ethylene glycol)s

A major key to the success of the preparation of the end-functionalized
PEG-based block copolymers is believed to be the development of the
efficient synthetic approach to the heterobifunctional PEGs. Although
there are several reports on the preparation of heterobifunctional PEGs
(Zalipsky, 1995; Kaiser, Marek, Haselgrubler, Schindler, & Gruber, 1997,
Bettinger, Remy, Erbacher, & Behr, 1998), most of them started from
commercially available PEGs possessing hydroxyl groups at both ends.
In particular, one of the hydroxyl groups at the PEG ends was converted to
another functional group first; then, the other hydroxyl group was con-
verted to one of the other functional groups. These complex consecutive
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steps not only make the overall process troublesome but also cause several
problems. Because the reactivity of hydroxyl groups at both PEG ends
is the same, the resulting PEG must be a mixture of three types of PEG
homologues at most in the first step (HO-PEG-OH: 25%, R-PEG-OH:
50%, R-PEG-R: 25%).In this case, the mono-reacted PEG should be
separated from the mixture. It is well known that the separation of poly-
meric compounds is very difficult and, thus, leads to low yield and low
purity.

In order to obtain heterobifunctional PEGs that give rise to both high
yield and high purity, we have applied a functional initiator to a living
anionic ring-opening polymerization of ethylene oxide to design new
routes (Kim, Nagasaki, Kataoka, Kato, Yokoyama, Okano, & Sakurai,
1994; Cammas, Nagasaki, & Kataoka, 1995; Nagasaki et al., 1995a). In
this case, the initiator was introduced to one of the ends of the obtained
PEG quantitatively as shown in Scheme 2.1. Several types of initiators
were examined for the effective polymerization of ethylene oxide (Oishi,
Nagasaki, & Kataoka, 2005). One of the most important and convenient
compounds we prepared so far is an acetal-ended PEG. The acetal group
at the PEG chain end can be easily converted to an aldehyde group
by the acid treatment (Greene, 1991). The aldehyde group is known to
rapidly react with primary amine, generating a Schiff base intermediate
(-CH = N-), which can be converted to a secondary amino group (-CH,-NH-)
by the addition of a reducing agent. Also, the aldehyde group is stable
under the neutral media. Thus, the aldehyde-ended heterobifunctional
PEG can be utilized as the ligand installation via the reductive amination
reaction.

As the typical example (Scheme 2.2), a synthesis of a-acetal-o-hydroxyl-
PEG (acetal-PEG-OH) was carried out as follows (Nagasaki, Kutsuna,
Iijima, Kato, Kataoka, Kitano, & Kadoma, 1995b): To 1 mmol of potas-
sium 3,3-diethoxypropanolate in dry THF under argon atmosphere,
130 mmol of ethylene oxide was added via a cooled syringe. The mixture
was stirred magnetically and allowed to react for 48 h at room tempera-
ture. The resulting polymer was precipitated into ether, and the precipitate
was filtered. Finally, the collected sample was freeze-dried with benzene.

Do —3 O ot o Q . OobtfoQ

Protected functional heterotelechelicPEGs
initiator

Functional groups
() : CHO-, CHO-Ph-, NH-, CN-,sugar-

(Q -OH, -NH,, -S0,CHy, -SH, -COOH, -acryloy, -allyl, methacryloyl, -vinylbenzyl

Scheme 2.1 Novel synthetic approach to heterobifunctional PEGs using the functional initiators.
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Scheme 2.2 Synthesis of heterobifunctional PEG possessing an aldehyde group at the a-end and hydroxyl
group at the m-end (CHO-PEG-OH).
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Figure 2.2 SEC chromatogram of acetal-PEG-OH.
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Figure 2.2 shows the size exclusion chromatogram (SEC) of the obtained
polymer. The molecular weight could be controlled by the monomer/
initiator ratio, retaining a low molecular weight distribution factor (obsd.
M, = 3200, M /M, = 1.05, caled. M,, = 3230, [EO]y/[initiator], = 70).
Figure 2.3 shows the '*C NMR spectra of the obtained polymer before and
after the acid treatment. The signals based on the end acetal group can be
observed at 15, 34, 62, and 101 ppm before the acid treatment. On the
contrary, the acetal signals disappeared completely after the acid treat-
ment. Instead of them, a new signal based on the carbonyl carbon at
202 ppm appeared after the acid treatment, indicating that the acetal
group at the PEG chain end can be converted completely to the aldehyde
group. Thus, a-acetal-o-potassium alcholate-PEG (acetal-PEG-OK) acts
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Figure 2.3 '3C NMR spectra of (a) acetal-PEG-OH and (b) CHO-PEG-OH.



Chapter 2 Block Copolymer Synthesis for Nanoscale Drug and Gene Delivery 39

as a key intermediate to precisely synthesize the end-functionalized PEG-
based block copolymers.

PEG-Hydrophobic Block Copolymer Synthesis for Drug
Delivery Systems

Block copolymers composed of PEG and hydrophobic segments have
become attractive in the field of drug delivery systems, because they form
core—shell type polymeric micelles in aqueous media with a 10-100 nanometer
particle size, viz., they can be utilized as a nanoscaled drug carrier (Scheme 2.3).
Diverse drugs with a hydrophobic nature can be loaded with high efficacy
into the core of polymeric micelles, allowing drugs to be solubilized in
aqueous media. Indeed, polymeric micelles loaded with the anticancer
drug, doxorubicin, were shown to stably circulate in the blood stream for
a prolonged time period, eventually accumulating in the solid tumor by
the EPR effect (Tsukioka, Matsumura, Hamaguchi, Koike, Moriyasu, &
Kakizone, 2002).

Synthesis and Micellization of End-Functionalized PEG-poly(D,L-lactide)
Block Copolymer

In the field of drug delivery systems, PEG-poly(D,L-lactide) (PEG-PLA)
block copolymers (Scholz, lijima, Nagasaki, & Kataoka, 1995) have been
extensively studied because of the following reasons: (i) the potassium
alcholate species of the PEG chain end can initiate the ring-opening poly-
merization of the D,L-lactide (LA) monomer without any side reactions
(Inoue, & Aida, 1989) and (ii) PLA is biodegradable and nontoxic
(Kimura, 1993). After the preparation of acetal-PEG-OK in THF, a
certain amount of LA was added to obtain the acetal-PEG-PLA block
copolymer, as shown in Scheme 2.4 (Nagasaki, Okada, Scholz, Iijima,
Kato, & Kataoka, 1998; Iijima, Nagasaki, Okada, Kato, Kataoka,
1999). Figure 2.4 shows the SEC chromatograms and '"H NMR spectrum
of the obtained block copolymer. As can be seen in the SEC chromato-
grams, the molecular weight of the block copolymer increased, retaining
narrow molecular weight distribution (MWD) as well as no remaining
prepolymer peak, indicating the high efficiency of block copolymerization.
In addition to the signals based on both PEG and PLA segments on the 'H

PEG d(rag
o/ A*
{ '§

reactive grou hydrophobi t
m_g P ydrophobic segmen I I high biocompatibility
ligand 10 ~ 100 nm
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reactive group or ligand
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PEG corona

Scheme 2.3 Schematic illustration of polymeric micelle as a drug carrier.
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Scheme 2.4 Synthesis of acetal-PEG-PLA block copolymer.
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Figure 2.4 SEC chromatograms of (a) acetal-PEG-OH, (b) acetal-PEG-PLA block
copolymer, and (¢) 'H NMR spectrum of acetal-PEG-PLA block copolymer.

NMR spectrum, the end acetal protons were clearly observed at 4.7 ppm.
Thus, the PEG-PLA (hydrophilic-hydrophobic) block copolymer posses-
sing an acetal group at the PEG chain end was quantitatively obtained. Itis
known that, when exposed to aqueous media, amphiphilic block copoly-
mers with a suitable hydrophilic-hydrophobic balance form micelle
structures. In our case, after the block polymer was dissolved in N,N-
dimethylacetamide (DMACc), the solution was dialyzed against water.
Dynamic light scattering (DLS) measurements made possible an angular-
dependent analysis, from which it was found that the acetal-PEG-PLA
(DPpgg =52, DPpy o = 56) micelle has a spherical shape and a size of ca.
30 nm with a unimodal distribution.

The conversion of the acetal end group into an aldehyde end group
was conducted after the micelle formation. Hydrochloric acid was used
to adjust the acetal-PEG-PLA (52/56) micelle solution to pH =2. After
a predicted period, the reaction was quenched by neutralization with
NaOH,q and the polymeric micelle was purified by dialysis. The con-
version reaction of the acetal group into the aldehyde group was mon-
itored by means of '"H NMR spectroscopy. Figure 2.5 shows the 'H
NMR spectra of CHO-PEG-PLA (52/56) in CDCl; and D,O after the
hydrolysis reaction. As can be seen in both of the figures, the end-
aldehyde proton appeared at 9.8 ppm, whereas the acetal methine pro-
ton disappeared at about 4.6 ppm. Protons based on the PLA segment
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Figure 2.5 '"H NMR spectra of CHO-PEG-PLA block copolymer (52/26) in
(a) CDCl; and (b) D,O after the acidic treatment of acetal-PEG-PLA block
copolymer.

almost disappeared when the spectrum was monitored in D,O. This
disappearance indicates that the PLA segments form a solid core in
aqueous media, the solidity, in turn, causing a broadening effect due to
the restricted mobility in NMR spectroscopy. Therefore, it is reasonable
to consider that the CHO-PEG-PLA micelle possesses a core—shell
structure having aldehyde groups on its surface. The extent of the
conversion from the acetal group to the aldehyde group was determined
by the '"H NMR spectrum. More than 80% of the acetal group was
converted to the aldehyde group by the 4 h reaction. This reactive
polymeric micelle will be utilized as the precursor for the targetable
drug carrier.

Enzyme-Catalyzed Selective Synthesis and Micellization
of End-Functionalized PEG-poly(D,L-lactide) Block Copolymer

One of the extensive studies done in the fields of DDS is related to polymeric
micelles composed of poly(ethylene glycol)-block—poly(e-caprolactone)
copolymers (PEG-PCL), since the PEG-PCL block copolymer micelles bear-
ing FDA-approved polymer components (Bei, Li, Wang, Le, & Wang, 1997)
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Scheme 2.5 Synthetic route to carboxylic acid-ended PEG-PCL block copolymer.

showed excellent biocompatibility, nontoxicity, high drug-loading capacity,
long circulation time in the bloodstream, and high biodegradability (Allen,
Yu, Maysinger, & Eisenberg, 1998). We recently reported a novel synthetic
approach to carboxylic acid end-functionalized PEG-PCL block copolymer
by means of the one-pot lipase-catalyzed polymerization of e-CL using an
a-carboxylic acid-w-hydroxy-PEG as a macroinitiator (Oishi, Ikeo, &
Nagasaki, 2007). The benefit of using a heterobifunctional PEG and lipase
as a macroinitiator and catalyst, respectively, is that tedious production
steps, such as end-functional group changes and protection—deprotection,
are unnecessary.

A synthetic route to the carboxylic acid end-functionalized PEG-b-PCL
copolymer is shown in Scheme 2.5. A heterobifunctional PEG possessing
a carboxylic acid group at the a-end and a hydroxyl group at the w-end
(HOOC-PEG-OH) was successfully prepared, and thus the anionic ring-
opening polymerization of ethylene oxide with the 2,2,5,5-tetramethyl-2,5-
disila-1-azacyclopentane (TDA)/potassium-naphthalene system quantitatively
afforded H,N-PEG-OH (Yokoyama, Okano, Sakurai, Kikuchi, Ohsako,
Nagasaki, & Kataoka, 1992), which was in turn converted into the HOOC-
PEG-OH by treatment with 1.2 equivalents of succinic anhydride. Accord-
ing to the SEC analysis (Figure 2.6a), the molecular weight and polydis-
persity of the HOOC-PEG-OH were found to be M, = 6300 and M, /M, =
1.3, respectively, which agrees fairly well with the calculated value
(caled. M,=5200). A "H NMR spectrum of HOOC-PEG-OH is shown
in Figure 2.6¢ with assignments, where ethylene protons between the two
carbonyl groups were observed at around 2.5 ppm (HOOC-CH,CH,-
CONH-), along with a markedly diminished methylene peak at 2.86 ppm
(H>,N-CH3-CH»-0-) attributed to the H,N-PEG-OH. In addition, ethy-
lene protons corresponding to the succinate ester group at around 2.3 ppm
(-OCO-CH,CH»-COOH) formed through the reaction with succinic anhy-
dride and hydroxyl group at the PEG w-end were not observed, indicating
that succinic anhydride was selectively reacted with the amino group of
the H,N-PEG-OH. The degree of functionality of the carboxylic acid
was determined to be > 94.5% based on the integral ratio between the
PEG-backbone protons (3.7 ppm ~OCH,CH>-) and the ethylene protons
of the succinate carbonyl moiety (2.52 and 2.64 ppm, HOOC-CH,CH -
CONH-).

The ring-opening lipase-catalyzed (Novozyme-435: immobilized
lipase B from Candida antarctica) polymerization of &-CL in the pre-
sence of the HOOC-PEG-OH macroinitiator was carried out at 60°C in
toluene for 24 h with an &-CL to HOOC-PEG-OH molar ratio of 128
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Figure 2.6 SEC chromatograms of (a) HOOC-PEG-OH and (b) HOOC-PEG-PCL
block copolymer, and '"H NMR spectra of (¢) HOOC-PEG-OH and (d) HOOC-
PEG-PCL block copolymer.

([e-CL)/[HOOC-PEG-OH] = 128). The polymerization smoothly pro-
ceeded with complete consumption of the &-CL within 6 h (100% con-
version), but a large amount of the HOOC-PEG-OH macroinitiator
(< 30% conversion) still remained due to the formation of homo-
oligoCL initiated by trace amounts of water in the polymerization system
(Hedfors, Ostmark, Malmstrom, Hult, & Martinelle, 2005). Figure 2.6b
and 6d shows the SEC chromatogram and '"H NMR spectrum of the
purified PEG-PCL block copolymer with assignments, respectively. As
seen in the SEC chromatograms (Figure 2.6b), the PEG-b-PCL copoly-
mer (M,=16000, M,/M,=1.6) gave a unimodal peak at a higher-
molecular-weight position (i.e., shorter elution time) compared to the
HOOC-PEG-OH (M,=6300, M,,/M,=1.3, Figure 2.6a). Note that the
unreacted HOOC-PEG-OH and homo-oligoCL were not observed in
the SEC chromatogram of the PEG-PCL block copolymer. In the
"H NMR spectrum (Figure 2.6d), the peaks corresponding to both of
the PEG and the PCL segments were clearly observed, which is consis-
tent with the formation of a block copolymer. Based on the integral
ratio between the PEG-backbone protons (3.7 ppm —-OCH,CH,-)
and the methylene protons of the PCL segment (4.17 ppm, -CO-
CH,CH,CH,CH,CH,-O-), the DP of the PCL segment and the mole-
cular weight of the block copolymer were calculated to be 260 and
32300, respectively. Although the molecular weight calculated from 'H
NMR spectrum in Figure 2.6d does not agree with the molecular weight
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calculated from the SEC analysis (Figure 2.6b), the PEG-PCL block
copolymer tends to appear on the lower-molecular-weight position in
the SEC analysis, presumably due to adsorption of the block copolymer
on the gel in SEC column. Furthermore, it is difficult to estimate the
degree of functionality of the carboxylic acid in the PEG-PCL block
copolymer from the peaks corresponding to the two terminal methylene
moieties at & 2.52 and 2.64 ppm in the '"H NMR spectrum.

To clarify the presence of the carboxylic acid at the PEG chain end of
the block copolymer, the surface charge of the PEG-PCL block copolymer
micelles was evaluated by means of zeta potential ({) measurement under
various pH conditions. The size and polydispersity index of the PEG-PCL
block copolymer micelles thus prepared were estimated by means of DLS
measurement at pH 7.4. The PEG-PCL block copolymer micelle had
an average hydrodynamic diameter of 35.3 nm with a relatively narrow
polydispersity index (u1,/I'%) of 0.150, showing a unimodal distribution, as
shown in Figure 2.7a. As can be seen in Figure 2.7b, the PEG-PCL block
copolymer micelles had a negative value of the zeta potential, { = —14 mV,
at pH 7.2. Note that the existence of carboxylic acid groups on the surface
of the PEG-PCL block copolymer micelles obviously contributed to this
negative value, since most of the carboxylic acid groups should be in
dissociated form (-COO™) at pH 7.2. Concomitantly, as the pH decreased,
the zeta potential of the PEG-PCL block copolymer micelles shifted from
negative values ({ < 0) to zero ({ ~ 0) due to the protonation of the
carboxylic acid groups (-COOH) on the surface of PEG-PCL block copo-
lymer micelles. It should also be observed that these zeta potential values
for the changes in pH are indeed close to the pK, value of carboxylic
acid (~ 5), strongly suggesting the formation of a carboxylic acid end-
functionalized PEG-PCL block copolymer. PEG-PCL block copolymer
micelles had a negative zeta potential, indicating that reactive carboxylic
acid groups were located on the surface of the PEG-PCL block copolymer
micelles. Therefore, this reactive PEG-PCL block copolymer micelle may
have potential uses in the field of drug delivery systems as a targetable drug
carrier.
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Figure 2.7 (a) DLS and (b) zeta potential measurements for the PEG-»-PCL micelles. DLS measurement was
carried out in aqueous solution at pH 7.4 at 37°C (detection angle, 90°). Zeta potential measurement was
carried out at various pH (2.1, 3.6, 4.4, 4.8, 7.2, and 9.1).
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PEG-polyelectrolyte Block Copolymers Synthesis for Gene
and OligoDNA/RNA Delivery Systems

Recently, Kataoka, Togawa, Harada, Yasugi, Matsumoto, & Katayose
(1996) reported that PEG/polyelectrolyte block copolymers were found
to form polyion complex (PIC) micelles with oppositely charged poly-
electrolytes through electrostatic interaction. In particular, the PIC
micelles composed of the PEG-block-polyamine copolymer and negatively
charged DNA have attracted much attention in the field of gene and
oligoDNA/RNA delivery systems (Katayose, & Kataoka, 1997; Harada,
Togawa, & Kataoka, 2001; Harada-Shiba, Yamauchi, Harada, Takami-
sawa, Shimokado, & Kataoka, 2002), because the PIC micelles exhibited
excellent solubility in aqueous media, tolerance against enzymatic degra-
dation, and minimal interaction with the cell membrane and the serum
compartment due to the steric stabilization of the high-density PEG
corona surrounding the PIC core (Scheme 2.6). Most of the polymeric
micelles including PIC micelles, however, prepared so far possess no
reactive group on the surface. If reactive groups can be introduced on
the surface, any kind of ligand molecule can be installed on the surface of
the micelle. For the preparation of reactive polymeric micelle, it is impor-
tant to synthesize block copolymers possessing a functional group at the
PEG chain end. By using heterobifunctional PEGs thus prepared, new
types of block copolymers possessing a functional group at the PEG chain
end can be designed. In this section, the new molecular design of the three
types of PEG end-functionalized block copolymers for the gene and oli-
goDNA/RNA delivery systems is described.

Synthesis and Micellization of Lactosylated-PEG-poly
[2-(N, N-dimethylamino) ethyl methacrylate)] Block Copolymer

Recently, we have found that methacrylic ester possessing an amino group
at the B-position of the ester moiety can be polymerized by a simple
alkoxide species such as potassium ethoxide (Nagasaki, Sato, & Kato,
1997). We proposed the increased reactivity of an alkoxide initiator that
was generated by a chelation that was located between the monomer
molecule and the initiator. This polymerization system can be applicable
to a new block copolymer synthesis. In the same way as mentioned above,

reactive group or ligand
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reactive group
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Scheme 2.6 Schematic illustration of polymeric micelle as gene carrier.
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Scheme 2.7 Synthesis of acetal-PEG-PDMAMA block copolymer.

the acetal-PEG-OK was prepared in THF, followed by the addition of a
certain amount of 2-N,N-(dimethylamino)ethyl methacrylate (DMAMA)
to the reaction mixture, which was stirred for several minutes (Scheme 2.7)
(Kataoka, Harada, Wakebayashi, Nagasaki, 1999). Figure 2.8 shows the
SEC chromatograms and the '"H NMR spectrum of the obtained block
copolymer. By the addition of a DMAMA monomer to the polymerization
system after all of the ethylene oxide was consumed, block polymerization
proceeded, although a small amount of the prepolymer remained, as shown
in Figure 2.8a and b. It should be noted that the MWD of the obtained block
copolymer was still low, indicating that the possible ester exchange reaction
was negligible. After the treatment with ion exchange resin, the remaining
prepolymer was removed completely, as shown in Figure 2.8c. Along with
the signals based on both PEG and PDMAMA segments, the end acetal
protons were observed on the '"H NMR spectrum (Figure 2.8d), indicating
that, although the heterobifunctional PEG is used as a macroinitiator, a
new end-functionalized PEG/polyamine block copolymer can be synthe-
sized. Furthermore, lactose-ended PEG-PDMAMA block copolymer was
obtained from the reductive amination reaction of the aldehyde-PEG-
PDMAMA block copolymer with p-aminophenyl-f-D-lactopyranoside,
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Figure 2.8 SEC chromatograms of (a) acetal-PEG-OH, (b) crude acetal-PEG-PDMAMA block copolymer,
(¢) acetal-PEG-PDMAMA block copolymer purified ion exchange resin, and (d) '"H NMR spectrum of
purified acetal-PEG-PDMAMA block copolymer.
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and this step, in turn, initiated the introduction of the lactose group (ligand)
to the acetal-PEG-PDMAMA block copolymer (Wakebayashi, Nishiyama,
Yamasaki, [taka, Kanayama, Harada, Nagasaki, & Kataoka, 2004). From
the "H NMR spectrum of the lactose-PEG-PDMAMA block copolymer, the
degree of the functionality of the lactose moiety was determined to be 28.5%.

Lactose-installed PIC micelles were prepared by simple and direct
mixing of pDNA (pGL3 plasmid DNA encoding firefly luciferase) with
lactose-PEG-PDMAMA block copolymer solutions at various charge
ratios (cationic charge/anionic charge; N/P ratio). All the PIC micelles
prepared at various N/P ratios had a unimodal distribution (u,/T* =
0.16-0.22) with an average diameter of ca. 100 nm, as revealed by DLS
measurements. The small size of the PIC micelles compared to the dimen-
sion of free pDINA strongly suggests the compaction of complexed pDNA,
which forms the collapsed core of the micelles. In addition, the PIC micelles
exhibited not only lower absolute values of zeta potential compared to the
reported zeta potential values of the polyplex that was composed of both
simple polycations (without a PEG segment) (Cherng, Wetering, Talam,
Crommelin,& Hennink, 1996) and pDNA but also stability against deox-
yribonuclease (DNase I) digestion. This is reasonably assumed to be due to
the formation of a corona surrounding the PIC core of the micelles.

To estimate the transfection ability of the lactose-installed PIC micelles
against cultured HepG?2 cells (human hepatoma cells) possessing an abun-
dance of ASGP receptors on the cell surface (Schwartz, Fridovich, Knowles, &
Lodish, 1981), a transfection study was carried out in the presence of
100 uM hydroxychloroquine (HCQ) as an endosomolytic agent. PIC
micelles without the lactose moiety (acetal-PIC micelle) and Lipofect-
AMINE/pDNA complexes (lipoplex) were used as controls. HepG2 cells
were co-incubated with lactose-installed PIC micelles (N/P = 6.25), acetal-
PIC micelles (N/P=6.25), or lipoplex (N/P=5.0) for varying periods of
time so that the time-dependent gene transfection could be observed, as
shown in Figure 2.9. After approximately 1 h of an induction period, both
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Figure 2.9 Effect of transfection time on gene % acetal-
expression. HepG2 cells were transfected with é:_» 4000 —
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hydroxychloroquine (HCQ). Transfection with
lipoplex was done in the same conditions except 0 — T
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the lactose-installed and the acetal-PIC micelles exhibited a time-dependent
increase in transfection efficiency that was greater than that of the lipoplex.
Interestingly, the lactose-installed PIC micelles achieved significantly
higher transfection efficiency than the acetal-PIC micelles, suggesting
that interaction between the lactose moieties of the PIC micelles and the
ASGP receptors on the HepG?2 cells (ASGP receptor-mediated endocyto-
sis) may play a role in this phenomenon. In order to confirm the ASGP
receptor-mediated endocytosis mechanism, a competitive assay using asia-
lofetuin (ASF) was performed for both the lactose-installed and the acetal-
PIC micelles. ASF, which is a natural ligand for the ASGP receptor,
should serve as the inhibitor of the lactose-installed PIC micelle, unless
the ASGP receptor-mediated mechanism does not play a substantial role,
therein. The presence of excess ASF (4 mg/mL) resulted in a significant
decrease in transfection efficiency of the lactose-installed PIC micelles,
whereas the transfection efficiency of the acetal-PIC micelles was not
affected by the presence of ASF up to 4 mg/mL, indicating that ASF in
the medium has a negligible effect on the cellular uptake of the acetal-PIC
micelle. Thus, it can be concluded that an appreciable fraction of the
lactose-installed PIC micelles is taken up into HepG2 cells through an
ASGP receptor-mediated endocytosis process, although a fluid-phase
endocytosis pathway may concomitantly take part in the transfection
efficiency to some extent. Thus, the installation of lactose (ligand) moieties
increases the gene transfer efficiency of the PIC micelles composed of
PEG-PDMAMA block copolymers and pDNA against HepG2 cells
through the contribution of the receptor-mediated endocytosis mechan-
ism, all of which indicates that the polymeric micelles are a promising
contribution to cellular targetable gene delivery systems.

Synthesis and Micellization of pH-Responsive and Ligand-Installed
Triblock Copolymer: Lactosylated-PEG-poly(silamine)-poly[2-(N,
N-dimethylamino) ethyl methacrylate)]

Ligand-installed PIC micelles prepared from lactose-PEG-PDMAMA
block copolymer and pDNA showed an increase in the cellular uptake
through a receptor-mediated endocytosis process compared to those with-
out lactose (ligand) moieties, as mentioned above. To observe an appreci-
able effect of the ligand molecules on gene expression, however, the
presence of hydroxychloroquine (100 pM) as an endosomolytic agent has
so far been required. This indicates that endosomal escape should be the
most critical barrier to intracellular gene delivery by PIC micelles (Lloyd,
2000). Therefore, approaches are needed to devise PIC micelles with a
function to escape from the endosome where the pH is 1.4-2.4 units lower
than the physiological pH of 7.4 (Mukherjee, Ghosh, & Maxfield, 1997;
Clague, 1998; Gruenberg, 2001). Worth noting in this regard is that a
polyamine segment with a high pK, as the C block preferentially forms a
polyion complex with phosphate groups in pDNA (DNA-condensation
segment), whereas the pH-responsive polyamine segment (B block) with a
comparatively low pK,, located between the PEG segment (A block) and
the pDNA-condensation segment (C block), is expected to retain a sub-
stantial fraction of unprotonated amino groups (free-base) even in the PIC
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due to the low protonation ability. As a consequence, the polyion complexation
between such an ABC triblock copolymer and pDNA may lead to the forma-
tion of a three-layered PIC micelle possessing an unprotonated pH-responsive
polyamine segment as an intermediate layer to function as a buffering
moiety for facilitated endosomal escape (Fukushima, Miyata, Nishiyama,
Kanayama, Yamasaki, & Kataoka, 2005). This section was devoted to the
design and preparation of a novel ABC triblock copolymer for constructing a
pH-responsive and targetable nonviral gene vector. The copolymer, lactosy-
lated poly(ethylene glycol)-block-poly(silamine)-block-poly[2-(N, N-dimethy-
lamino)ethyl methacrylate] (lactose-PEG-PSAO-PDMAMA), consists of
lactosylated poly(ethylene glycol) (A-segment), a pH-responsive polyamine
segment (B-segment),and a DNA-condensing polyamine segment (C-segment)
(Oishi, Kataoka, & Nagasaki, 2006; Figure 2.10). Here, PSAO was selected
as the pH-responsive polyamine segment showing two-step protonation
(Figure 2.11, pK,; =8.6 and pK,, =>5.8) along with a unique conformational
transition at the critical pH (Nagasaki, Honzawa, Kato, & Kataoka, 1994). The
unprotonated PSAO is insoluble in water, assuming a globular conformation
with high flexibility, whereas fully protonated PSAO is soluble in water, assum-
ing a rod-like conformation with rigid and expanded polymer strands. Such a
unique conformational transition (rod-globule transition) can be explained
by the rotational hindrance around the polymer chain due to the protonation
of the amino groups along with the counter anion binding to the Si atoms
(Figure 2.11).

A synthetic route to lactosylated poly(ethylene glycol)-block-poly
(silamine)-block-poly[2-(N,N-dimethlyamino)ethyl methacrylate] (lactose-
PEG-PSAO-PDMAMA) triblock copolymer is shown in Scheme 2.8. A
heterobifunctional PEG possessing an allyl group at the a-end and an
orthoester group at the w-end (allyl-PEG-orthoester) was synthesized via
the anionic ring-opening polymerization of ethylene oxide using the allyl
alcohol /potassium-naphthalene initiator system, followed by termination
with trimethyl 4-bromoorthobutyrate in the presence of 18-Crown-6. The
radical addition of 2-aminoethanethiol hydrochloride to the allyl-PEG-
orthoester quantitatively afforded an amine-PEG-methoxycarbonyl (H,N-
PEG-COOMe). Conversion of the orthoester group into a methoxycarbonyl
group (COOMe) occurred due to the hydrolysis of the orthoester group
during the purification (dialysis) process. The H,N-PEG-COOMe was

1.0 non-pi PSAO
0.9} /L\/\N/\/Ji‘\/\,(\/'!'\/\g‘/ globulo state
s 0.8 | ) | (T,=-85°C)
5 0.
E 0.7 1 .
S | -H*| L H
° 0.6 physiological pH mono-protonated PSAO |
& 051~ | m!_{o—rlv Cl I_QN\H"CL'SL
s Ny ~H i A
8 0.4 endosomal pH QE\)‘\ QN\)\ </N\)\ coil state
£ o3l ]
o 0.3 h |
@ ' '
8 0.2 o e L
01 i H fully-protonated PSAO
.0 1 i I 1 \’H"C'!’ ‘*</\ 'H"C'!Sl/ \+/\/\N/H"Q!9!/ \+/ rod state

L i N N i N N. - o
3 4 5 6 7 8 9 10 S NS SNy of \T5=1480°0)
lock

—

pH Tlock

Figure 2.10 Change in the protonation degree of poly(silamine) (PSAO) with pH
accompanying the conformation transition (globule-coil-rod).



50

M. Oishi and Y. Nagasaki

Figure 2.11 SEC chromatograms of (a) lac-PEG-
COOH, (b) bis(amino)-PSAO, (¢) lac-PEG-PSAO
block copolymer, (d) HOOC-PDMAMA, and

(e) lac-PEG-PSAO-PDMAMA triblock copolymer.

6 8 10 12
elution time (min)

then converted into an amine-PEG-carboxylic acid (H,N-PEG-COOH) by
hydrolysis with 10% NaOHagq. The SEC, "H NMR, and MALDI-TOF MS
analyses revealed that the determined molecular weight of the H,N-PEG-
COOH (SEC:M,=6200, My/M,=1.04, TOF-MS:M,=6190, M,/
M, =1.03) agrees well with the calculated value (caled. M,,=6130), and an
amino group and carboxylic acid group were quantitatively introduced into
the a-end and w-end of PEG, respectively, to confirm the successful synth-
esis of allyl-PEG-orthoester and H,N-PEG-COOMe. The introduction of a
lactose group to the amine end of H,N-PEG-COOH was performed by
reaction with an excess amount of lactose-lactone (Kitano, Shoda, Kosaka,
1995). In the '"H NMR spectrum of lactose-PEG-COOH, the degree of
lactose functionality was determined to be 72%.To obtain the lactose-
ended PEG-PSAO block copolymer, bis(amino)-PSAO (M, = 1550, degree
of polymerization (DP)=6) was prepared as reported previously by the
anionic polyaddition of dimethyldivinylsilane with N,N -diethylethylenedia-
mine in the presence of a catalytic amount of n-BuLi in THF at 60°C. The
conjugation of the lactose-PEG-COOH with bis(amino)-PSAO was per-
formed by activating the terminal carboxylic acid of lactose-PEG-COOH
using dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS).
A large excess (50 eq.) of the bis(amino)-PSAO was used to suppress the
formation of triblock copolymer, viz., lactose-PEG-PSAO-PEG-lactose.
After the conjugation reaction, unconjugated bis(amino)-PSAO and other
chemicals were removed by precipitation into Et,O. Figure 2.11c and 2.12a,
respectively, shows the SEC chromatogram and "H NMR spectrum of the
lactose-PEG-PSAO block copolymer with assignments. As seen in the
SEC chromatograms (Figure 2.11), lactose-PEG-PSAO (Figure 2.11c) gave
aunimodal peak at a high molecular weight position (i.e., shorter elution time)
compared to the lactose-PEG-COOH (M,= 6300, M, /M,=1.05, Figure
2.11a) and bis(amino)-PSAO (M,,=1550, M,/M,=2.01, Figure 2.11b).
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Figure 2.12 '"H NMR spectra of (a) lac-PEG-
PSAO block copolymer and (b) lac-PEG-
PSAO-PAMA triblock copolymer.
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Note that the unreacted lactose-PEG-COOH and bis(amino)-PSAO were not
observed in the SEC chromatogram (Figure 2.11c¢) of the lactose-PEG-PSAO
(obsd. M, =7150, M/M,=1.15, caled. M,=7850). In the "H NMR spec-
trum (Figure 2.12a), the peaks corresponding to both of the PEG and PSAO
segments were clearly observed, consistent with the formation of a diblock
copolymer. Note that the peaks corresponding to the terminal lactose moiety
were also observed at & 4.0-5.3 ppm in the '"H NMR spectrum in DMSO-d.
From the integral ratio between the PEG-backbone protons (3.7 ppm
—OCH,CH>-) and the methyl protons of PSAO segment (0.1 ppm, SiMe,),
the DP of the PSAO segment in the block copolymer was calculated to be 5.67,
which is in good accordance with that of the starting bis(amino)-PSAO
(DP=6). To obtain the lactose-PEG-PSAO-PDMAMA triblock copolymer,
the conjugation of the lactose-PEG-PSAO diblock copolymer and HOOC-
PDMAMA was performed in a manner similar to the conjugation of lactose-
PEG-COOH and bis(amino)-PSAQO. After the conjugation reaction, uncon-
jugated HOOC-PAMA and other chemicals were removed by precipitation
into cold 2-propanol, followed by centrifugation. Figure 2.11e and 11b,
respectively, shows the SEC chromatogram and "H NMR spectrum of the
lactose-PEG-PSAO-PDMAMA triblock copolymer with assignments. The
lactose-PEG-PSAO-PDMAMA (Figure 2.11e, M,,= 10850, M,/M,=1.29,
calcd. M, =13450) had a shorter elution time compared to the lactose-PEG-
PSAO (M,=7170, My/M,=1.15, Figure 2.11c) and HOOC-PDMAMA
(M,,=5670, My,/M,=1.50, DP =35, Figure 2.11d), indicating an increased
molecular weight due to the formation of the triblock polymer. Nevertheless, a
slight portion of unreacted lactose-PEG-PSAO and/or HOOC-PDMAMA
seems to still remain (about 10%) in the sample as indicated by the small
accompanying peak appearing after the main fraction (Figure 2.11e). In the
"H NMR spectrum (Figure 2.12b), the peaks corresponding to the PEG,
PSAO, and PDMAMA segments were clearly observed, suggesting the
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formation of a triblock copolymer. From the integral ratio between the PEG-
backbone protons (3.7 ppm -OCH,CH»-) and methylene protons of the
PDMAMA segment (4.08 ppm, -COOCH,CH,;N(CH3),), the DP of the
PDMAMA segment was calculated to be 31.3 (DP of starting PDMAMA
= 35). This result indicates that the purity of the triblock copolymer was 89%.

The PIC micelle prepared from lactose-PEG-PSAO-PDMAMA and
pDNA was characterized by '"H NMR spectroscopy in D,O containing
0.15M NaCl at pD = 7.4. Figure 2.13b shows the '"H NMR spectrum of the
polyplex micelle prepared at N/P =3, where the residual molar ratio of the
protonated PDMAMA segment in the block copolymer, calculated from
the pK, value, to the phosphate groups in pDNA is estimated to be unity
at physiological pH (=7.4). Obviously, the peaks from the PDMAMA
segment, which were clearly observed in the spectrum of the free poly-
mers (Figure 2.13a), nearly disappeared upon complexation with pDNA
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Figure 2.13 "H NMR spectra of (a) lac-PEG-PSAO-PDMAMA triblock copoly-
mer and (b) lac-PEG-PSAO-PDMAMA /pDNA PIC micelle at pD = 7.4 in D,O
containing 0.15 M NaCl at 37°C.
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(Figure 2.13b), whereas the peaks from the PSAO segment were still clearly
observed in the spectrum. The selective disappearance of PDMAMA
peaks upon complexation strongly suggests that the PDMAMA segment
predominantly forms a PIC with pDNA to cause significant peak broad-
ening. On the other hand, observation of the peaks from the PSAO seg-
ment even in the spectrum of the PIC micelle suggests the presence of the
uncomplexed PSAO fraction. Eventually, these results are consistent with
the formation of the three-layered structure of the PIC micelle with a
PAMA /pDNA PIC core, a free PSAO inner shell, and a lactosylated PEG
outer shell. To estimate the effect of the environmental pH on the hydro-
dynamic diameter of the PIC micelles, the lactose-PEG-PSAO-PDMAMA/
pDNA, lactose-PEG-PSAO/pDNA, and lactose-PEG-PDMAMA /pDNA
PIC micelles were prepared in 0.15 M NaClaq (pH 7.4) at N/P=3. By
decreasing the pH from 7.4 to 4.0, the diameter of the lactose-PEG-
PSAO-PDMAMA/pDNA and lactose-PEG-PSAO/pDNA PIC micelles
proportionally increases with a unimodal distribution (1»/T'> < 0.25), reach-
ing a 2.7-times larger hydrodynamic volume at pH 4.0 compared to that at
pH 7.4, as shown in Figure 2.14. On the contrary, there was negligible
change in the hydrodynamic diameter of the lactose-PEG-PDMAMA/
pDNA PIC micelle with decreasing pH from 7.4 to 4.0. This pH-induced
size variation observed for the system containing the PSAO segment is most
likely to be related to the conformational changes in the PSAO chain due to
progressive protonation with decreasing pH. Apparently, the high rigidity
of the protonated PSAO chain in the lower pH region should be unfavorable
for triggering the DNA condensation upon complexation. As a conse-
quence, a loose complex may form between pDNA and the PSAO segment
without condensation in the lower pH region, showing an appreciable size
increase. To estimate the transfection ability of the lactose-PEG-PSAO-
PDMAMA/pDNA, lactose-PEG-PDMAMA /pDNA, and lactose-PEG-
PSAO/pDNA PIC micelles with various N/P ratios, a transfection study
using HuH-7 cells containing asialoglycoprotein receptors on their surface
(Stockert, 1995; Hashida, Takemura, Nishikawa, & Takakura, 1998) was
carried out in the presence of 10% FBS. A pGL-3 control plasmid DNA
encoding firefly luciferase was used as a reporter gene. In addition, the

Figure 2.14 pH vs. diameter of lac-PEG-PSAO-
PDMAMA /pDNA (circle), lac-PEG-PDMAMA/

. . pDNA (triangle), and lac-PEG-PSAO/pDNA (square)
6 7 8  PIC micelles at N/P =3 (angle, 90°; solvent, distilled
pH water including 0.15 M NaCl; temperature, 37°C).
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Figure 2.15 Transfection efficiency to HuH-7
cells of the lac-PEG-PSAO-PDMAMA /pDNA
(black bar), Lac-PEG-PDMAMA /pDNA (gray
bar), and lac-PEG-PSAO/pDNA (white bar)
PIC micelles prepared at various N/P ratios with
a fixed pPDNA amount. Data are the mean = SD
(n = 3).

Transfection activity (RLU/mg protein)

N/P ratio

B-PEI/pDNA polyplex was used as a control vector at the optimal N/P ratio
of 10 to show the highest transfection efficacy. As shown in Figure 2.15, the
transfection efficiency of the lactose-PEG-PSAO-PDMAMA /pDNA and
lactose-PEG-PDMAMA /pDNA PIC micelles was substantially improved
with an increasing N/P ratio. In particular, one order of magnitude
increase in transfection efficiency was achieved by increasing the N/P
ratio from 1 to 2 (P<0.05), corresponding to the formation of a stable
micelle structure judging from the agarose gel retardation assay. Alterna-
tively, the lactose-PEG-PSAO/pDNA PIC micelles exhibited only limited
transfection efficiency, presumably due to the low DNA-condensing capa-
city of the PSAO chain as indicated from the results of the EtBr exclusion
assay. Thus, PIC micelles formed from lactose-PEG-PSAO may not be
stable enough to be tolerated in the culture medium containing a substan-
tial amount of serum proteins. Of interest, the transfection efficiency of the
lactose-PEG-PSAO-PDMAMA /pDNA PIC micelles always revealed a
higher transfection efficiency than the lactose-PEG-PDMAMA/pDNA
PIC micelles in the range of N/P ratios between 2 and 10 (P<0.05).
To=determine whether the difference in the transfection efficiency
between the lactose-PEG-PSAO-PDMAMA /pDNA and lactose-PEG-
PDMAMA /pDNA PIC micelles is related to the endosomal escape func-
tion, confocal microscope experiments were performed on the HuH-7 cells
treated with the PIC micelles containing FITC-labeled pDNA. Cells were
co-incubated with LysoTracker Red DND-99 probe, which specifically
stains acidic organelles such as endosomes and lysosomes. Thus, the
colocalization of the polyplex micelles and the LysoTracker Red probe
in an acidic compartment (endosome and lysosome) should be detected as
yellow (or orange) fluorescence due to the merging of green and red colors.
In the case of the lactose-PEG-PDMAMA /pDNA PIC micelles (Figures
2.16a and b), the yellow and red fluorescences were observed without
isolated green fluorescence even after 120 min incubation, indicating that
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Figure 2.16 Confocal fluorescent microscope images of the HuH-7 cells in the
presence of LysoTracker Red DND-99 and PIC micelles prepared at N/P=3
with FITC-labeled pDNA. (a) lac-PEG-PDMAMA /pDNA PIC micelles (incuba-
tion time: 30 min), (b) lac-PEG-PDMAMA /pDNA PIC micelles (incubation time:
120 min), (¢) lac-PEG-PSAO-PDMAMA /pDNA PIC micelles, (incubation time:
30 min), (d) lac-PEG-PSAO-PDMAMA /pDNA PIC micelles (incubation time:
120 min). These images are the typical image of triplicate experiments. (See
Color Plate 4)

the PIC micelles localized in the endosomes and/or lysosomes with the
LysoTracker Red probe. The lactose-PEG-PSAO-PDMAMA/pDNA PIC
micelles localized in the endosomes and/or the lysosomes with the Lyso-
Tracker Red probe after 30 min incubation (Figure 2.16¢), as suggested by
the partially yellow fluorescence. At 120 min of incubation, diffused green
fluorescence was observed in the cytoplasm (Figure 2.16d), indicating that the
lactose-PEG-PSAO-PDMAMA /pDNA PIC micelles gradually escaped from
the endosomes and/or lysomes into the cytoplasm in a time-dependent man-
ner. These results suggest that both the PDMAMA segment as a DNA-
condensing polycation and the PSAO segment as the buffering moiety (buffer
effect) (Boussif, Lezoualc, Zanta, Mergny, Scherman, Demencix, & Behr,
1995) may synergistically contribute to enhance the transfection efficiency
of the lactose-PEG-PSAO-PDMAMA /pDNA PIC micelles. Although the
lactose-PEG-PSAO-PDMAMA /pDNA PIC micelles showed one order of
magnitude lower transfection efficiency than the B-PEI/pDNA polyplex at
N/P=10 (P<0.05), this value may still be appreciable considering that the
polyplex micelles have hydrophilic and neutral PEG palisades on their surface
to shield the cationic character.

Synthesis and Micellization of PEG-asDNA [siRNA Block Copolymer

Nucleic acid medicines such as antisense DNAs (asDNAs) and small
interfering RNAs (siRNAs) have attracted much attention as a new class
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of therapeutic agents (Uhlman, & Peyman, 1990; Elbashir, Harborth,
Lendeckel, Yalcin, Weber, & Tuschl, 2001). Nevertheless, the therapeutic
value of nucleic acid medicines under in vivo conditions is still contro-
versial due to their low stability against enzymatic degradation, low
permeability across cell membrane, and preferential liver and renal clear-
ance (Braasch, Paroo, Constantiescu, Ren, Oz, Mason, & Corey, 2004).
We have recently reported the synthesis of PEG-asDNA/siRNA block
copolymers possessing a smart linkage such as acid-labile linkage (B-
thiopropionate linkage) (Oishi, Sasaki, Nagasaki, & Kataoka, 2003) and
glutathione-sensitive linkage (disulfide linkage) (Oishi, Hayama. Akiyama,
Takae, Harada, Yamasaki, Nagatsugi, Sasaki, Nagasaki, & Kataoka,
2005), as shown in Scheme 2.9. The key issue of the introduction of smart
linkage between PEG and asDNA/siRNA segments is to release the active
(free) asDNA/siRNA in response to the endosomal pH (6.0-5.0) and glu-
tathione concentration (1-10 mM), leading to efficient interaction of nucl-
eic acid medicines with the target mRNA in the cytoplasm. Furthermore,
it is expected that PEG-asDNA/siRINA block copolymer will mix with
the appropriate polycation to form a PIC micelle, since the PEG-asDNA/
siRNA block copolymer (PEG-polyanion block polymer) is one of the
homologues of PEG-polyanion block copolymers.

As a typical example for the formulation of pH-sensitive and targetable
PIC micelles of siRNA (Oishi, Nagasaki, Itaka, Nishiyama, & Kataoka,
2005), Michael addition of the 5'-thiol-modified sense RNA (firefly luci-
ferase, pGL3-control sense sequence) toward w-acrylate group of a-lactosyl-
w-acryl-PEG gave a conjugate of lactose-PEG with single-stranded RNA
(lactose-PEG-ssRNA), which revealed a retarded migration in gel electro-
phoretic assay (Figure 2.17a, lane 3) compared to free-sense RNA (lane 1)
in line with PEGylation. Then, the lactose-PEG-ssRNA was annealed with
antisense RNA to undergo hybridization, preparing the lactose-PEG-
siRINA block copolymer. The lactose-PEG-siRNA thus prepared gave a
single band in gel electrophoresis (lane 4), and had further retarded migra-
tion compared to lactose-PEG-ssRNA (lane 3) and free siRNA (lane 2).
All of these results are consistent with the successful preparation of the
lactose-PEG-siRNA with negligible contamination with unreacted and
intermediate compounds. The PIC micelles from the lactose-PEG-siRNA
conjugate and PLL (degree of polymerization = 40) were then prepared at
the charge ratio of 1 (N/P=1), where no free lactose-PEG-siRNA con-
jugate and almost complete retardation were observed in a polyacrylamide
gel electrophoresis (Figure 2.17a, lane 5), suggesting that polyion com-
plexation between the siRNA segment and the PLL quantitatively took
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Scheme 2.9 Synthesis of end-functionalized PEG-asDNA/siRNA block copolymer.
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Figure 2.17 (a) Polyacrylamide gel retardation assay: lane 1, sense RNA; lane 2,
siRNA; lane 3, lac-PEG-ssRNA; lane 4, lac-PEG-siRNA; and lane 5, PIC micelle;
and (b) transmission electron micrograph of the disulfide cross-linked PIC micelle.

place. The PIC micelle with disulfide cross-linked core was also prepared
by using thiolated PLL tolerable for the transmission electron microscopy
(TEM) observation. The disulfide cross-linked PIC micelles have spherical
shape with average size (n=236) of 117 £ 26 nm, consistent with the
formation of multi-molecular micellization of the Lac-PEG-siRNA with
PLL, as shown in Figure 2.17b.

Dual luciferase reporter assay was done in HuH-7 cells (human hepatoma
cells) possessing asialoglycoprotein (ASGP) receptors, which recognize com-
pounds bearing terminal galactose moieties, to evaluate the gene-silencing
ability of the conjugate and the PIC micelle system (Figure 2.18). Both the
lactose-PEG-siRNA conjugate and the PIC micelle (N/P=1) revealed
RNAI activities with dose-dependent manner even in the presence of
10% FBS and, in particular, the PIC micelles achieved far more effective
RNAI activity than the lactose-PEG-siRNA conjugate alone, viz., 50%

—O— lac-PEG-siRNA alone
—&— PIC micelle

Figure 2.18 RNAI activities of lac-PEG-siRNA alone
and PIC micelle against the firefly luciferase gene
generated in cultured HuH-7 cells. Normalized ratios
L between the firefly luciferase activity (firefly luc.) and
0.1 1 10 100 1000 the renilla luciferase activity (renilla luc.) are shown
concentration of siRNA (nM) on the ordinate. Data are the mean + SD (n = 3).
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Figure 2.19 RNAI activities of PIC micelle, lac- 110

PEG-siRNA alone, siRNA alone, siRNA/PLL,

and Oligofect AMINE against the firefly 100
luciferase gene generated in cultured HuH-7
cells under various conditions. Normalized
ratios between the firefly luciferase activity
(firefly luc.) and the renilla luciferase activity
(renilla luc.) are shown on the ordinate. Data

are the mean = SD (n = 3).
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inhibitory concentration (ICsy) was found to be 1.3 and 91.4 nM for the
PIC micelle and Lac-PEG-siRNA conjugate, respectively. This increase of
almost 100 times in RNAI activity by PIC micelle is remarkable. On the
other hand, no RNAI activity was observed for free siRNA even at 100nM
of siRNA concentration, as shown in Figure 2.19. The lack of RNAIi
activity for free siRNA may be ascribed to the low tolerability against
enzymatic attack and/or the restricted uptake into cellular interior due to
the electrostatic repulsion with the negatively charged plasma membranes.
Note that the PIC micelle including a GFP sequence induced no RNA1,
strongly suggesting that an inhibition of firefly luciferase expression obs-
erved here indeed occurred through the sequence-specific RNAI effect. In
addition, siRNA/PLL (polyplex) showed significantly lower RNAIi acti-
vity compared to the PIC micelle probably owing to the aggregation at
charge neutralized condition (N/P=1) and non-specific interaction with
serum proteins. Although the RNAI activity for the PIC micelle at 10 nM
of conjugate concentrations was the same level compared to the commer-
cially available oligofectAMINE (cationic liposome), the RNAIi activity
for the oligofect AMINE after pre-incubation with 50% serum for 30 min
was significantly reduced (56 — 27% inhibition, P<0.05) due to the
non-specifically interacting nature of the cationic carriers with negatively
charged serum proteins. In sharp contrast, the PIC micelle still retained the
RNAI activity even after pre-incubation for 30 min with 50% serum due to
the segregation of the siRNA into the PEG environment. In order to confirm
the cellular uptake pathway, asialofetuin (ASF) as the inhibitor for the
ASGP receptor-mediated endocytosis was added to the culture medium
(4 mg/mL). As a consequence, RNAI activities were reduced significantly
for the PIC micelles (60 — 36% inhibition, P<0.05), whereas there was
negligible effect of ASF on RNAI activities for lactose-PEG-siRNA

alone

micelle
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conjugate, siRNA/PLL, and oligofect AMINE in HuH-7 cells (Figure 2.19).
Obviously, these results indicate that the lactose moieties clustering on the
surface of PIC micelle appreciably facilitates ASGP receptor-mediated endo-
cytosis to direct a remarkable RNAI efficacy. Then, nigericin as the inhibitor
for the endosomal acidification was added to the culture medium (5 uM) to
confirm that the acid-labile linkage in the conjugate contributes to RNAi
activity. Consequently, the RNAI activity was significantly reduced for the
PIC micelle (60 — 37% inhibition, P<0.05), whereas no effect was observed
for the lactose-PEG-siRNA conjugate, siRNA/PLL, and oligofect AMINE.
This result suggests that after the endocytotic internalization the cleavage of
the acid-labile linkage of the micelles occurred in the manner synchronized
with the pH decrease in endosomal compartment, releasing hundreds of free
PEG strands to increase the colloidal osmotic pressure (Goh, Murthy, Xu, &
Fréchet, 2004). This may induce the swelling and disruption of the endo-
some, facilitating the transport of free siRNA into cytoplasm. Several impor-
tant factors are likely to be synergistically involved in the pronounced RNAi
activity of the PIC micelles, such as the improvement of the stability agai-
nst enzymatic degradation, minimal interaction with serum proteins,
enhancement of the cellular uptake through the ASGP receptor-mediated
endocytosis, and the effective transport of free siRNA from endosome
into cytoplasm. It should be noted that the PIC micelles entrapping the
lactose-PEG-siRNA conjugate reported here showed about 5800 times
higher gene-silencing effect as compared to that of entrapping the lactose-
PEG-asDNA conjugate targeting the same gene sequence (IC5o=7.6 uM)
(Oishi, Nagatsugi, Sasaki, Nagasaki, & Kataoka, 2005).

PEGylated Gold Nanoparticle Based on the Self-Assembling
of Block Copolymers for siRNA Delivery System

Gold nanoparticles (AuNPs) have attracted much attention in the field of
drug and gene delivery systems, because they have the advantages of easy
preparation, no cytotoxicity, and the possibility of chemical modification
of the surface. We recently reported the PEGylated AulNPs constructed
through the self-assembly of heterobifunctional poly(ethylene glycol) pos-
sessing a thiol group at the w-end and a reactive acetal group (ligand
installation moiety) at the a-end (Otsuka, Akiyama, Nagasaki, & Kataoka,
2001). Ligand-installed, PEGylated AuNPs have been found to exhibit
excellent stability under physiological conditions, minimal interaction with
biomacromolecules, and specific molecular recognition due to the steric
stabilization of tethered PEG chains surrounding the AuNPs through the
thiol interactions. Furthermore, the thiol-Au interaction often causes an
exchange reaction between R-SH/Au and thiol-containing compounds such
as dithiothreitol (DTT) and glutathione, leading to the efficient dissociation
of R-SH from the gold surface (Verma, Simard, Worrall, & Rotello, 2004).
The concentrations of glutathione, which is an abundant thiol-containing
compound in most cells, are in a millimolar range (1-10 mM) in cytoplasm,
whereas those in the blood are in the micromolar range (2 uM) (Meister, &
Anderson, 1983), indicating that R-SH/AuNPs might be stable in the blood
stream but show the glutathione-mediated release of R-SH in the cytoplasm.
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More recently, there has emerged a new class of promising approaches to
the PEGylated AuNPs based on the self-assembly of poly(ethylene glycol)-
block-poly(2-(N,N-dimethylamino)ethyl methacrylate) copolymer (PEG-
PDMAMA) possessing a reactive acetal group (ligand installation moiety)
at the a-end. The PEGylated GNPs formed from PEG-PDMAMA block
copolymer showed excellent stability under physiological conditions even in
the presence of high concentrations of thiol compounds, due to the multi-
valent coordination between the gold surface and the tertiary amino groups
of the PDMAMA segment (Ishii, Otsuka, Kataoka, & Nagasaki, 2004). In
this section, we describe the enhancement of RNAI activity in cultured
hepatoma cells by glutathione-sensitive PEGylated AuNPs composed of
PEG-PDMAMA block copolymer and siRNA bearing a thiol group at
5’-end of the sense chain (SH-siRNA). Note that the smart PEGylated
AuNPs composed of PEG-PDMAMA and SH-siRNA facilitate the specific
glutathione-mediated release of siRNA in the cytoplasm (Scheme 2.10)
(Oishi, Nakaogami, Ishii, & Nagasaki, 2006).

Our strategy of constructing glutathione-sensitive PEGylated AuNPs is
based on the complexation between PEG-PDMAMA (PEG: M, = 5000,
PDMAMA: M, = 7500, DPpppmama = 48, My/M,, = 1.6) and commer-
cially available AuNPa with a size of 15 nm, followed by the immobilization
of SH-siRNA. To estimate the average number of siRNA molecules per
PEGylated AuNP, various concentrations of SH-dsDNA were added to
the PEGylated AuNPs. The average number of SH-dsDNA molecules per
PEGylated AulNP was estimated as almost 45 molecules per PEGylated
GNP (0.06 molecules/nm?). It should be noted that the use of the SH-
dsDNA enabled a far more effective immobilization of dsDNA onto the
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Scheme 2.10 Schematic illustration of gluthatione-sensitive PEGylated AuNPs as a siRNA carrier.
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PEGylated AuNPs than the dSDNA without the thiol group (ca. 23 mole-
cules per PEGylated AuNP). It is most likely that the immobilization of
dsDNA molecules onto PEGylated AulNPs occurs mainly through an elec-
trostatic interaction between the negatively charged dsDNA and the catio-
nic surface of the AulNPs, leading to the lying orientation of dsSDNA on the
surface of the AuNPs. On the contrary, the SH-dsDNA molecules were
immobilized onto the PEGylated AulNPs predominantly through the thio-
l-Au interaction, leading to the mainly standing and partially lying orienta-
tions of the SH-dsDNA on the surface of the AuNPs. To confirm the
glutathione sensitivity of the PEGylated AuNPs containing SH-dsDNA,
the PEGylated AuNPs solution was incubated under physiological environ-
ment or in a cytoplasmic environment for 20 h at 37°C. As can be seen in
Figure 2.20, only a 25% release of the SH-dsDNA was observed under
physiological environment. Furthermore, a slight increase in the amount of
released SH-dsDNA (10%) was observed even under physiological envir-
onment in the presence of an excess amount of the polyanions, suggesting
that the SH-dsDNA molecules were obviously immobilized through the
thiol-Au interaction. On the other hand, a 60% release of the SH-dsDNA
was observed in the cytoplasmic environment, where an abundance of
glutathione and polyanions (RNA and anionic carbohydrates) exists, indi-
cating that the effective release of the SH-dsDNA from the PEGylated
glutathione is due to two exchange reactions, one with DTT and other
with the counter polyanion.

To evaluate the RNAI activity (gene inhibition effect) of the smart
PEGylated AuNPs containing SH-siRNA, we carried out a dual luciferase
reporter assay in HuH-7 cells (human hepatoma cells) in the presence of
10% fetal bovine serum, as shown in Figure 2.21. Almost no RNAI acti-
vity was observed for the free siRNA even at a siRNA concentration of
100 nM. The lack of RNAI activity for the free siRNA may be ascribed to
the low tolerance against enzymatic attack. Both the PEGylated AuNPs
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20 - S T Figure 2.20 Release of the SH-dsDNA from the
wob--- ... B .. PEGylated AuNPs. Samples in 10 mM Tris—HCI
buffer, pH 7.4, with 0.15 M NaCl (physiological
0 L environment), in buffer with an excess amount of
buffer 4 + + polyanions (sodium dextran sulfate), and in buffer
POIY%IP}O; - + I with an excess amount of polyanions and DTT

(10 mM) were incubated at 37°C for 20 h.
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Figure 2.21 RNAI activity against the firefly 120 -
luciferase gene expression in cultured HuH-7 [siRNA]=100 nM
cells. The normalized ratios between the firefly L S0 A bbbl
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containing siRNA (without the thiol group) and the SH-siRNA revea-
led RNAI activity and, in particular, the PEGylated AuNPs containing
SH-siRNA achieved a far more effective RNAI activity (65% inhibition)
than the PEGylated GNPs containing siRNA (25% inhibition). Thus, the
PEGylated AuNPs containing SH-siRNA engage in the thiol-Au interac-
tion, which exchanges SH-siRNA with glutathione in the cytoplasm; in
other words, the efficient release of siRNA from the PEGylated AuNPs
occurred synchronously with the increase in the glutathione concentra-
tions, leading to the enhancement of RNAi activity. On the other hand, the
PEGylated AuNPs containing siRNA, engaging only in electrostatic inter-
action, which is a weak form of interaction under extremely diluted con-
ditions, led to the dissociation of the siRNA in the medium. Note that the
RNAI activity of PEGylated AuNPs containing SH-siRNA is remarkably
similar to that of Oligofect AMINE (cationic liposome) (60% inhibition).
Cytotoxicity and the inhibition of the renilla luciferase expression were not
observed at all, suggesting that the inhibition of firefly luciferase expres-
sion observed here indeed occurred through a sequence-specific RNAi
effect.

Conclusions

We described here a novel approach to both the precise synthesis of the
end-functionalized block copolymer based on the heterotelechelic PEGs
and their application to drug gene delivery systems. In particular, use of
potassium 3,3-diethoxy-1-propananolate as an initiator of the polymeriza-
tion of ethylene oxide not only produced various heterotelechelic PEGs
but also end-functionalized PEG block copolymers such as acetal-PEG-
PLA and acetal-PEG-PDMAMA with well-defined structure, high yield,
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and high purity. In addition to the preparation of the end-functionalized
PEG block copolymers, heterotelechelic PEGs were found to be useful for
the conjugation of nucleic acid medicines so that both the lactosylated
PEG-asDNA block copolymer and the lactosylated PEG-siRNNA block
copolymer could be obtained. The end-functionalized block copolymers,
thus prepared, formed functionalized polymeric micelles and PEGylated
AuNPs that exhibited cellular-specific uptake, that tolerated enzymatic
degradation, and that interacted minimally with serum components owing
to the steric stabilization of the highly dense end-functionalized PEG
corona surrounding the micelle core and AuNP. Therefore, the synthesis
of block polymers using the bifunctional PEGs offers researchers in the
field a promising approach to targetable drugs, proteins, and gene delivery
systems.

References

Allen, C., Yu, Y., Maysinger, D., & Eisenberg, A. (1998). Polycaprolactone-b-
poly(ethylene Oxide) block copolymer micelles as a novel drug delivery vehicle
for neurotrophic agents FK506 and L-685,818. Bioconjug Chem, 9, 564-572.

Bei,J.Z.,Li,J. M., Wang,Z. F., Le,J. C., & Wang, S. G. (1997). Polycaprolactone-
poly(ethylene-glycol) block copolymer. IV: Biodegradation behavior in vitro and
in vivo. Polym Adv Technol, 8, 693—696.

Bettinger, T., Remy, J. S., Erbacher, P., & Behr, J. P. (1998). Convenient polymer-
supported synthetic route to heterobifunctional polyethylene glycols Bioconjug
Chem, 9, 842-846.

Boussif, O., Lezoualc, F., Zanta, M. A., Mergny, M. D., Scherman, D., Demeneix, B., &
Behr, J. P. (1995). A versatile vector for gene and oligonucleotide transfer into
cells in culture and in vivo: polyethylenimine. Proc Natl Acad Sci USA 92,
7297-7301.

Braasch, D., Paroo, Z., Constantiescu, A., Ren, G., Oz, O. K., Mason, R. P., &
Corey, D. R. (2004). Biodistribution of phosphodiester and phosphorothioate
siRNA. Bioorg Med Chem Lett, 14, 1139-1143.

Cammas, S., Nagasaki, Y., & Kataoka, K. (1995). Heterobifunctional poly(ethy-
lene oxide): synthesis of alpha-methoxy-omega-amino and alpha-hydroxy-
omega-amino PEOs with the same molecular weights. Bioconjug Chem, 6,
226-230.

Cherng, J. Y., Wetering, P. van de., Talsma, H., Crommelin, D. J. A., & Hennink,
W. E. (1996). Effect of size and serum proteins on transfection efficiency of poly
((2-dimethylamino)ethyl methacrylate)-plasmid nanoparticles. Pharm Res, 13,
1038-1042.

Clague, M. J. (1998). Molecular aspects of the endocytic pathway. Biochem J, 336,
271-282.

Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., & Tuschl, T.
(2001). Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells. Nature 411, 494-498.

Fukushima, S., Miyata, K., Nishiyama, N., Kanayama, N., Yamasaki, Y., &
Kataoka, K. (2005) PEGylated polyplex micelles from triblock catiomers with
spatially ordered layering of condensed pDNA and buffering units for enhanced
intracellular gene delivery. J Am Chem Soc, 127, 2810-2811.

Goh, S. L., Murthy, N., Xu, M., & Fréchet, J. M. J. (2004), Cross-linked micro-
particles as carriers for the delivery of plasmid DNA for vaccine development.
Bioconjug Chem, 15, 467-474.



Chapter 2 Block Copolymer Synthesis for Nanoscale Drug and Gene Delivery 65

Greene, T. W. (1991). Protecting groups in organic synthesis. Wiley-Interscience.

Gruenberg, J. (2001). The endocytic pathway: A mosaic of domains. Nat Rev Mol
Cell Biol, 2, 721-730.

Harada, A., Togawa, H., & Kataoka, K. (2001). Physicochemical properties and
nuclease resistance of antisense-oligodeoxynucleotides entrapped in the core of
polyion complex micelles composed of poly(ethylene glycol)—poly(-Lysine)
block copolymers. Eur J Pharm Sci, 13, 35-42.

Harada-Shiba, M., Yamauchi, K., Harada, A., Takamisawa, 1., Shimokado, K., &
Kataoka, K. (2002). Polyion complex micelles as vectors in gene therapy phar-
macokinetics and in vivo gene transfer. Gene Ther, 9, 407—414.

Hashida, M., Takemura, S., Nishikawa, M., & Takakura, Y. (1998). Targeted
delivery of plasmid DNA complexed with galactosylated poly(L-lysine) J Con-
trol Release, 53, 301-310.

Hedfors, C., Ostmark, E., Malmstrom, E., Hult, K., & Martinelle, M. (2005). Thiol
end-functionalization of poly(e-caprolactone), catalyzed by Candida antarctica
lipase B Macromoloecules, 38, 647-649.

Iijima, M., Nagasaki, Y., Okada, T., Kato, M., & Kataoka, K. (1999). Core-
polymerized reactive micelles from heterotelechelic amphiphilic block copoly-
mers Macromolecules, 32, 1140—-1146.

Inoue, S., & Aida, T. (1989). Anionic ring opening polymerization: copolymeriza-
tion. In S. G. Allen & J. C. Bevington (Eds.), Comprehensive polymer science: The
synthesis, characterization, reactions and applications of polymers (pp. 553-570).
New York: Pergamon Press.

Ishii, T., Otsuka, H., Kataoka, K., & Nagasaki, Y. (2004). Preparation of function-
ally PEGylated gold nanoparticles with narrow distribution through autoreduc-
tion of auric cation by a-biotinyl-PEG-block-[poly(2-(N,N-dimethylamino)ethyl
methacrylate)]. Langmuir, 20, 561-564.

Kaiser, K., Marek, M., Haselgrubler, T., Schindler, H., & Gruber H. J. (1997). Basic
studies on heterobifunctional biotin-PEG conjugates with a 3-(4-pyridyldithio)-
propionyl marker on the second terminus. Bioconjug Chem, 8, 545-551.

Kataoka, K., Harada, A., Wakebayashi, D., & Nagasaki, Y. (1999). Polyion
complex micelles with reactive aldehyde groups on their surface from plasmid
DNA and end-functionalized charged block copolymer. Macromolecules, 32,
6892-6894.

Kataoka, K., Togawa, H., Harada, A., Yasugi, K., Matsumoto, T., & Katayose, S.
(1996). Spontaneous formation of polyion complex micelles with narrow dis-
tribution from antisense oligonucleotide and cationic block copolymer in phy-
siological saline Macromolecules, 29, 8556-8557.

Katayose, S., & Kataoka, K. (1997). Water-soluble polyion complex associates of
DNA and poly(ethylene glycol)-poly(L-lysine) block copolymer. Bioconjug
Chem, 8, 702-707.

Kim, Y. J., Nagasaki, Y., Kataoka, K., Kato, M., Yokoyama, M., Okano, T., &
Sakurai, Y. (1994). Heterobifunctional poly(ethylene oxide). Polym Bull, 33, 1-6.

Kimura, Y. (1993). Biocompatible polymer. In T. Tsuruta, T. Hayashi, K. Katoka, K.
Ishihara, & Y. Kimura (Eds.), Biomedical applications of polymeric materials (pp.
164-189). Boca Raton, FL: CRC Press.

Kitano, H., Shoda, K., & Kosaka, A. (1995). Galactose-containing amphiphiles
prepared with a lipophilic radical initiator. Bioconjug Chem, 6, 131-134.

Lloyd, J. B. (2000). Lysosome membrane permeability: implications for drug
delivery. Adv Drug Deliv Rev, 41, 189-200.

Maeda, H., Sawa, T., & Konno, T. (2001). Mechanism of tumor-targeted delivery
of macromolecular drugs, including the EPR effect in solid tumor and clinical
overview of the prototype polymeric drug SMANCS. J Control Release, 74,
47-61.



66 M. Oishi and Y. Nagasaki

Matsumura, Y., & Maeda, H. (1986). A new concept for macromolecular ther-
apeutics in cancer chemotherapy:mechanism of tumoritropic accumulation of
proteins and the antitumor agent Smancs. Cancer Res, 46, 6387-6392.

Meister, A., & Anderson, M. E. (1983). Glutathione. Annu Rev Biochem, 52,
711-760.

Mukherjee, S., Ghosh, R. N., & Maxfield, F. R. (1997). Endocytosis. Physiol Rev,
77, 759-803.

Nagasaki, Y., Honzawa, E., Kato, M., & Kataoka, K. (1994). Novel stimuli-
sensitive telechelic oligomers. pH and temperature sensitivities of poly(silamine)
oligomers. Macromolecules, 27, 4848—4850.

Nagasaki, Y., Kutsuna, T., lijima, M., Kato, M., & Kataoka, K. (1995a). Primary
amino-terminal heterobifunctional poly(ethylene oxide). Facile synthesis of
poly(ethylene oxide) with a primary amino group at one end and a hydroxyl
group at the other end. Bioconjug Chem, 6, 702—704.

Nagasaki, Y., Kutsuna, T., Iijima, M., Kato, M., Kataoka, K., Kitano, S., &
Kadoma. Y. (1995b). Formyl-ended heterobifunctional poly(ethylene oxide):
synthesis of poly(ethylene oxide) with a formyl group at one end and a hydroxyl
group at the other end. Bioconjug Chem, 6, 231-233.

Nagasaki, Y., Okada, T, Scholz, C., lijima, M., Kato, M., & Kataoka, K. (1998).
The reactive polymeric micelle based on an aldehyde-ended poly(ethylene
glycol)/poly(lactide) block copolymer. Macromolecules, 31, 1473—1479.

Nagasaki, Y., Sato, Y., & Kato, M. (1997). A novel synthesis of semitelechelic
functional poly(methacrylate)s through an alcoholate initiated polymerization.
Synthesis of poly[2-(N,N-diethylaminoethyl) methacrylate] macromonomer.
Macromol Rapid Commun, 18, 827-835.

Oishi, M., Hayama, T., Akiyama, Y., Harada, A., Yamasaki, Y., Nagatsugi, F.,
Sasaki, S., Nagasaki, Y., & Kataoka, K. (2005). Supramolecular assemblies for
the cytoplasmic delivery of antisense oligodeoxynucleotide: polyion complex
(PIC) micelles based on poly(ethylene glycol)-SS-oligodeoxynucleotide conju-
gate. Biomacromolecules, 6, 2449-2454.

Oishi, M., Ikeo, S., & Nagasaki, Y. (2007). Lipase-Catalyzed Selective Synthesis
and Micellization of Poly(ethylene glycol)-block-Poly(e-caprolactone) Copoly-
mer Possessing a Carboxylic Acid Group at the PEG Chain End. Polym J, 39,
239-244.

Oishi, M., Kataoka, K., & Nagasaki, Y. (2006). pH-Responsive Three-layered
PEGylated polyplex micelle based on a lactosylated ABC triblock copolymer
as a targetable and endosome-disruptive nonviral gene vector. Bioconjug Chem,
17, 677-688.

Oishi, M., Nagasaki, Y., & Kataoka, K. (2005). Functional PEG for drug delivery.
In G, S. Kwon (Ed.), Polymeric Drug Delivery Systems (pp. 93—127). New York:
Taylor & Francis.

Oishi, M., Nagastugi, F., Sasaki, S., Nagasaki, Y., & Kataoka, K. (2005). Smart
polyion complex micelles for targeted intracellular delivery of PEGylated antisense
oligonucleotides containing acid-labile linkages. Chem Bio Chem, 6, 718-725.

Oishi, M., Nagasaki, Y., Itaka, K., Nishiyama, N., & Kataoka, K. (2005). Lacto-
sylated poly(ethylene glycol)-siRNA conjugate through acid-labile [-
thiopropionate linkage to construct pH-sensitive polyion complex micelles
achieving enhanced gene silencing in hepatoma cells. J Am Chem Soc, 127,
1624-1625.

Oishi, M., Nakaogami, J., Ishii, T., & Nagasaki, Y. (2006). Smart PEGylated gold
nanoparticles for the cytoplasmic delivery of siRNA to induce enhanced gene
silencing. Chem Lett, 35, 1046-1047.

Oishi, M., Sasaki, S., Nagasaki, Y., & Kataoka, K. (2003). pH-Responsive oligo-
deoxynucleotide (ODN)-poly(ethylene glycol) conjugate through acid-labile



Chapter 2 Block Copolymer Synthesis for Nanoscale Drug and Gene Delivery 67

[B-thiopropionate linkage: preparation and polyion complex micelle formation.
Biomacromolecules, 4, 1426-1432.

Otsuka, H., Akiyama, Y., Nagasaki, Y., & Kataoka, K. (2001). Quantitative
and reversible lectin-induced association of gold nanoparticles modified with
a-lactosyl-ow-mercapto-poly(ethylene glycol) . J Am Chem Soc, 123, 8226-8230.

Otsuka, H., Nagasaki, Y., & Kataoka, K. (2003). PEGylated nanoparticles for
biological and pharmaceutical applications. Adv Drug Deliv Rev, 55, 403—419.

Scholz, C., lijima, M., Nagasaki, Y., & Kataoka, K. (1995). A novel reactive
polymeric micelle with aldehyde groups on its surface. Macromolecules, 28,
7295-7297.

Schwartz, A. L., Fridovich, S. E., Knowles, B. B., & Lodish, H. F. (1981). Char-
acterization of the asialoglycoprotein receptor in a continuous hepatoma line.
J Bio Chem, 256, 8878—8881.

Stockert, R. J. (1995). The asialoglycoprotein receptor: Relationships between
structure, function, and expression. Physiol Rev, 75, 591-609.

Tsukioka, Y., Matsumura, Y., Hamaguchi, T., Koike, H., Moriyasu, F., & Kakizone, T.
(2002). Pharmaceutical and biomedical differences between miceller doxorubi-
cin (NK911) and liposomal doxorubicin (Doxil). Japan J Cancer Res, 93,
1145-1153.

Uhlman, E., & Peyman, A. (1990). Antisense oligonucleotides: a new therapeutic
principle Chem Rev, 90, 543-584.

Verma, A., Simard, J. M., Worrall, J. W., & Rotello, V. M. (2004). Tunable
reactivation of nanoparticle-inhibited B-galactosidase by glutathione at intracel-
lular concentrations. J Am Chem Soc, 126, 13987-13991.

Wakebayashi, D., Nishiyama, N., Yamasaki, Y., Itaka, K., Kanayama, N., Harada,
A., Nagasaki, Y., & Kataoka, K. (2004). Lactose-conjugated polyion com-
plex micelles incorporating plasmid DNA as a targetable gene vector system:
their preparation and gene transfecting efficiency against cultured HepG?2 cells.
J Control Release, 95, 653-664.

Yokoyama, M., Okano, T., Sakurai, Y., Kikuchi, A., Ohsako, N., Nagasaki, Y., &
Kataoka. K. (1992). Synthesis of poly(ethylene oxide) with heterobifunctional
reactive groups at its terminals by an anionic initiator. Bioconjug Chem, 3,
275-276.

Zalipsky, S. (1995). Functionalized poly(ethylene glycols) for preparation of bio-
logically relevant conjugates. Bioconjug Chem, 6, 150—165.



3

Supercritical Fluid Technology
for Nanotechnology in Drug Delivery

Mohammed J. Meziani, Pankaj Pathak, and Ya-Ping Sun

Introduction

In the past few decades, supercritical fluid technology has attracted the
attention of both scientists and engineers (McHugh and Krukonis, 1994;
Taylor, 1996; Brennecke, 1993; Hutchenson and Foster, 1995; Levelt
Sengers, 1991; Kendall et al., 1999). Early studies on the application of
supercritical fluid technology were primarily in extraction and chromato-
graphy. Extensive experimental and theoretical investigations have been
aimed toward an understanding of the properties of supercritical fluid
systems, particularly intermolecular interactions (solute—solvent, solvent—
solvent, and solute—solute) in supercritical fluid solutions (Tucker, 1999;
Jessop and Leitner, 1999; Sun, 2002). Much progress has also been made in
the use of supercritical fluids and mixtures as reaction media for chemical
synthesis and as alternative solvent systems for materials processing (Sun,
2002; Poliakoff et al., 1996; Kajimoto, 1999; Savage, 1999; Musie et al.,
2001). Recently, several supercritical fluid processing techniques have
found significant applications in the nanotechnology development for
drug formulation and delivery, especially the production of nanosized
drugs and pharmaceuticals. In fact, drug formulation and delivery-related
applications have emerged as a new frontier in the development of super-
critical fluid technology.

In this chapter, we provide background information on the supercritical
fluid processing techniques relevant to drug formulation and delivery,
highlight the recent advances and novel applications, and discuss the
successful development of a new supercritical fluid rapid expansion tech-
nique for producing exclusively nanoscale drug particles.

Supercritical Fluid Processing Techniques

A supercritical fluid is defined as a solvent at temperature and pressure
above the critical temperature and pressure, respectively, where the fluid
remains a single phase. Among the most important properties of a super-
critical fluid are the low and tunable densities, which can be easily varied
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from gas-like to liquid-like via a simple change in pressure at constant
temperature or vice versa, and the unusual solvation effects at densities
near the critical density. Generally, solute—solvent interactions in super-
critical fluids are understood in terms of a three-density region solvation
model (Sun and Bunker, 1995). In the low-density gas-like region, the
solvation increases almost linearly with density at constant temperature.
This behavior is probably dictated by short-range interactions in the inner
solvation shell. Before the inner shell is saturated, the microscopic conse-
quence of increasing density is the addition of solvent molecules to the
solvation shell, which causes large incremental effects. In the near-critical
density region, the solvation is nearly independent of changes in density.
A supercritical fluid in the near-critical region may be considered as being
macroscopically homogeneous but microscopically inhomogeneous (a
mixture of solvent molecules and “free volumes”). Thus, changes in the
bulk density primarily correspond to decreases in the free volumes, with
little effect on the solute molecules. A further increase in the fluid density
to reach the point where the free volumes are largely gone affects the
microscopic solvation environment of the solute molecules in a way similar
to that in a liquid solution (Sun and Bunker, 1995).

Commonly used supercritical solvents include CO,, ethylene, ethane,
fluoroform, and ammonia, although the flammability and toxicity of some
of these may limit their uses for specific applications in pharmaceutical
processing. Supercritical CO, is obviously a favored choice for its near-
ambient critical temperature (~31°C) and relatively low critical pressure
(73.8 bar), and for its nontoxic, nonflammable, abundant, and inexpensive
characteristics. Since CO, is nonpolar, a polar modifier such as a cosolvent
or a surfactant may be added to improve the solubility of some solute
molecules (Sauceau et al., 2004; Ting et al., 1993).

Supercritical fluid technology has shown great promise in addressing
many of the challenges facing the pharmaceutical industry in drug delivery
systems, including particle generation and processing techniques; and
issues such as controllable particle size and shape, clean, environmentally
responsible, and scalable (Rogers et al., 2001; York, 1999; Kompella and
Koushik, 2001; Subramaniam et al., 1997a; Jung and Perrut, 2001; Stanton
et al., 2002; Fages et al., 2004; Young et al., 2000; Tan and Borsadia, 2001;
Del Valle and Galan, 2005; York, 2004; Date and Patravale, 2004; Hu et al.,
2004). Several supercritical fluid methods have been successfully develo-
ped, leading to the production of micron-sized particles of different
shape, size, and morphology (McHugh and Krukonis, 1994; Taylor, 1996;
Brennecke, 1993; Hutchenson and Foster, 1995; Levelt Sengers, 1991;
Eckert et al., 1996; Johnston and Penninger, 1989; Squires and Paulaitis,
1987; Bright and McNally, 1992; Von Rohr and Treep, 1996). These
particle design and formation processes offer many drug formulation
options such as dry powders, nanoparticle suspensions, microspheres or
microcapsules as drug carriers, and drug-impregnated excipients (Rogers
et al., 2001; York, 1999; Kompella and Koushik, 2001; Subramaniam
et al., 1997a; Jung and Perrut, 2001; Stanton et al., 2002; Fages et al.,
2004; Young et al., 2000; Tan and Borsadia, 2001; Del Valle and Galan,
2005; York, 2004; Date and Patravale, 2004; Hu et al., 2004). Among
widely investigated and most relevant techniques are SAS (supercritical
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anti-solvent), RESS (rapid expansion of supercritical solutions), and more
recently the RESOLV (rapid expansion of a supercritical solution into a
liquid solvent) (Sauceau et al., 2004; Ting et al., 1993; Rogers et al., 2001;
York, 1999; Kompella and Koushik, 2001; Subramaniam et al., 1997a; Jung
and Perrut, 2001; Stanton et al., 2002; Fages et al., 2004; Young et al., 2000).

Supercritical Anti-solvent (SAS) Process

SAS generally refers to the precipitation for particle formation in a com-
pressed fluid at supercritical as well as subcritical conditions. The process
is also called PCA (precipitation with compressed anti-solvent) or GAS
(gas anti-solvent) in some literature. As with any precipitation process, the
anti-solvent can be added to the solution (normal-addition precipitation)
or the solution can be added to the anti-solvent (reverse-addition precipi-
tation). The SAS method requires that the supercritical anti-solvent be
miscible with the solution solvent and that the solute be insoluble in the
supercritical anti-solvent. In the normal-addition SAS, a solute is dissolved
in a liquid solvent, and then a supercritical anti-solvent is added to the
solution in a partially filled closed container that is initially at ambient
pressure. With the addition of the supercritical anti-solvent, both the
volume of the solution/anti-solvent mixture and the pressure of the closed
container increase. The decrease in solubility of the solute with increasing
anti-solvent fraction in the mixture results in the precipitation of the
solute. The precipitate is then washed with the anti-solvent to yield the
desired particles. The size and size distribution of the particles depend on
the selection of the solution/anti-solvent system, the solution concentra-
tion, the relative solution and anti-solvent quantities, the rate of the anti-
solvent addition, and the degree of mixing (Reverchon, 1999). In the
reverse-addition SAS, a liquid solution is sprayed through a nozzle into
a supercritical anti-solvent. The rapid diffusion of the solvent from the
solution droplets sprayed into the bulk supercritical fluid results in the
precipitation of the solute. The precipitate is then washed with the anti-
solvent and filtered to obtain the desired particles.

Supercritical anti-solvent methods have been used for preparing a
variety of micron and submicron particles and fine powders from inor-
ganics, polymers, pigments, proteins, pharmaceuticals, and even explo-
sives (Reverchon, 1999; Debenedetti et al., 1993a; Reverchon and De
Marco, 2004; Wang et al., 2005; Winters et al., 1996; Del Valle and
Galan, 2005; Jovanovic et al., 2004; Chattopadhyay and Gupta, 2002).
For example, fine particles of trypsin, lysozyme, and insulin proteins with
diameters ranging from 1 to 5 pm were produced by a continuous flow
supercritical anti-solvent process (Winters et al., 1996). In the preparation,
a solution of the protein in DMSO was sprayed through a small orifice into
concurrently flowing supercritical CO,. The particle sizes could be varied
via changing processing conditions; for example, larger particles were
obtained by decreasing the pressure or increasing the temperature of the
supercritical anti-solvent or by using a larger-diameter expansion nozzle.
The biological activity of the micron-sized powders compared to the
starting materials was hardly affected by the processing.
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Supercritical anti-solvent processing has also been used in the prepara-
tion of pharmaceutically important compounds, including salmetrol
xinafoate (York and Hanna, 1996), sulfathiazole (Kitamura et al., 1997),
methylprednisolone (Schmitt et al., 1995), and hydrocortisone acetate
(Schmitt et al., 1995). In a modification to the typical supercritical anti-
solvent process, step-wise addition of supercritical anti-solvent to ethanol
solutions of sulfathiazole was used to control the nucleation and control
processes (Kitamura et al., 1997). Sulfathiazole crystals with sizes ranging
from tens to hundreds of microns, up to 2-6 mm, can be prepared by
varying the timing and amount of supercritical anti-solvent added. The
particle size was also found to be dependent on the operating pressure:
smaller particles were formed due to the increase in the pressure of the
initially added anti-solvent. The formation of smaller particles was attrib-
uted to faster nucleation during the process. In another modification to the
SAS process, compressed gas was used as an anti-solvent to precipitate and
prepare particles of several commercial pigments (Gao et al., 1998). Par-
ticles of ~1 um were obtained by using acetone as a solvent and com-
pressed CO, as anti-solvent. Addition of anti-solvent as a compressed gas
or a supercritical fluid did not significantly change the particle properties.
However, a decrease in the pressure or an increase in the temperature of the
anti-solvent (compressed gas) or an increase in the nozzle size resulted in
the formation of larger particles. Antibiotic tetracycline was also success-
fully processed by SAS by using N-methyl-2-pyrrolidone (NMP) as the
solvent. The mean particle size of precipitated particles was ~150 nm
(Reverchon and Della Porta, 1999).

Chattopadhyay et al. developed a batch supercritical anti-solvent
micronization process enhanced by the addition of a vibrating surface in
the precipitation vessel, named supercritical anti-solvent with enhanced
mass transfer (SAS-EM) (Chattopadhyay and Gupta, 2001a,b). They
produced griseofulvin (antifungal, antibiotic) particles as small as
130 nm and lysozyme (enzyme) particles of about 190 nm. Nanometric
lysozyme particles with a minimum mean diameter of 180 nm were also
produced by Mubhrer et al. using the GAS process (Muhrer and Mazzotti,
2003). Snavely et al. produced insulin (antidiabetic) nanoparticles by SAS
with the aid of an ultrasonic nozzle (Snavely et al., 2002).

Mechanistically, the particles are formed from the solution droplets,
which collide into the fluid phase. Either the addition of anti-solvent into
solution or vice versa, the knowledge on the phase diagram is crucial to the
understanding of the mass transfer and nucleation phenomena in SAS.
The precipitation of the solute occurs either by the dissolution of the anti-
solvent into the solution, leading to swelling of solution droplets, or by
evaporation of the solvent into anti-solvent, causing shrinkage of the
droplets (Fages et al., 2004). Shekunov et al. studied ethanol-CO, SAS
system using optical methods (image analysis, laser interferometry, and
particle-image velocimetry) to determine if the anti-solvent swells or
shrinks during precipitation. According to their results, nucleation
occurred within the shrinking ethanol-rich droplets, and no swelling
was observed under any operating conditions (Shekunov et al., 2000).
Rantakyld et al. studied the influence of several parameters on the size of
poly-lactic acid particles formed in SAS process (Rantakyla et al., 2002).
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The mean particle size was found to depend slightly on the temperature
and pressure, but independent of nozzle exit velocity and nozzle diameter.
The initial droplet sizes formed at the nozzle had no effect on the particle
size (Rantakyld et al., 2002). Another study with the toluene—CO, system
(without a third component to be crystallized) showed the dependence of
droplet fate on the respective densities of the solvent and anti-solvent
(Werling and Debenedetti, 2000). To optimize particle production from
the droplets, it is generally advantageous to work in the single-phase zone
at high pressures, where higher mass transfer and higher supersaturation
ratios are achieved.

A major disadvantage of the SAS method is that particle formation is
followed by a lengthy drying period, which often leads to particle agglom-
eration and aggregation (Dixon et al., 1993; Falk et al., 1997; Debenedetti,
1994; Vemavarapu et al., 2005). However, the problem may be minimized
by intensive mixing of the solution with the supercritical anti-solvent,
which leads to more efficient mass transfer and smaller droplet size. One
way to achieve the intensive mixing in a slightly modified SAS is the use of
an ultrasonic nozzle, a process in which the increased mass transfer rate
due to sonic waves in an energizing gas stream leads to the formation of
discrete submicron drug particles (Subramaniam et al., 1997a,b). With
sound waves rather than inertial and frictional forces for droplet forma-
tion, large-diameter nozzles (instead of capillary or micro-orifice nozzles)
could be used in the process for fine particle production (Subramaniam
etal., 1997b). Another conceptually similar modification to the traditional
SAS, the solution-enhanced dispersion by supercritical fluids (SEDS)
technique (York, 1999; Hanna and York, 1998; Sloan et al., 1998), uses
the supercritical fluid as both an anti-solvent and a “spray enhancer”,
where a nozzle with two coaxial passages allows the simultaneous intro-
duction of the drug solution and supercritical anti-solvent into the particle
formation vessel with controlled temperature and pressure. This modified
SAS process has been used to formulate a variety of drug particles,
including nicotinic acid, paracetamol, salmeterol xinafoate, fluticasone
propionate, and water-soluble proteins (York, 1999). The process has
also allowed manipulation of particle size, shape, and morphology by
changing the process working conditions. For example, polymorphs of
salmeterol xinafoate and fluticasone propionate were obtained from the
SEDS by processing in different regions of the supercritical phase with the
same organic solvent (Hanna and York, 1998). The same process was also
applied to prepare microfine particles of lysozyme from an aqueous solu-
tion of the protein (Sloan et al., 1998).

In addition to SEDS, other variations of SAS including precipitation
with compressed anti-solvent (PCA) and aerosol supercritical extraction
system (ASES) have been developed (Rogers et al., 2001; York, 1999;
Kompella and Koushik, 2001; Subramaniam et al., 1997a; Jung and
Perrut, 2001; Helfgen et al., 2000; Rogers et al., 2003). For example,
Johnston and coworkers used the PCA method to prepare polymer parti-
cles and fibers (Dixon et al., 1993; Mawson et al., 1997a,b; Dixon et al.,
1994; Yates et al., 1999). Microparticles and fibers of polystyrene were
formed by spraying a toluene solution into liquid CO, (Yates et al., 1999).
Increasing CO, density and decreasing temperature resulted in the
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formation of smaller particles ranging from 0.1 to 1 pm. An increase in the
polymer concentration from 1 to 5 wt% resulted in formation of fibers
with diameters of 20-60 pm under certain conditions.

The other variation of the SAS technique, ASES process, involves
spraying fine solution droplets through an atomization nozzle into com-
pressed CO,. The dissolution of the supercritical fluid into the liquid
droplets is accompanied by a large volume expansion and, consequently,
the supersaturation and formation of small uniform particles (Dehghani
and Foster, 2003; Tu et al., 2002). Foster et al. used the ASES technique to
micronize and microencapsulate parahydroxybenzoic acid (p-HBA) and
lysozyme with poly(L-lactic acid) (L-PLA) from various organic solutions
(Tuetal., 2002). In these studies, the effects of various parameters, such as
pressure, temperature, solution concentration, solvent system, and spray-
ing velocity on the nature of the particles were determined. Effective size
reduction of the particles was achieved at low-to-moderate temperatures
in an essentially one-step process. In general, it was found that the high-
molecular-weight compounds, L-PLA and lysozyme, precipitated as
microspheres and nanospheres, whereas the lighter-weight compound,
p-HBA, precipitated as crystalline particles resembling platelets (averaging
3 pm in length). The maximum encapsulation efficiencies obtained for
p-HBA and lysozyme with L-PLA particles were 9.2 and 15.6%, respec-
tively. The ASES technique has also been applied to the micronization of
poorly water-soluble drugs to improve their dissolution rates, and for
re-engineering of proteins, steroids, and antibiotics so that they can be
administered via the respiratory tract or other routes (Reverchon, 1999;
Foster et al., 2003; Reverchon, 2003; Reverchon and De Marco, 2006;
Kikic and Sist, 2000). Proteins such as insulin, rhDNase, lysozyme, and
albumin were precipitated by the ASES process from aqueous solutions
with a uniform primary particle size of less than 500 nm (Bustami et al.,
2000). The structure and biochemical integrity of the proteins could be
retained, but these were dependent on the operating conditions and the
modified anti-solvent used. There have also been many investigations on
the feasibility of utilizing the ASES process for the processing of fragile
and heat-labile molecules, such as proteins which are difficult to process by
conventional techniques (Snavely et al., 2002; Foster et al., 2003; Bustami
et al., 2003; Bustami et al., 2001).

SAS and related supercritical fluid processing methods are advanta-
geous over a liquid solution-based technique for the ability to prepare dry
powders in a single step (Gallagher et al., 1992). In addition, several new
techniques have evolved in which the primary use of supercritical fluid is to
assist the nebulization of the solution while also acting as an anti-solvent to
precipitate the solute. In these techniques that closely resemble classic
micronization by spray drying, the supercritical fluid and solution are
intimately mixed and sprayed in a drying atmosphere. For example, car-
bon dioxide-assisted nebulization with a bubble dryer (CAN-BD) (Sellers
etal., 2001; Sievers et al., 2003) and supercritical fluid-assisted atomization
(SAA) (Reverchon and Della Porta, 2003a,b) have been used to prepare
drug particles and process water-soluble proteins and vaccines. The pre-
paration of dry powders at low temperature is particularly important for
pharmaceuticals, protein samples, and other materials that are thermally
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labile or shock sensitive. Because many compounds of interest have higher
solubility in liquid solvents than in low-temperature supercritical fluids,
the SAS method generally allows higher throughputs than the RESS
method discussed below.

Rapid Expansion of Supercritical Solutions (RESS)

RESS process has been widely studied as an effective technique for particle
formation (McHugh and Krukonis, 1994; Rogers et al., 2001; York, 1999;
Kompella and Koushik, 2001; Subramaniam et al., 1997a; Jung and
Perrut, 2001; Stanton et al., 2002; Fages et al., 2004; Krukonis, 1984;
Lele and Shine, 1994; Matson et al., 1986a, 1987a,b; Teja and Eckert,
2000; Blasig et al., 2002; Yeo and Kiran, 2005; Mohamed et al., 1989b;
Domingo et al., 1997; Petersen et al., 1986, 1987; Mawson et al., 1995;
Weber and Thies, 2002; Ginosar et al., 2000; Rollins, 1999; Leuner and
Dressman, 2000; Matson et al., 1986b, 1987c,d; Smith et al., 1986; Matson
et al., 1989; Matson and Smith, 1989; Burukhin et al., 1998; Williams et al.,
1998; Yeo et al., 1994; Lele and Shine, 1992; Mishima et al., 2000; Krober
et al., 2000; Aniedobe and Thies, 1997). It differs from the SAS process
in that in RESS the solute is dissolved in a supercritical fluid to form a
solution, and then the solution is rapidly expanded through a small nozzle
or orifice into a region of lower pressure or ambient air (Eckert et al., 1996;
Teja and Eckert, 2000; Blasig et al., 2002; Yeo and Kiran, 2005; Mohamed
et al., 1989b). The rapid reduction in pressure and thus density results in
the precipitation of the solute. Experimentally, the supercritical solution
can be generated either by heating and pressurizing a solution from room
temperature or by continuously extracting the solute using an extraction
column. The preparation of the solution at room temperature allows
expansion to be performed at a known constant concentration, whereas
the use of an extraction column is useful for solutes that are insoluble or
sparingly soluble in the solvents. The temperature of the solvent can be the
same as or different from the temperature at which the expansion is carried
out. The extraction temperature and flow rate may be used to control the
solute concentration. The expansion is driven by the drop in pressure,
which can propagate at speeds up to the speed of sound in the expansion
nozzle. Because solubilities in supercritical fluids can be up to 10° times
higher than those under ideal gas conditions, the rapid expansion from
supercritical pressure to ambient pressure leads to extreme supersatura-
tion. The rapid decrease in pressure results in homogeneous nucleation of
the solute, leading to narrow size distributions in the processed materials.
This technique can be used for the preparation of particles and films of
inorganic, organic, and polymeric materials. Fibers of polymeric materials
can also be prepared under the appropriate expansion conditions. Thus,
variations in expansion conditions allow modifications in the product
morphology (Rollins, 1999).

The first report on RESS processing was published by Krukonis in 1984
(Krukonis, 1984). The preparation of small particles or fibers of alumi-
nium isopropoxide, dodecanolactam, polypropylene, B-estradiol, ferro-
cen, navy blue dye, and soybean lecithin using RESS was reported
(Mohamed et al., 1989b). CO, was used as a supercritical solvent for all
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the samples except polypropylene, which was processed with propylene.
Primary products for most of the samples were micron-size particles, with
a few exceptions like dodecanolactam and polypropylene, for which nee-
dles ~30 pm long and 1 um diameter and fiber-like particles were obtained.
Smith and coworkers carried out a series of RESS experiments aimed at
evaluating the effects of processing conditions on product morphology
from particles to films, size, and distribution (Matson et al., 1986b,
1987c,d; Smith et al., 1986).

Besides inorganic particles and films, several polymers have also been
processed into particles and fibers via RESS. For example Matson, Smith,
Peterson et al. used supercritical pentane for the RESS processing of poly-
styrene, polypropylene, poly(carbosilane), and cellulose acetate (Matson
et al., 1987a; Petersen et al., 1986, 1987; Matson et al., 1986b, 1987d;
Mishima et al., 2000). In these investigations, pre-expansion temperatures
significantly higher or lower than the melting point of the polymer led to the
formation of particles, while pre-expansion temperatures close to the poly-
mer melting point resulted in fiber morphology. Lele and Shine reported
preparation of fibers and particles of polycaprolactone, poly(methyl metha-
crylate), and a styrene/methyl methacrylate block copolymer using chlor-
odifluoromethane (Lele and Shine, 1992, 1994). The group found that the
formation of particles was favored over fibers at a low polymer concen-
tration, low pre-expansion temperature, high pre-expansion pressure, and
small length/diameter ratio for the nozzle. The results were explained on the
basis of the location of phase separation in the nozzle: particles if the
precipitation of polymer-rich phase occurs late in the nozzle and fibers
if the precipitation occurs upstream in the nozzle. Thies and coworkers
(Aniedobe and Thies, 1997) also reported the impact of polymer concentra-
tion on product size and morphology for cellulose acetate in supercritical
methanol and fluoroacrylate in supercritical CO,. They found a transition
from continuous fibers to particles as the polymer concentration decreased
from more than 5 wt% to less than 1 wt% (Aniedobe and Thies, 1997).

In addition to production of inorganic and polymeric materials, RESS
has been used for processing organic materials and pharmaceuticals.
Naphthalene was initially used as a model compound to study the effects
of RESS processing conditions on product size and morphology (Mohamed
etal., 1989a; Liu and Nagahama, 1996; Tai and Cheng, 1997). CO, was used
as a supercritical solvent, and the effects of pre- and post-expansion tem-
peratures and pressures and naphthalene concentration were evaluated. The
particle size increased from 2-35 um to 4-51 um with the increase in the pre-
expansion temperature from 110 to 170°C. This dependence was more
pronounced at higher solute concentrations, and both particle size and
size distribution decreased with the decrease in the post-expansion tempera-
ture. The effect of particle morphology as a function of particle composition
was also studied for naphthalene and phenanthrene particles. These parti-
cles exhibited a systematic change from plate-like particles for pure
naphthalene to needle-like particles for pure phenanthrene. Similar studies
on the effects of RESS processing conditions on product morphology of
salicylic acid were evaluated by Reverchon et al. (Reverchon et al., 1993).
The primary product morphology of salicylic acid was needles with dia-
meters in the 1-10 pm range and lengths of 5-170 um. The needle diameter
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and length both increased with the increase in the pre-expansion tempera-
ture from 100 to 140°C. A decrease in the post-expansion chamber tem-
perature from 30 to —10°C resulted in a transition from needle-like to
particle-like products. Concentration effects were also seen in the case of
salicylic acid: an increase in the concentration by a factor of 4 for a
decrease in needle diameter from 1 to less than 1 um and a corresponding
decrease in needle length from 5-15 to 3—6 pm. The results were in good
agreement with those in the formation of naphthalene particles.

Ohgaki et al. also observed the formation of crystalline whiskers or
needles when processing sigmasterol in supercritical CO, at pre-expansion
pressures between 13 and 15 MPa, which changed to amorphous agglom-
erates at lower pre-expansion pressures (Ohgaki et al., 1990). The forma-
tion of agglomerates and needles was attributed to the subsequent growth
of the primary particles (~10 nm in diameter) on the substrate, and the
difference in the growth mechanisms was thought to be due to differences
in the surface properties of the crystals. Needles that collected on the
substrate after 10 min exposure time using a pre-expansion pressure of
15 MPa had a diameter of 0.2 pm and lengths of 2-3 pm.

In another report, an antimicotic compound griseofulvin was processed
using trifluoromethane as a supercritical solvent in RESS (Reverchon
et al., 1995; Donsi and Reverchon, 1991). As in previous studies, the
product morphology changed from needles to particles with increases in
pre-expansion temperature. For example, lower pre-expansion tempera-
ture of 60°C resulted in the formation of griseofulvin needles with 1.1 um
diameter and lengths of 13-36 um; but at the higher pre-expansion tem-
perature of 150°C, only particles with a diameter of 1.1 pm were formed.

The effects of RESS processing conditions on the particle formation of
steroid drugs progesterone and medroxyprogesterone acetate were also stu-
died by using supercritical CO, (Alessi et al., 1996). For progesterone, the
particle diameter decreased from 7.4 to 4.1 um with the use of a smaller
diameter nozzle of 30 pm instead of 100 um. The increase in progesterone
concentration from 4.55 x 107 to 1.35 x 10* mole fraction resulted in a
decrease in particle size from 7.5 to 6.0 um, and an increase in the post-
expansion temperature from 40 to 60°C resulted in a slight increase in particle
size. The authors also found that a decrease in the post-expansion pressure
from 50 to 1 bar resulted in a change of particle morphology from needle-like
with a dendritic structure to more particle-like, and only a slight decrease in
size, from 9.1 to 7.5 pm, with little effect on size distribution. Similarly, for
n-octacosane processed using CO», an increase in pre-expansion temperature
resulted in decreases in particle size and distribution (Griscik et al., 1995).

Foster et al. employed RESS processing for the micronization of ibu-
profen, an anti-inflammatory drug (Charoenchaitrakool et al., 2000).
They studied the effect of spraying distance, pre-expansion pressure, and
nozzle length on particle size. The median particle size of ibuprofen pre-
cipitated by RESS was less than 2.5 um. Although the particles obtained
were aggregated, they were easily dispersed by ultrasonication in water.
The pre-expansion pressure and nozzle length had no effect on particle size
and morphology within the range of operating conditions studied. An
increase in spraying distance resulted in a slight decrease in particle size
and degree of aggregation. The degree of crystallinity of the processed
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ibuprofen was slightly decreased; as a result, the micronized product
exhibited a higher disk intrinsic dissolution rate. The RESS process was
also successful in processing ultrafine spherical particles (0.1-0.3 pm) of
aspirin, as demonstrated by Huang et al. (Huang et al., 2005). Their results
showed that extraction pressure and extraction temperature could signifi-
cantly affect the morphology and size of the precipitated particles, whereas
the nozzle diameter and pre-expansion temperature did not influence the
RESS-produced particles.

One of the major limitations of the RESS process with supercritical CO,
is the low solubility of polar drugs. To overcome this limitation, a modified
process of rapid expansion of supercritical solution with solid cosolvent
(RESS-SC) was proposed by Gupta (Thakur and Gupta, 2005, 2006a,b).
The solid cosolvent (SC) enhances the solubility, provides a barrier for
coagulation in the expansion chamber, and can be removed from the solute
particles later by lyophilization (sublimation). For example, with the use of
menthol as cosolvent, griseofulvin (an antifungal drug) solubility in super-
critical CO, was increased by about 28-fold. Griseofulvin particles in the
range of 50-250 nm were obtained by using RESS-SC, which is a 10-fold
reduction in size compared with those from the conventional RESS pro-
cessing (Thakur and Gupta, 2005). The same process was also applied to
phenytoin drug using menthol solid cosolvent, resulting in a 400-fold
increase in the phenytoin solubility (Thakur and Gupta, 2006b).

Similarly, Johnston et al. modified the RESS process by rapid expan-
sion from supercritical to aqueous solution (RESAS), which produced
nanosuspensions of water-insoluble drugs (Young et al., 2000; Hu et al.,
2004; Chen et al., 2002). Phospholipids and other suitable surfactants were
integrated into the process to increase the solute solubility and enhance
the dispersion of the particles. The Johnston group reported the formation
of cyclosporine nanoparticles by spraying the drug—CO, solution into a
Tween-80 solution to prevent nanoparticle agglomeration. Cyclosporine
particles formed by RESAS had a size of 500-700 nm and could be
stabilized for drug concentrations as high as 6.2 and 37.5 mg/ml in 1 and
5 wt% Tween-80 solutions, respectively.

Besides CO,, several other supercritical solvents, like ethane and ethy-
lene, have been used in RESS processing. Supercritical ethane, ethylene,
and ethylene/1.5% toluene cosolvent systems were used for the RESS
processing of PB-carotene particles with diameters of less than 1 pm
(Chang and Randolph, 1989). B-Carotene was dissolved in supercritical
ethylene and then expanded into air under pre-expansion conditions of
316 bar and 70°C to produce particles with an average size of 1.0 pm and
size distribution of 36%. Under similar pre-expansion conditions, when
the expansion was expanded into a 10 wt% aqueous gelatin solution, small
particles of 0.3 pm size and 34% size distribution were obtained.

Domingo and coworkers investigated the effect of nozzle characteristics
on the particle properties of benzoic acid, salicylic acid, aspirin, and
phenanthrene with supercritical CO, (Domingo et al., 1996, 1997). The
authors used porous frits as alternatives to capillary nozzles and evaluated
the particle morphologies as a function of processing conditions (Domingo
et al., 1996, 1997). Although porous frit nozzles resulted in smaller parti-
cles with particle size of 0.1 pum, clogging of frits was one of the main
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problems encountered. The clogging was prominent in the case of aspirin,
which could not be processed using frit nozzles. On the other hand, the use
of capillary nozzles resulted in more needle-like particles with an average
particle size of 2-8 um.

RESS technique has also been applied to the production of multi-
component particles for various applications, particularly for the controlled
release of pharmaceuticals, medical devices, etc. (Reverchon and Adami,
2006). The method allows preparation of intimately mixed samples of com-
ponents with very different properties. The most promising area of applica-
tion for these composite materials is in the controlled release of drugs using
polymer particles. For example, RESS processing of several polyhydroxy
acids for controlled release was reported by Tom and Debenedetti (Tom
and Debenedetti, 1991). Polymer microparticles of bioerodible polymers
poly(r-lactic acid), poly(p,L-lactic acid), and poly(glycolic acid) with dia-
meters ranging from 2 to 25 pm were successfully prepared via RESS
processing with neat CO,, CO, with 1 wt% acetone cosolvent, and chloro-
trifluoromethane. Benedetti et al. also did a comparative study of RESS and
SAS methods for the preparation of micron-size particles of the biocompa-
tible polymer hyaluronic acid benzylic ester (Benedetti et al., 1997).

The ideal targeted morphology for controlled release applications is
uniform spherical drug particles homogeneously distributed throughout
the polymer particles. RESS process was applied for the preparation of
uniformly distributed pyrene within the poly(L-lactic acid) microparticles
(Tom et al., 1994; Knutson et al., 1996). Pyrene was chosen as a model
organic solute because the pyrene distribution in poly(r-lactic acid) could
be easily determined using fluorescence microscopy. Poly(p,L-lactic acid)
was extracted using CO,-CHCIF, (60 wt% CO») at 200 bar and 55°C in
one column, and pyrene was extracted with neat CO, at 200 bar and 65°C
in the other column. The pyrene concentration was adjusted by diluting the
extract to the desired concentration using CO,. Both extraction columns
were used in parallel and the two solutions were mixed and brought to the
pre-expansion temperature and expanded through a 50 pm capillary noz-
zle. The uniform distribution of pyrene inside poly(b,L-lactic acid) micro-
spheres was evident from the results.

Lovastatin, an anti-cholesterol drug, was successfully encapsulated in
poly(p,L-lactic acid) microparticles by Debenedetti et al. (Debenedetti
et al., 1993b). Two separate extraction columns for the solutes were used
to prepare encapsulated particles. Simultaneous extraction of the polymer
and drug solutes using supercritical CO» at 200 bar and 55°C followed by
expansion at 75-80°C produced a range of polymer particles from sphe-
rical to oblong, containing lovastatin needles. A single extraction column
packed with a mixture of both solutes was also used for the processing.
However, the use of separate extraction columns for individual solutes was
preferred because separate columns allow better control over the solute
extraction parameters and final product properties.

Naproxen (6-methoxy-methyl-2-naphthaleneacetic acid), an anti-
inflammatory drug, was used with poly(L-lactic acid) to prepare encapsu-
lated microparticles (Kim et al., 1996). Simultaneous extraction of both
naproxen and poly(L-lactic acid) solutes was accomplished by using a
single extraction column with supercritical CO,. The solution containing
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both the solutes was co-precipitated at pre-expansion conditions of
190 bar and 114°C using a 50 pm diameter capillary nozzle. Naproxen
microparticles ranging from size 2 to 5 um were found to be embedded
inside poly(L-lactic acid) spheres with 10-90 um diameter.

The RESS techniques have been applied to processing of other phar-
maceutical compounds, such as salicylic acid, aspirin, lecithin, nifedepin,
lovastatin, paracetamol, ketoprofen, nicotinic acid, and drug—polymer
systems (York, 1999; Kompella and Koushik, 2001; Subramaniam et al.,
1997a; Jung and Perrut, 2001; Vemavarapu et al., 2005; Subramaniam
et al., 1997b; Hanna and York, 1998; Sloan et al., 1998; Helfgen et al.,
2000; Rogers et al., 2003). The morphology of the prepared materials was
found to be dependent on the different processing conditions, which allows
some control over the materials properties. Although particles of a few
microns are generally obtained as primary products, smaller particles
(100-300 nm) have been produced in RESS with the use of appropriate
nozzles (Jung and Perrut, 2001). To better understand the relationships
between processing conditions and materials properties, numerous efforts
have been made to model and simulate the supercritical fluid processing
technique. The results from these studies suggest that traditional RESS
process generally produces micron-size particles with only few exceptions
(Lele and Shine, 1992, 1994; Matson et al., 1987a; Petersen et al., 1986;
Matson et al., 1986b, 1987c.d; Smith et al., 1986; Matson et al., 1989;
Matson and Smith, 1989; Burukhin et al., 1998; Williams et al., 1998; Yeo
et al., 1994). Mechanistically, several theoretical studies suggest that the
traditional RESS should facilitate the formation of primarily nanoscale
particles and that agglomerations during the rapid expansion process are
responsible for the growth of the initially formed particles beyond the
nanoscale and thus for the observation of micron-size particles as major
products (Helfgen et al., 2000; Weber and Thies, 2002). Ginosar and cow-
orkers have shown experimentally that both nanosize and micron-size
particles are present in the expansion jet and that the particle sizes increase
with the distance from the expansion nozzle, consistent with the theoreti-
cally predicted agglomeration mechanism (Ginosar et al., 2000). For
example, they found that the nanosize particles increased in size from an
average diameter of 10 to 22 nm as the distance from the expansion nozzle
increased from 0.26 to 5 mm, while micron-size particles maintained a
relatively constant average diameter of ~ 0.7 pm (Ginosar et al., 2000).
These theoretical and experimental results suggest that nanoscale particles
could be obtained from the RESS process if the nanoparticles could be
effectively “captured”.

RESOLYV and Nanotechnology

Sun and coworkers made a procedure-wise simple modification, but
mechanistically significant, to the classical RESS processing by rapidly
expanding a supercritical solution into a liquid instead of air or gas phase,
namely the rapid expansion of a supercritical solution into a liquid solvent
(RESOLYV), as illustrated in Scheme 1 (Sun and Rollins, 1998; Sun et al.,
1999a,b). Alternatively in some cases, a reacting system has been used,
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RESOLYV for processing drug nanoparticles

Scheme 3.1 RESOLYV for processing drug nanoparticles. (See Color Plate 5)

in which one reactant is dissolved in the supercritical solution and one in
the liquid receiving solution. However, these variations of RESOLV all
involve expansion into a liquid to produce exclusively nanoscale particles,
and the nanoparticles thus produced are generally of narrow size distribu-
tions (Pathak et al., 2004, 2005, 2006, 2007a,b; Sun et al., 2000, 2001, 2005;
Meziani and Sun, 2002; Meziani and Sun, 2002, 2003; Sane and Thies,
2005; Meziani et al., 2003, 2005a,b, 2002, 2006).

RESOLY for Nanoscale Semiconductor and Metal Particles

Semiconductor and metal nanoparticles were prepared by using RESOLV
with a reacting system. While not necessarily applicable to the processing of
drug nanoparticles, the results are highlighted to demonstrate the feasibility
and potentials of the technique. A simple example is the preparation of
cadmium sulfide (CdS) nanoparticles. In the experiment, a supercritical
ammonia solution of Cd(NOj3), was prepared for rapid expansion into a
room-temperature ethanol solution of Na,S. The reaction of Cd*" ions
contained in the sprayed supercritical ammonia solution with S*~ in the
receiving liquid ethanol solution resulted in the formation of CdS nanopar-
ticles (Sun and Rollins, 1998). The same method has been applied to the
preparation of other semiconductor (PbS, Ag,S, ZnS), metal (Cu, Ni, Co,
Fe), and metal oxide (Fe,O3) nanoparticles (Sun et al., 1999a,b, 2000).

An important feature of the RESOLV method is that it requires no
nanoscale templates (such as nanoscale cavities in micelles) for the forma-
tion of nanoparticles. The supercritical fluid rapid expansion itself pro-
vides the templating effect, creating nanoscale droplets of the expanding
supercritical fluid solution in the receiving solution (Sun et al., 1999a,b,
2000). Thus, the method offers a “clean” way to produce nanoscale mate-
rials that are conjugated directly with biological species (Meziani et al.,
2002, 2005b; Meziani and Sun, 2003). For example, it was demonstrated
that the semiconductor and metal nanoparticles coated directly with
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Figure 3.1 TEM (left) and AFM (right) images of BSA-conjugated Ag,S nanopar-
ticles prepared via RESOLV. (From Meziani and Sun, 2003.) (See Color Plate 6)

natural protein species could be prepared via RESOLV process (Meziani
etal., 2002, 2005b; Meziani and Sun, 2003). Shown in Figure 3.1 isa TEM
image of the BSA-conjugated Ag,S nanoparticles, corresponding to an
average particle size of 6.3 nm and a size distribution standard deviation of
1.6 nm. The result from atomic force microscopy (AFM) analysis is also
shown in Figure 3.1.

Supercritical CO, with its favorable properties is obviously the pre-
ferred clean solvent in RESOLV. However, the limitation of neat super-
critical CO, is that it mostly dissolves only nonpolar solutes. Sun and
coworkers have investigated the use of other CO,-based supercritical
solvent systems with RESOLYV, including the stabilized CO, microemul-
sions (Sun et al., 2001; Meziani and Sun, 2002; Meziani et al., 2003, 2005a).
For example, in an evaluation of the feasibility as supercritical solvent
systems in the preparation of nanoparticles via RESOLV, the supercritical
CO»-based microemulsions stabilized by perfluoropolyether ammonium
carboxylate (PFPE-NH,) have been used to dissolve silver and copper salts
in RESOLV for the preparation of pure nanoscale silver and copper
nanoparticles (Sun et al., 2001; Meziani and Sun, 2002; Meziani et al.,
2003, 2005a). These metal nanoparticles, as well as nanoscale metal sul-
fides (Ag»S, CdS, and PbS), have been considered as model systems for the
evaluation of the microemulsion-for-RESOLYV approach.

There have also been systematic investigations on the experimental con-
ditions and parameters required or suitable for the dissolution of different
metal salts in water-in-CO, microemulsions (Meziani and Sun, 2002). In a
RESOLYV experiment for pure silver nanoparticles, as an example, AgNO3
was dissolved in the water cores of the PFPE-NHy-protected reverse micelles
in supercritical CO,. The microemulsion containing the aqueous AgNO;
was rapidly expanded into an ambient solution with a reductant in the
classical RESOLYV arrangement for the nanoparticle formation. The results
from this approach are more complicated than those from the use of neat
supercritical solvent discussed in previous sections. The particle size distri-
butions are generally broader with the rapid expansion of the microemul-
sion when the receiving liquid solution is close to neutral pH (Meziani et al.,
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Figure 3.2 TEM images of the two sets of Ag nanoparticles. (From Meziani et al.,
2005a.)

2005a). However, in an optimization of the process, it was found that the use
of basic liquid receiving solution resulted in two sets of silver particles, each
of which with a reasonably narrow size distribution. Shown in Figure 3.2 are
TEM images of the two sets of silver nanoparticles obtained from the basic
receiving solution conditions (pH ~ 11). The separation of the two sets of
nanoparticles was accomplished via simple centrifuging. The set of a smaller
average particle size represents the initially formed nanoparticles, and the
other set of a larger average particle size probably represents those that grow
from the initially formed nanoparticles. Such an assignment is supported by
the fact that the average size of the set of smaller nanoparticles is dependent
on the water-to-surfactant ratio (or the Wo value) of the pre-expansion
microemulsion. A higher Wo value corresponds to a larger average size of
the initially produced silver nanoparticles (Figure 3.3). This nice size corre-
lation suggests that the reverse micelles in supercritical CO, before the rapid
expansion still play a role in the post-expansion formation of nanoparticles,
which may have significant implications to the effort on controlling particle
sizes. Although the use of supercritical CO,-based microemulsions in
RESOLYV complicates the overall technical platform, it does offer important
flexibility in the nanoparticle production.

diameter (nm)

Figure 3.3 Variation of Ag nanoparticle 0— : ' ' ' '
sizes with the pre-expansion Wo values.
(From Meziani et al., 2005a.) Wo
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RESOLY for Nanoscale Polymeric and Organic Particles

Polymeric nanoparticles (100 nm or less), especially those that are biocom-
patible and/or biodegradable, have attracted much attention for their
various applications. In the field of drug delivery, as an example, these
nanoparticles may be used to carry a wide range of drugs, proteins, vac-
cines, or other biological species and for the purpose of controlled release of
drugs. Available methods for preparing polymeric nanoparticles include
solvent-in-emulsion evaporation, phase separation, and spray drying.
These methods are limited by issues such as excessive use of surfactant
and solvent, unwanted impurities, and insufficient colloidal stability. Thus,
it remains an ongoing challenge to find reliable and versatile techniques for
clean and nontoxic production of well-dispersed organic and polymeric
nanoparticles. RESOLV has been demonstrated as such a technique with
the COj-soluble fluoropolymer poly(heptadecafluorodecyl acrylate)
(PHDFDA) as model polymeric solute (Meziani et al., 2004; Sun et al.,
2005). Experimentally, the fluoropolymer PHDFDA was dissolved in
supercritical CO,. The supercritical solution was rapidly expanded into
ambient pure water to yield nanoscale PHDFDA particles. In order to
prevent the particles from agglomeration, polymeric and surfactant stabili-
zation agents were used in the aqueous suspension. For example, when an
anionic surfactant sodium dodecyl sulfate (SDS) was presented, even at a
relatively low concentration (20 mM), the aqueous-suspended PHDFDA
nanoparticles could be protected to remain exclusively nanoscale, about
40 nm in average diameter according to scanning electron microscopy
(SEM) analysis (Figure 3.4). Similarly, water-soluble polymers can be effec-
tive stabilization agents for the initially formed aqueous suspension of
polymeric nanoparticles in RESOLV. In the presence of poly(vinyl alcohol)
(PVA) in the aqueous receiving solution, as an example, the PHDFDA
nanoparticles from RESOLV remained homogeneous without any signifi-
cant precipitation (Sun et al., 2005). An SEM image of the PVA-protected
PHDFDA nanoparticles is also shown in Figure 3.4.

The same RESOLV processing was applied to produce nanoparticles
from biodegradable and biocompatible polymers, including poly(L-lactic
acid) (PLA) (Figure 3.5a) and poly(methyl methacrylate) (PMMA)
(Figure 3.5b), for stable aqueous suspensions of the nanosized particles
(Meziani et al., 2006). For organic materials, the feasibility of RESOLV

Figure 3.4 SEM images of poly(HDFDA) nanoparticles from RESOLV with
aqueous SDS solution (/eft) and aqueous PVA solution (right) at the receiving
end of rapid expansion. (From Meziani et al., 2004.)
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Figure 3.5 SEM images of the SDS-protected PLA
nanoparticles (a), SDS-protected PMMA nanoparticles
(b), and pluronic-protected TBTPP nanoparticles

(¢). (From Sane and Thies, 2005; Meziani et al., 2006.)
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for the production of nanoscale particles has been demonstrated with
5,10,15,20-tetrakis(3,5-bis(trifluoromethyl) phenyl) porphyrin (TBTPP)
as a model compound (Figure 3.5¢) (Sane and Thies, 2005).

RESOLYV for Nanosizing Drug Particles

For the formulation and delivery of drugs that are insoluble or poorly
soluble in water, particle size reduction has emerged as a promising strat-
egy. Particulate drug delivery systems are useful for administering drugs
by various routes, including aqueous suspensions for oral, parenteral,
or topical applications and dry powders for inhalation and other uses.
The purpose of these delivery systems can be either immediate release
or sustained release of the therapeutic agent conjugated with a polymer
excipient. Since the particle size and morphology of a drug may directly
affect its pharmacokinetics, it is important to tailor the drug particle size
in a dosage to the route of administration. The RESOLV technique has
demonstrated great potential in the production of exclusively nanoscale
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drug particles (Pathak et al., 2004, 2005, 2006, 2007a,b). Various anti-
inflammatory (ibuprofen and naproxen), antifungal (amphotericin B), and
anti-cancer (paclitaxel) drugs were selected for demonstration, for which
CO, and CO,—cosolvent systems were used. The experimental procedure of
RESOLYV for the production of drug nanoparticles was similar to that for
polymeric nanoparticles. The drug particles produced in the RESOLV
process are exclusively nanoscale (less than 100 nm), but without protection,
these suspended nanoscale particles can form larger aggregates and precipi-
tate. In the case of ibuprofen, naproxen, and paclitaxel nanoparticles, the
water-soluble polymer poly(N-vinyl-2-pyrrolidone) (PVP) was found to be
an effective stabilization agent. Figure 3.6 shows homogeneously distributed
ibuprofen (40 nm in average diameter) and naproxen (64 nm in average size)
nanoparticles obtained from RESOLV with aqueous PVP solution at the
receiving end of the rapid expansion. The average particle size and size
distribution were both found to be dependent on the PVP concentration
in the aqueous receiving solution and PVP average molecular weight.
Various other water-soluble polymers, surfactants, and food emulsifiers
can also be used to protect the drug nanoparticles produced in RESOLV
and stabilize the aqueous suspensions for formulation and other purposes
(Pathak et al., 2006). The investigated stabilization agents, such as PVP,
sodium dodecyl sulfate (SDS), poly(ethylene glycol) (PEG), and bovine
serum albumin (BSA) protein are all biocompatible and/or biodegradable
additives, with an accepted GRAS (generally referred as safe) status. In
fact, these polymers have already found other biological and biomedical
applications, such as drug-encapsulated polymeric particles and drug—
polymer composites. The particle properties were found to be dependent
on the type and properties of the stabilization agent used (Table 3.1).
Figure 3.7 shows ibuprofen particles of various sizes obtained by using
various stabilization agents. The difference in particle sizes might be due
to the further growth of the initially formed drug particles, for which the
less effective protection by the stabilizer might be responsible. Conjugation
of drug nanoparticles with different stabilization agents (thus different
surface properties) can have important implications in the delivery and
targeting of these nanoparticles. For example, PEG-protected drug nano-
particles are often referred to as “stealth nanoparticles”, because they can
prevent recognition and clearance from the blood stream to achieve longer

Figure 3.6 SEM images of the naproxen (left) and ibuprofen (right) nanoparticle
samples obtained from RESOLV with the expansion into aqueous PVP solution.
(From Pathak et al., 2004.)
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Table 3.1 Parameters of ibuprofen nanoparticles with different stabiliza-
tion agents.

Concentration
Stabilization agent (mg/mL) Average size (nm) Deviation (nm)
PVP M ~ 40,000) 0.5 40 8.2
PVP (M ~ 40,000) 2 39 8.4
PVP (Mw ~ 360,000) 0.5 30 6.2
PEG (Mw ~ 6,000) 2 276 58
PEG (M ~ 35,000) 2 44 7.8
PVA 2 ~50
BSA protein 2 82 15
SDS 33 25 5

Figure 3.7 SEM images of the ibuprofen nanoparticles
obtained with SDS (a), PEG (b), and BSA (c) as
stabilization agents in RESOLV. (From Pathak et al.,
2006.)

circulation. Beyond the use of different stabilization agents, the properties
of the drug nanoparticles could also be altered by other RESOLV experi-
mental conditions (such as temperature, pressure, drug concentration,
cosolvent amount). For example, while a higher pre-expansion pressure
had only marginal effect, an increase in the pre-expansion temperature
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resulted in larger particle sizes (Pathak et al., 2004). Similarly, an increase
in the dissolved drug concentration in supercritical CO, resulted in larger
nanoparticles with different particle morphology (Pathak et al., 2006).

Nanosizing Amphotericin B Particles

Amphotericin B (AmB), an amphipathic polyene macrolide, is practically
insoluble in water but soluble in CO, with DMSO or methanol as a
cosolvent (less than 4 vol%). These cosolvents make homogeneous mix-
tures with CO, at moderate temperature and pressure and are miscible
with water, and they belong to class 3 (nontoxic) in the pharmaceutical
guidelines. The solubility of AmB in the CO,—cosolvent systems was
evaluated spectroscopically under various temperature and pressure con-
ditions by using a high-pressure optical cell with quartz windows (Meziani
and Sun, 2002). In a typical RESOLV experiment, a solution of AmB in
DMSO (3 mg in 0.57 mL) was added to the syringe pump, followed by
filling the pump with liquid CO, to a pressure of 310 bar (total volume
50 mL, DMSO volume fraction 1%). The solution was pushed through the
heating unit to reach the desired supercritical temperature of 40°C before
the expansion nozzle. The rapid expansion was carried out at pre-expansion
pressure of 310 bar through a 50-pum orifice into ambient water. The
as-produced aqueous suspension of AmB nanoparticles appeared homo-
geneous (Figure 3.8) and it remained stable for an extended period of time.
The suspension was used to prepare specimen for SEM analyses. The SEM
images suggest that the RESOLV process produced nanoscale AmB par-
ticles (Figure 3.9), with an average particle size of 38 nm diameter (particles
treated as spheres) and a size distribution standard deviation of 7 nm.

Amphotericin B

The use of methanol as a cosolvent with supercritical CO, in the
RESOLY processing of AmB yielded similar nanoscale particles. The solu-
tion for rapid expansion contained 2 vol% methanol with an AmB con-
centration of 0.05 mg/mL, and the expansion was at 40 C and 310 bar into
ambient water. The as-produced aqueous suspension, appearing homoge-
neous initially, was used to prepare specimen for SEM analyses. The average
particle size of 39 nm and the size distribution standard deviation of 8.5 nm
from the SEM images (Figure 3.10) are comparable with those of the AmB
nanoparticles obtained with DMSO as cosolvent. However, a significant
difference is that the aqueous suspension from methanol as cosolvent was
not stable, exhibiting precipitation soon after its formation. The precipitate
was aggregates of AmB nanoparticles, as suggested by the SEM results.
The different stabilities in the aqueous suspensions of the nanoparticles
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Figure 3.8 AmB nanoparticles from RESOLV in a
stable and optically transparent aqueous suspension.
(From Pathak et al., 2007a.) (See Color Plate 7)

Figure 3.9 SEM images (different resolutions) of the
AmB nanoparticles from RESOLV with DMSO as
cosolvent into neat water. (From Pathak et al., 2007a.)

Figure 3.10 SEM images of the AmB nanoparticles from RESOLV with methanol
as cosolvent: aqueous suspension right after the expansion (/eft), and with PVA asa
stabilizer (right). (From Pathak et al., 2007a.).
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associated with the use of different cosolvents is an interesting topic for
further investigations.

The initially formed drug nanoparticles in RESOLYV could be protected
from agglomeration by using a stabilization agent in the aqueous suspen-
sion. For example, when an aqueous solution of PVA polymer (50 mg/mL)
instead of neat water was used at the receiving end of the rapid expansion,
the aqueous suspension of AmB nanoparticles from the same RESOLV
process remained stable without precipitation. As shown in Figure 3.10, the
AmB nanoparticles from the PVA-stabilized suspension are larger (average
size of 64 nm diameter and size distribution standard deviation of 12 nm),
but distributed homogeneously. PVA is an effective stabilizer commonly
used in drug formulation. Various other polymeric and oligomeric stabili-
zers may also be used with RESOLYV to protect the drug nanoparticles from
agglomeration (Pathak et al., 2004, 2005, 2006, 2007a,b).

The amount of cosolvent in the supercritical solution for rapid expan-
sion was found to have significant effects on the properties of the produced
AmB nanoparticles. For example, an increase of DMSO from 1 to 2 vol%
led to increases in the average particle size and crystallinity. As shown in
Figure 3.11, the AmB particles thus produced were faceted and square in
shape, indicating a higher crystallinity. This was confirmed by the melting
results from differential scanning calorimetry (DSC). The nanoparticles
obtained with less cosolvent showed a 7.2°C decrease in melting point from
that of the bulk AmB, but those obtained with more cosolvent had only a
5.2°C decrease (consistent with larger particles and higher crystallinity).
The particle sizes as measured diagonally are on average 225 nm with a size
distribution standard deviation of 49 nm. Similar changes in AmB particle
sizes and crystallinity were observed with an increase in the amount of
cosolvent methanol from 2 to 4 vol% in the supercritical solution for rapid
expansion. The particles were also faceted (Figure 3.11) and larger (on
average 143 nm diagonally with a distribution standard deviation of
40 nm). The higher crystallinity was also confirmed by DSC analysis.
Mechanistically, the formation of more crystalline structures could simply
be due to the significant increase in particle sizes, namely that only very
small AmB particles could be made into largely amorphous under the

Figure 3.11 SEM images of the AmB nanoparticles from RESOLV with higher
cosolvent concentrations, DMSO (/eft) and methanol (right). (From Pathak et al.,
2007a.)
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RESOLYV processing conditions. However, probably the higher cosolvent
content also alters the rate of crystallization, thus producing more faceted
particles (York, 1999; Jaarmo et al., 1997). The effect of solvent or solvent
mixture on the formation of stable and unstable polymorphs is well
recognized in the literature (Shekunov and York, 2000).

The variation in the morphology or crystallinity of the different AmB
nanoparticles is an interesting feature in the nanosizing of drug particles
via RESOLV. AmB is known to exhibit nonlinear concentration depen-
dence in its pharmacodynamic characteristics, and thus higher doses are
typically not recommended for toxicity considerations (Klepser et al.,
1997; Bekersky et al., 2002; Andes, 2003). Because of the unusual biophar-
maceutical property of AmB, its protein binding in plasma increases with
increasing drug concentration and continuous infusion or less frequent
administration of higher doses is generally preferred (Imhof et al., 2003;
Lewis and Wiederhold, 2003).

Nanosizing Paclitaxel Particles

Paclitaxel, as one of the best antineoplastic drugs, is found to be effective or
highly effective against a wide spectrum of cancers including ovarian cancer,
breast cancer, lung cancer, colon cancer, head and neck cancer, etc.
(Rowinsky et al., 1990; Lopes et al., 1993). Like many other anti-cancer
drugs, it has difficulties in clinical administration due to its poor solubility in
water and most pharmaceutical reagents. In its current clinical application,
an adjuvant called Cremophor EL has to be employed, which has been
found to be responsible for many serious side effects. Nanoparticle encapsu-
lation of the drug has been considered as an alternative to realize a controlled
and targeted delivery of the drug with better efficacy and less side effects.
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The RESOLYV processing technique was applied to produce paclitaxel
nanoparticles suspended in aqueous buffer (Pathak et al., 2007b). The
drug has some solubility in supercritical CO,, with experimentally esti-
mated solubility of 1.1x10°° to 6.3x10°® mole fraction at pressure and
temperature ranges of 140-340 bar and 311-330 K, respectively. In a
typical experiment, a solution of paclitaxel (2 mg) was added to the syringe
pump, followed by CO, filling to a pressure of 310 bar. The solution was
pushed through the heating unit to reach the desired supercritical tem-
perature of 40°C before the expansion nozzle. The rapid expansion was
carried out at a pre-expansion pressure of 310 bar through a 50-pm orifice
into ambient water solution. In the case of neat water at the receiving end
of the rapid expansion, the nanoscale drug particles agglomerated over
time to form larger aggregates and precipitated from the suspension. In the
presence of a stabilization agent in the aqueous suspension, however, the
initially formed paclitaxel nanoparticles in RESOLV could be protected
from the agglomeration. For example, when an aqueous solution of PVP
polymer (average molecular weight ~ 40,000, 1 mg/mL) was used at the
receiving end of the rapid expansion, no agglomeration and precipitation
were observed following the RESOLYV process. The suspended nanopar-
ticles were used to prepare specimens for SEM characterization, which
shows well-dispersed nanoparticles (Figure 3.12a). According to a statis-
tical analysis of the SEM images, the paclitaxel nanoparticles are of an
average size of ~ 40 nm in diameter.

The particle sizes and size distribution were found to be dependent on the
concentration of the stabilization agent PVP, which allowed the variation/
manipulation of these particle parameters. For example, the use of PVP ata
somewhat lower concentration of 0.33 mg/mL under otherwise simi-
lar conditions resulted in larger paclitaxel nanoparticles (Figure 3.12b),
with an average particle size of about 500 nm. In both cases the RESOLV
processing yielded stable aqueous suspensions (solution-like) with homo-
geneously dispersed paclitaxel nanoparticles. There have been reports
(Vandana and Teja, 1997; Nalesnik et al., 1998; Suleiman et al., 2005) that
the use of a cosolvent such as ethanol or ethyl acetate with supercritical CO,
increases the solubility of paclitaxel under comparable pressure and tem-
perature conditions. These reported findings were confirmed in our experi-
ments, though their application to the RESOLV processing of paclitaxel
nanoparticles requires detailed investigation.

Figure 3.12 (a) Paclitaxel nanoparticles (average size ~ 40 nm) from RESOLV
with expansion into a somewhat higher concentration PVP solution. (b) Paclitaxel
nanoparticles (average size ~ 500 nm) from RESOLV with expansion into a
somewhat lower concentration PVP solution. (From Pathak et al., 2007b.)
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The nanosized drug particles from the RESOLYV processing are in aqueous
suspensions, readily compatible with established in vitro assays and in vivo
tests (Pathak et al., 2007b; Bharadwaj and Prasad, 2002). For the in vitro
cytotoxicity assay, actively growing MDA-MB-231 cells (10,000-20,000)
were plated in 12-well cluster dishes in regular growth media and allowed to
adhere overnight. For paclitaxel nanoparticles of 38 or 530 nm in average
size, the particle suspension was sonicated in a water-bath, diluted directly
into cell growth medium, and added to the cells at a desired paclitaxel
concentration. The same procedures were used with a paclitaxel solution in
ethanol at equimolar concentration. In assays for all three samples, cells were
harvested at various time points from 4 h of plating to 72 h in culture. Cells
treated without any additions were used as controls. At the time of harvest,
the growth medium was replaced and rinsed with PBS. Cells were fixed and
stained in 0.5% crystal violet in 50% ethanol at room temperature for 15 min,
washed to remove excess dye, and allowed to dry. The dye was extracted with
50% ethanol for 15 min, and the absorbance was recorded at 540 nm.

The evaluation was based on the anti-proliferation effects on the
human malignant breast cell line MDA-MB-231 (Pathak et al., 2007b;
Mahadev et al., 2002). Treatment of cells with small (38 nm) and larger
(530 nm) paclitaxel nanoparticles resulted in marked inhibition of cell
proliferation. The estimated 1Cs, values (based on the results after 48 h
exposure) are 100 nM (paclitaxel equivalent concentration in the nano-
particle samples), comparable with what is reported in the literature for
paclitaxel dissolved in DMSO against the same cancer cell line. The use of
paclitaxel ethanol solution under the same experimental conditions
yielded similar results (Figure 3.13). However, the control experiments
on PVP only (0.33 and 1.0 mg/mL) showed no toxicity to the cells,
consistent with the known conclusion that the polymer is generally
nontoxic.

A known function of paclitaxel is to stabilize microtubules, thus interfer-
ing with the formation of mitotic spindle and inhibiting cell division and
inducing apoptosis (Pathak et al., 2007b; Bharadwaj et al., 2005) as observed
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Figure 3.13 Cytotoxicity assays of the paclitaxel
nanoparticles (smaller 38 nm and larger 530 nm average 40 1
sizes) and the paclitaxel ethanol solution at equimolar
concentration (0.5 uM) against MDA-MB-231 cells 2

(normalized to the cell growth of the control after 72 h
culture), with significant inhibition in comparison with
the controls (p values <0.05). Error bars indicate

standard deviation, and the data points are offset 0 : : ' '

slightly on purpose for easier viewing. (From Pathak
et al., 2007b.) Time of Culture (hour)
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in the cytotoxicity assay above. For MDA-MB-231 cells treated with the
paclitaxel nanoparticles of small or larger sizes (10 uM drug concentration)
for 24 h, there was marked disruption of microtubule architecture and nu-
clear morphology according to confocal microscopy images (Figure 3.14)
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Figure 3.14 The cellular organization of microtubule network in MDA-MB-231 cells with and without
paclitaxel treatment (10 um for all scale bars). Experimentally, the cells were plated in Nunc chamber slides
and allowed to attach overnight. After the treatment with the drug (10 pM concentration for all) in the
different forms for 6-24 h, or no treatment as control, the cells were fixed with paraformaldehyde and stained
for microfilaments with anti-actin antibody followed by rhodamine-conjugated antibody, and then reacted
with DAPI to stain nuclei (DNA). Samples were mounted using Prolong Antifade kit (Molecular Probes) for
imaging on a Zeiss LSM 510 confocal microscope. (From Pathak et al., 2007b.) (See Color Plate 8)
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Figure 3.15 Flow cytometry analysis of MDA-MB-231 cells after 3 and 24 h incubation with different
paclitaxel formulations (nanoparticles of sizes averaging 38 and 530 nm, and the paclitaxel ethanol solution)
at equimolar concentrations and the control (without paclitaxel). A graphical interpretation of the percen-
tage of cells in each cell cycle phases G1, S, and G2-M is shown for different paclitaxel formulations. (From

Pathak et al., 2007b.)

(Pathak et al., 2007b; Bharadwaj et al., 2005; Hartsel and Bolard, 1996). The
disruption of microtubule architecture and the accumulation of alpha-tubu-
lin around the nucleus were evident in drug-treated cells. Furthermore,
nuclear examination revealed the presence of fragmented, diffusely stained,
and multinucleated nuclei, which are consistent with apoptosis (Figure 3.14).
Colocalization of microtubules with fragmented DNA was also detected.

The interference of paclitaxel nanoparticles with the cell cycle progres-
sion was probed in terms of flow cytometry. For MDA-MB-231 cells
treated 24 h with the nanoparticles of a small (38 nm) or larger (530 nm)
average size, there was a marked increase (about sixfold) in G,-M phase
and a concomitant decrease in Gy—G, populations (Figure 3.15). This is
consistent with the blockade of mitosis. In a comparison with paclitaxel
dissolved in ethanol, the nanoparticles appeared to be more effective, with
a higher population of cells accumulated in the G,-M phase (about 70 vs
about 50% for the paclitaxel ethanol solution).

Summary and Perspective

There has obviously been exciting progress over the past few years in the
use of supercritical fluid processing techniques as alternative or unique
solutions to many problems in drug formulation, especially with respect to
the production of micron-sized and nanoscale drug particles and related
systems. These techniques outperform conventional ones in many areas,
including moderate operation conditions, low levels of residual solvents,
products with targeted properties, etc. As demonstrated primarily at the
laboratory scale, the SAS method is often preferred in the processing of
drugs and polymers with limited solubilities in supercritical CO,, while the
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RESS method is more advantageous as a single-step process and with
much reduced organic solvent usage. The potential of the RESS method
could be enhanced by a better drug solubility in supercritical CO, through
the use of cosolvent. The RESOLYV process has demonstrated great poten-
tial in producing exclusively nanoscale drug particles, especially those
drugs with little or no solubility in water. The produced drug particles
are not only protected from agglomeration but also offer the much needed
flexibility in their further processing such as coupling with biological spe-
cies and for specific formulation and delivery requirements.

Despite the progress, there are still enormous challenges in the super-
critical fluid processing of drug particles and related materials and systems.
For example, the manipulation or even control of particle morphology, size,
dispersion, crystallinity, and the drug distribution within polymeric particles
is still in need of major improvement and optimization. The modeling and
mechanistic understanding of the particle formation in the supercritical
fluid processes, and also the influence of processing parameters and condi-
tions on the product properties are generally considered as being only at the
early stage. Equally important is the issue on the use of the technology at the
industrial scale, for which a likely solution is through collaborations
between industry and academia. In any case, the future is bright for the
application of supercritical fluid technology in drug formulation and for
enhanced drug delivery and other related applications.
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Nanotubes, Nanorods, Nanofibers, and
Fullerenes for Nanoscale Drug Delivery

Jessica B. Melanko, Megan E. Pearce, and Aliasger K. Salem

Introduction

A drug’s delivery vehicle can have a significant impact on its efficacy.
Nanoscale manipulation of drug delivery vehicles can substantially improve
pharmacokinetics, pharmacodynamics, non-specific toxicity, immunoge-
nicity, and biorecognition properties (Dillon et al. 1999; Kopecek 2003;
Couvreur 2006). As a result, applying these technologies to pharmaceuti-
cal development has the potential to revolutionize the delivery of biologi-
cally active compounds.

The ideal drug delivery system needs to protect drugs from degradation
via enzymatic, mechanical, or chemical pathways. It should also have
enhanced diffusion through the epithelium, targeted tissue distribution,
or increased penetration into its target cell depending on the application
(Couvreur 2006). Therefore, drug delivery vehicles need to be rationally
designed to overcome many of these physical barriers. Of the inorganic
delivery systems currently in development, nanotubes, nanorods, fuller-
enes, and nanofibers show some of the greatest promise in physical manip-
ulation and synthesis for optimal drug conjugation and transport.

Nanotubes

Carbon nanotubes (CNT) have shown substantial potential in a variety of
biological applications including use as DNA and protein biosensors, ion
channel blockers, bioseparators, and biocatalysts (Bianco et al. 2005a).
This potential stems from their specific surface or adaptable size-depen-
dent properties in combination with their anisotropic character. Their
anisotropy is of consequence since it influences their electronic, photonic,
mechanical, and chemical properties (Ajima et al. 2005).

The first successful multi-walled carbon nanotube synthesis was
demonstrated in 1991, and the first single-walled carbon nanotube synth-
esis followed in 1993 (Iijima 1991; Martin Steinhart et al. 2003). Multiple
methods of synthesis have subsequently been reported. These include self-
assembly of precursor compounds (Iijima and Ichihashi 1993), vapor
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deposition (Lam et al. 2004), and template synthesis (Whitesides et al.
1991; Schmidt and Eberl 2001; Martin Steinhart et al. 2003). The method
of synthesis determines its innate physicochemical properties.

Physical-Chemical Properties

The chemical composition of a nanotube can have significant impact on
its structure. Polymeric nanotubes are hollow, molecular scale versions
of nanowires (Shim et al. 2002). Carbon nanotubes are cylindrical macro-
molecules with variable radii starting at a few nanometers with maximum
lengths up to 20 cm (Martin Steinhart et al. 2003). CNTs have an allotropic
crystalline carbonic form that is consistent with fullerenes (Zhu et al.
2002). There are two main types of carbon nanotubes. The first of these
is the single-wall carbon nanotube (SWCNT), which is composed of a
hexagonal lattice of carbon atoms equivalent to atomic planes of graphite
(Figure 4.1) ranging in diameter from 7 to 16 A (Dresselhaus M et al.
1996a). The second is the multi-wall nanotube (MWCNT), consisting of a
concentric arrangement of similar graphene sheets that are spaced by a
distance of approximately 3.4 A. This s comparable to the distance found
between planes of graphite (Dresselhaus M et al. 1996a; Bianco et al.
2005a; Klumpp et al. 2006). These MWCNTs can reach diameters of up
to 100 nm (Lu 1997). Both single- and multi-walled tubes are capped at their
ends by one half of a fullerene-like molecule (Balasubramanian and
Burghard 2005; Bianco et al. 2005a; Bianco et al. 2005b; Klumpp et al.
2006). However, open-ended tubules have also been reported (Dresselhaus
Metal. 1996a). In addition, nanotubes are able, due to strong Van der Waals
forces, to self-organize into hexagonal-ordered rope-like structures consist-
ing of 50-100 tubes that range in lengths up to several microns (Lu 1997).

Figure 4.1 A representation of a single-wall carbon
nanotube structure with a fullerene-like cap.
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CNTs produced at lower temperatures have increased surface defects in both
the walls and caps than those formed at higher temperatures. As a result,
several shapes of nanotubes have been produced, such as straight, corkscrew,
and bamboo structured (Sinnott and Andrews 2001).

Carbon nanotubes are generally acknowledged as the ultimate carbon
fiber with a high strength and superior thermal conductivity (Iijima 1991;
Yu et al. 2000; Klumpp et al. 2006). A CNT can behave as a metal or a
semiconductor, depending on its chiral vector (J.G. Wen et al. 2001b;
Haddon 2002). According to molecular dynamics simulations, CNTs have
a Young’s modulus several times greater than that of diamond (Hone et al.
2000). They also possess enhanced field emission properties (Lu 1997).

The chemical modification and solubilization of carbon nanotubes is
essential to their successful application in drug delivery. Atomically
ordered, carbon nanotubes demonstrate low chemical reactivity (Sinnott
and Andrews 2001). However, many researchers have reported successful
functionalization of both the ends and side-walls of SWCNTs and
MWCNTs (Yao et al. 1998). In addition, nanotubes have the advantage
of facile DNA, peptide, or other molecular incorporation into their hollow
space (Sun et al. 2002; Bianco et al. 2005a).

Ideal SWCNTSs contain two separate regions, each with a unique reactiv-
ity toward covalent chemical modification. The intermittent five-membered
rings on the caps increase reactivity at these points to levels similar to
fullerenes (Balasubramanian and Burghard 2005). The functionalization
of carbon nanotubes can broadly be divided into two categories: (a) direct
attachment of functional groups to the graphitic surface and (b) the use of
the nanotube-bound carboxylic acids (Bianco et al. 2005b). For example,
functionalization of CNTs using polyethylene-oxide chains has been
achieved by using carboxylic acid end groups (Jain 2005). This imparts the
nanotubes with enhanced water solubility and non-specific protein-resistant
properties. Surface functionalization in this manner enables adsorption or
attachment of various molecules or antigens. This provides a mechanism for
specific recognition and cell targeting (Shim et al. 2002; Ajima et al. 2005).
Nanotubes, therefore, have significant potential for targeted drug delivery.

Nanotubes in Drug Delivery

Toxicity

The ideal drug delivery vehicle must also display low toxicity. Nanotubes
have displayed low toxicity but this is dependent on the route of adminis-
tration and surface functionalization.

The high aspect ratio of carbon nanotubes gives them unique toxicolo-
gical profiles (Vasir et al. 2005).

For example, exposure of human epidermal keratinocytes (HaCaT) to
unrefined and unfunctionalized SWCNT has been shown to result in
increased oxidative stress resulting in accelerated free radical generation,
accumulation of peroxidative products, a decrease of intracellular levels
of glutathione, oxidation of protein SH groups, and depletion of total
antioxidant reserve and vitamin E 18 hours after exposure. Ultrastructure
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and morphological changes were also observed in the cells (Shvedova et al.
2003). Culture of SWCNT with human embryonic kidney (HEK293) cells
resulted in a downregulation of genes related to signal transduction, cellular
arrest in the G1/S phase, marked decrease in translation of adhesive proteins
(laminin, fibronectin, FAK, and cadherin), and formation of nodular struc-
tures (Cui et al. 2005). Similar results have also been noted within rat cardiac
muscle cells (H9¢c2) (Garibaldi et al. 2006). These observations have also
been seen with in vivo rat pulmonary experiments (Lam et al. 2004).

Cellular toxicity has been attributed to the insolubility of non-functiona-
lized carbon nanotubes and the associated traces of catalyst materials such
as nickel, iron, or cobalt (Dillon et al. 1999; Donaldson et al. 2004). To
overcome this, nanotubes can be purified via oxidation with strong acid
treatments that allow for the removal of the metallic impurities (Figure 4.2)
(Dillon et al. 1999; J.G. Wen et al. 2001; Bianco et al. 2005b). Nevertheless,
unfunctionalized nanotubes, whether purified or unrefined, are toxic.

In contrast to unfunctionalized CNTs, chemically functionalized CNTs
are soluble in aqueous biological media (Bianco et al. 2005b). Experimen-
tal results have consistently demonstrated that functionalized SWCNT
themselves exhibit low toxicity (Malik et al. 2000; Shvedova et al. 2003;
Lam et al. 2004; Cui et al. 2005; Carrero-Sanchez et al. 2006; Garibaldi
et al. 2006; Panessa-Warren et al. 2006; Warheit 2006). Moreover, it has
been shown that peptide-functionalized CNTs are able to enhance an
antibody-mediated response against the peptide with no discernable
cross-reactivity to the nanotubes themselves, thus demonstrating a lack
of immunogenicity (Salvador-Morales et al. 2006).

Cellular Behavior and Uptake

Carbon nanotubes enhance uptake of both small molecules, large proteins,
and amino acids that have previously demonstrated low cellular penetration
(Klumpp et al. 2006). This cell-penetrating ability can be enhanced further
by conjugation of cell-penetrating peptides onto the carbon nanotubes.

Figure 4.2 Transmission electron microscopy images of as-produced ~20 W/cm? laser-generated SWNT
soot (left) and purified SWNTs produced by (1) refluxing in 60 mL 3 M HNO; for 16 hours at 120 C followed
by (2) oxidizing for 30 min in air at 550 C (A. C. Dillon 1999).
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Because carbon nanotubes have a high loading capacity for cargo molecules
due to their innately high aspect ratios, they have the potential to be ideal
shuttles for peptide antigens. Carbon nanotubes with attached protein
conjugates have been found to possess antibody recognition equal to that
of free peptides, indicating that the integrity and functionality of a nano-
tube-linked peptide is maintained (Ajima et al. 2005).

The mechanism for cellular uptake of nanotubes is not yet entirely
understood. However, two routes of internalization have been proposed.
In the first, functionalized nanotubes have been shown to penetrate a cell
via passive diffusion across the lipid bilayer in a needle-like manner. The
second mechanism stems from the observation that cellular endocytosis
serves as the route for internalization of CNTs with adsorbed surface
proteins (Klumpp et al. 2006).

An advantage to delivering non-solution-based therapies for cancer treat-
ment is the ubiquitous leaky vasculature serving the cancerous tissues. The
rampant vascular structure, created due to the rapid vascularization necessary
to feed fast-growing cancers, couples inadequate lymphatic drainage and
allows an enhanced permeation and retention effect (EPR effect) (Brannon-
Peppas and Blanchette 2004). Large clusters of SWCNTs, known as single-
wall carbon nanohorns (SWCNH), have an ideal morphology for utilizing
the EPR effect (Maeda et al. 2001). For example, cisplatin, an anticancer
agent, can easily be incorporated into SWCNH structures (Figure 4.3 d, e, f).
This delivery system increased anticancer activity within human lung cancer
cells (NCI-H460). Furthermore, it was demonstrated that single-wall carbon
nanohorns alone produced no such effect (Figure 4.3 a—c) (Ajima et al. 2005).

Figure 4.3 (a,b) HRTEM images of oxidized SWCNH with scale bars at 10 and 2 nm, respectively.
(¢) Z-contrast image of oxidized SWCNH aggregate (10 nm). (d,e) HRTEM images of cisplatin-loaded
oxidized SWCNH (10 and 2 nm) in which the black spots of the cisplatin clusters can be found. (f) Z-contrast
image of cisplatin-loaded SWCNH; the bright spots are the drug aggregates (Ajima et al. 2005).
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Figure 4.4 Nanotube spearing in MCF-7 cells. (a) Cell membrane without spearing
at 1 pm scale. (b) Cell membrane following spearing. The scale is 500 nm with the
dashed ovals showing imbedded nanoparticles. The microvilli in the membranes
have the same site density: 15 microvilli/um? (Cai D 2005).

The cell-penetrating properties of carbon nanotubes in combination
with the magnetic properties of nickel have also been used to drive
nickel-embedded nanotubes into cell membranes. The momentum
achieved with the magnetic field is of sufficient strength to ferry
adjoined macromolecules and proteins immobilized on the carbon
nanotubes into the cell. The process involves utilizing vertically aligned
carbon nanotubes that have nickel particles encased within their tips,
which provide controlled response to magnetic manipulation. Images of
cellular membranes prior to and after nanotube spearing can be seen in
Figure 4.4.

Carbon nanotubes represent one of the few materials with as much
potential accompanied with as many challenges. Considerations for suc-
cess of the use of nanotubes in drug delivery include:

® Preparation of carbon nanotubes

® Purification from catalyst residues, carbon nanoparticles, and amor-
phous carbon

® Separation according to length, diameter, chirality

® Division of semi-conducting and metallic nanotubes

® Thorough control and comprehension of their formation and chemistry
(Steinle et al. 2002)

In drug delivery, it is widely agreed that key progress will be made
through functionalization. Since there are a variety of cellular receptors
and mechanisms for internalization, nanotube uptake will also be depen-
dent on the nature of functionalization. With successful surface modi-
fications, carbon nanotubes have potential to be a vehicle used for
compartment-specific targeting (Balasubramanian and Burghard 2005).

Nanorods

Nanorods have unique innate chemical, electrical, magnetic, and optical
anisotropy, thus allowing them to interact with cells, tissues, and biomo-
lecules in fundamentally novel ways (Bauer et al. 2004). The two most
frequently used methods of manufacturing nanorods involve template



Chapter 4 Nanotubes, Nanorods, Nanofibers, and Fullerenes for Nanoscale Drug Delivery 111

synthesis (Bianco et al. 2005a) and chemical synthesis (Jana N 2001; Salem
et al. 2003; Gole and Murphy 2004). Template synthesis involves electro-
chemical deposition into a non-conducting membrane that has an array of
cylindrical pores (Whitney et al. 1993; Martin 1994). Subsequent removal
of the membrane by etching yields metallic nanorods of controlled dimen-
sions. Template synthesis is advantageous because it is easily adapted for
the deposition of multiple submicrometer segments. Furthermore, tem-
plate synthesis can produce large quantities of monodisperse nanorods,
and properties such as aspect ratio can be controlled in a systematic way
(Salem et al. 2003).

Metallic nanorods for bioapplications are most frequently synthesized
from gold, copper, platinum, or silver (Bauer et al. 2004; Salem et al. 2004;
Salem et al. 2005). Inorganic metallic nanorods are obtainable on a micron
to Angstrom scale (Glomm 2005), and possess physical and chemical
characteristics completely unique of their bulk properties. Gold is the
most widely used inorganic material in diagnostic and delivery nanoparti-
culate research, and the following section will be devoted to illustrating its
properties and bioapplications.

Gold nanoproperties are different from bulk properties because of a
change in the quantum confinement of electron motion (Huang 2006). As
particles become smaller, their surface:interior atomic ratio increases until
the surface properties become a primary behavioral factor. The coherent
collective oscillation of electrons in noble metals within the conduction
band induces large surface electric fields. This greatly enhances the radiative
properties of nanoparticles when they associate with resonant electromag-
netic radiation as shown in Figure 4.5 (Huang 2006). Gold nanoparticles
have been used to demonstrate multiphoton absorption-induced Iumines-
cence (MAIL), where particular tissues or cells are fluorescently labeled.
Gold nanoparticles emit light that is so intense that it is easily possible to
observe a single nanoparticle at laser intensities lower than those commonly
used for MAIL (Farrer et al. 2005). Gold nanoparticles will maintain
emission intensity, regardless of the duration of their excitation. These

Optical Density
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observations promote the concept of metal nanoparticles as a workable
alternative to fluorophores or semiconductor nanoparticles for biological
labeling and imaging (Jain 2005). In addition, they are excellent contrast
agents and are able to convert radiation to heat in picoseconds, also giving
them potential in photothermal cancer therapy (El-Sayed 2005).

Gold nanorods have many other uses as well. For instance, they are
used as a linking molecule to assemble biosensors for DNA detection.
Gold nanoparticles can replace fluorescent molecules for attachment of
antibodies and other molecules, such as DNA. Multi-component nanor-
ods can even act as bar codes (Nicewarner-Pena, Freeman et al. 2001).
Because many copies of an antibody or DNA can be attached to a single
nanoparticle, this approach proves to be much more sensitive and accurate
than the fluorescent molecule tests (Jain 2005).

Nanorods in Drug Delivery

Cellular Behavior and Uptake

Gold nanorods allow for a simple bottom-up approach to the development
of nanoscale delivery systems. In comparison to spherical particles, asym-
metric particles offer additional degrees of freedom in self-assembly due
to their inherent shape anisotropy (Sun et al. 2002; Chen, Sun et al. 2003).
Furthermore, the ability to synthesize nanoparticles with different seg-
ments provides the opportunity to introduce multiple chemical function-
alities by exploiting the selective binding of different ligands to the
different segments (Benjamin R. Martin 1999; Nicewarner-Pena 2001;
Salem et al. 2003; Salem et al. 2004).

This ability to engineer nanorods with multiple functionalities in spa-
tially defined regions offers the potential for increased efficacy for drug
and gene delivery systems over alternative single-component inorganic
non-viral vectors (Salem et al. 2005). For example, we have assembled a
non-viral gene delivery system based on multisegment bimetallic nanorods
that can simultaneously bind compacted DNA plasmids and targeting
ligands in a spatially defined manner (Figure 4.6). This approach allows
precise control of composition, size, and multi-functionality of the gene
delivery system. Transfection experiments performed in vitro and in vivo
provided promising results that have subsequently shown potential in
genetic vaccination applications. The goal in immunotherapeutic vaccina-
tions is to target antigens to macrophages or dendritic cells (key antigen-
presenting cells or APCs). APCs process these antigens via class I or class
II pathways where they bind to major histocompatibility complexes that
present the antigen on the surface of the APCs. These APCs then traffic
themselves to the lymphoid organs where T lymphocytes that scavenge the
surfaces of the APCs become stimulated to respond against the antigen
presented (Raychaudhuri 1998). When the encoded antigen is tumor spe-
cific, for example, a strong CD8+ T-cell and antibody response can be
generated for protection and prevention against that tumor (Cheng, Hung
et al. 2001; Hung CF. 2003). We have developed an inorganic nickel-gold
nanorod vector that can generate transient transgene expression when
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Figure 4.6 A brief illustration of nanorod functionalization. Nanorods are incubated with the 3-[(2-
aminoethyl) dithio] propionic acid (AEDP) linker. The carboxylate end-group binds to the Ni segment.
The disulphide linkage acts as a cleavable point within the spacer to promote DNA release within the

reducing environment of the cell (Salem et al. 2003).

bombarded into skin, which has a natural abundance of antigen-presenting
cells (Salem et al. 2005). These nanorods therefore have potential for a
variety of vaccination applications.

In addition to active targeting with ligand functionalization, nanorods
can be easily manufactured at various aspect ratios or readily surface
engineered for passive targeting. The physicochemical properties of nanor-
ods are major factors in the characteristic biodistribution and residence
times of these particles in vivo (Nishikawa 1998; Takakura 2002). For
example, particle size is a significant determinant of extravasation rate,
and surface charge can impact non-specific uptake and degradation by
macrophages (Bergen 2006). Additionally, particles with engineered
hydrophobic surfaces are preferentially taken up by the liver, followed
by the spleen and lungs (Gaur et al. 2000; Brannon-Peppas and Blanchette
2004). Similar to nanotubes, nanorods offer significant potential in the
formation of cell-penetrating complexes for drug or probe molecule deliv-
ery (J. K. N. Mbindyo et al. 2001).

Toxicity

Elemental gold is known as one of the most biocompatible materials for
use in drug delivery due to its chemical inertness (Qin 2006). In a sample of
gold nanoparticles tested for uptake and acute toxicity in human leukemia
cells, the results indicated that although some precursors of nanoparticles
may be toxic, the nanoparticles themselves are not necessarily detrimental
to cellular morphology, proliferation, or function (Ellen E. Connor et al.
2005). Furthermore, cellular transfection studies have been carried out
demonstrating the biocompatibility of nanorods for delivery function
(Salem et al. 2003).

Aside from high stability and low toxicity, other advantages of the gold
nanorods are that the particles can be prepared easily and they can be
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attached readily to molecules of biological interest. In addition, the laser
light that is now being used for visualization and cancer treatment is at a
wavelength that causes only minimal damage to most biological tissues.
Eventually, nanorod technology could enable the tracking of a single drug
molecule in a cell or in other biological samples (Jain 2005).

Nanofibers

In the areas of tissue engineering and drug delivery, nanofibers have
emerged as biocompatible, biodegradable scaffolds, and delivery vehicles
(Figure 4.7). They are used for the replacement of tissues with structural or
physiological deficiencies. The use of nanofibers in tissue restoration can
potentially produce an efficient, compact organ with a rapid recovery
process. This is because of the large surface area that polymer and pro-
tein-based nanofibers possess. Additionally, the large surface area helps to
support cell growth on the scaffold materials. These characteristics are also
advantageous for wound healing, the construction of biocompatible pros-
theses and bone substitutes, implant epithelialization, and drug delivery
applications. Nanofibrous scaffolds designed to elicit specific cellular
responses through the incorporation of signaling ligands, such as growth
factors or DNA fragments, show particular promise for future treatment
strategies (Venugopal and Ramakrishna 2005).

Nanofibers of different chemistries and structures can be formed by
self-assembly at the molecular level. These nanofibers have potential
applications in the promotion of cell adhesion and growth, targeted drug
delivery, tissue engineering, and filtration systems for toxic chemicals
(Thandavamoorthy et al. 2006). For example, the pentapeptide epitope
IKVAV is an amino acid sequence of laminin that promotes neurite
adhesion. Amphiphiles that present this sequence can self-assemble in
aqueous media, or at the site of injection in tissues, and fibers with a
diameter of 5-10 nm are formed (Moghimi et al. 2005). These scaffolds
discourage astrocyte development while inducing prompt differentiation
to neurons. These findings suggest that synthetic materials such as these
self-assembling nanofibers may have the ability to modulate selective gene
expression. In another instance, self-assembling nanofibers have been

Figure 4.7 A. Polycaprolactone (PCL) nanofibers. Polycaprolactone (9%).
724 nm; B. Collagen (0.85%) nanofibers. 261 nm (Venugopal and Ramakrishna,
2005).



Chapter 4 Nanotubes, Nanorods, Nanofibers, and Fullerenes for Nanoscale Drug Delivery

developed that promote angiogenesis both in vitro and in vivo. The nano-
fibers contain multiple binding sites for heparin and other compounds
necessary for new blood vessel growth. The release of these proteins as
nanofibers break down can stimulate neighboring cells for continued
growth (Service 2005; Rajangam et al. 2006). An alternative approach to
natural collagen is the use of synthetic collagen substitutes that self-
assemble into nanocylindrical structures. The nanofiber is made up of a
long hydrophobic alkyl group on one end and a hydrophilic peptide on the
other end. These nanocylinders can direct the formation of hydroxyapatite
crystallites with dimensions and orientations similar to those in natural
bone (Moghimi et al. 2005). Therefore, self-assembled nanofibers have
unique properties with significant potential for drug delivery applications.

Physical-Chemical Properties

The electrospinning process was first developed in the 1930 s and 1940 s to
form fine fibers using electrostatic forces (Figure 4.8). A polymer solu-
tion or melt is charged with an electric field of high voltage. This produ-
ces charge carriers with the same polarity as the electric field that was
applied. Electrostatic repulsion because of this accumulation of similar
charges pulls the polymer solution or melt forward in a cone-like shape.
When the electric field voltage is high enough to overcome the surface
tension of the polymer, a fiber jet formation occurs at the cone tip. A
collector screen of opposite charge collects these nanofibers. The poten-
tial for nanofiber production for use in tissue engineering and as filters for
toxic chemicals has generated increased interest in the electrospinning
process (Thandavamoorthy et al. 2006).

Nanofibers can be created from synthetic polymers, such as polylactides
or polyamides, as well as natural polymers, such as collagen, silk, and
celluloses. The polymers are spun into nanofibers using organic solvents
like chloroform, ethanol, or formic acid, and water is used in the spinning
solution. The spinning parameters of solution concentration, viscosity,
electrical conductivity, surface free energy, and solvent permeability affect
the diameter of the nanofibers and their resulting surface topology, which
may be smooth or porous. Nanofibers may be produced with diameters
ranging from a few nanometers to a few micrometers. However, the length
can theoretically be infinitely long (Greiner et al. 2000).

Self-assembled nanofibers will align themselves into distinctive 3D
patterns such as honeycomb meshes on a collector substrate (Figure 4.8).

Figure 4.8 Diagram of the electrospinning
process (Adapted from Thandavamoorthy
et al. 2006). (See Color Plate 10)
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These “nanowebs” give increased trapping and filtering mechanisms that
have potential for use in chemical defense masks and protective clothing
(Thandavamoorthy et al. 2006). Additionally, the polymer nanofiber-
based filtration devices are now commercially developed for industrial
air filtrations, as filters for gas turbine generators and filters for heavy-
duty engines. Due to the very small diameter of the polymer fibers
obtained by electrospinning, the surface area to volume ratio of the fibers
is quite high. The non-woven mats formed from nanofibers have very small
pore sizes; however, the total porosity of the mats is still very high (Ma
et al. 2005).

The conversion of polymer to nanofiber is mediated by several para-
meters. The solution viscosity will play a role in the electrospinning pro-
cess, as well as other solution parameters such as surface tension,
conductivity, and polarity. Additionally, the physical parameters of the
processing equipment will enhance development, such as applied electric
potential, the distance between the needle tip and the collecting screen, size
of the needle tip, feed rate, and the hydrostatic pressure applied to the
polymer solution. Ambient parameters such as the temperature, air velo-
city, and humidity of the electrospinning chamber will also modulate
nanofiber formation (Huang Z.M. et al. 2003). Besides offering an oppor-
tunity to generate ultra-thin diameters, small size porosity, and suitable
surface morphology, the electrospinning process can provide fiber carriers
for drug delivery with attractive features on multiple levels. For example,
drugs can be conveniently incorporated into the carrier polymers without
structural and bioactive alteration. The small diameter of the nanofibers
can provide a short diffusion passage length, and the high surface area
facilitates mass transfer and efficient drug release (He et al. 2000).

The properties of nanofibers such as fiber diameter, diameter distribu-
tion, and surface morphology can be characterized using scanning electron
microscopy (SEM) Other methods of fiber characterization include trans-
mission electron microscopy (TEM) and atomic force microscopy (AFM).
The surface chemistry of the electrospun nanofibers can be determined by
techniques such as X-ray photoelectron spectroscopy (XPS), contact angle
measurements, and by attenuated total reflectance Fourier transform infra
red spectroscopy (FTIR-ATR). The structures of the polymer molecules
within the nanofibers can be characterized by Fourier transform infra red
spectroscopy (FTIR) and nuclear magnetic resonance (NMR). The for-
mation of thin polymer fibers from polymer solution usually changes the
orientation of polymer chains. The configuration of the polymer chains in
the nanofiber is usually determined by differential scanning calorimetry
(DSC), wide angle X-ray diffraction (WAXD), and optical birefringence
(Huang Z.M. et al. 2003).

Nanofibers in Drug Delivery

Cellular Behavior and Uptake

For effective cell interactions, polymer nanofibers often need to be func-
tionalized to yield increased bioactivity and fiber—cell interaction
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properties. The addition of other molecules such as genes, drugs, growth
factors, and other ligands directly to the polymer solution or melt prior to
electrospinning will produce functionalized, bioactive nanofibers. For
example, plasmid DNA has been added directly to solutions of PLA-PEG
and PLGA in dimethylformamide (DMF) prior to electrospinning for
nanofiber production. Over a 20-day study period, there was a sustained
release of plasmid DNA from the scaffold, with maximum release occur-
ring at 2 hours after implantation (Luu et al. 2003). An optical sensor
for the detection of the Fe** and Hg?>" ions was prepared by adding a
fluorescent polymer to a polyurethane latex solution. The polymer solu-
tion was then electrospun into a nanofibrous membrane that gives a high
response in optical sensing (Wang et al. 2002). Polyurethane nanofibers
have been prepared for use in drug delivery applications by the addition of
a solvent to the polymer solution. The drugs itraconazole and ketanserin,
with the addition of DMF and dimethylacetamide (DMAc), respectively,
showed linear release profiles over time (Verreck et al. 2003; Ma et al.
2005).

Surface modification can also be used to functionalize polymeric nano-
fibers. With degradable polymer nanofibers, special care must be taken to
protect the nanofibers from rapid degradation and destruction. Strong
reaction conditions such as exposure to plasma, ultraviolet, or gamma-
radiation, high temperatures, and acidic or basic environments can easily
degrade the nanofibers. Additionally, the high surface area of biodegrad-
able nanofibers such as PLA and PGA tends to degrade much faster
compared with bulk materials. Polyethylene terephthalate (PET) nanofi-
bers showed significant degradation in acidic or basic solutions (Ma et al.
2005). Alternative surface modification methods that focus on coating or
layering using electrostatic interactions might be more suited to immobi-
lization of biomolecules onto polymer surfaces. Studies have shown that
the ECM proteins collagen, fibronectin, and laminin can be coated on silk
fibroin nanofiber surfaces to promote cell adhesion (Min et al. 2004; Ma
et al. 2005).

One drug delivery application for polymeric nanofibers that shows
great promise is the use of nanofibers as ECM-mimetic biomaterials. The
extracellular matrix is composed of proteins that have similar structure
and dimensions when compared to polymeric nanofibers that have been
electrospun. ECM-mimetic fiber matrices have shown good cell attach-
ment, cytocompatibility, and maintenance of cell phenotypes. Nanofibers
can be produced with specialized functions by modifying the electrospin-
ning technique. For example, aligned nanofibers allow the matrix to
dictate cell orientation, while core—shell-structured nanofibers provide
the ability for drug release from the nanofiber matrix (Ma et al. 2005).

Toxicity

The effects of shape, size, and surface properties of carbon nanomaterials
can directly impact cellular toxicity. Health and growth of human lung
tumor cells can be correlated with increasing concentrations of nanotubes,
nanofibers, and nanoparticles. Within 24 hours, all the materials exhibited
some levels of toxicity. Carbon nanoparticles are the most toxic, and
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carbon nanotubes the least. It has been hypothesized that the difference in
toxicity might be due to the “dangling bonds” present in nanoparticles that
are not as prevalent in nanofibers or nanotubes. These dangling bonds are
from carbon atoms which remain unbound to three other carbon atoms —
making them highly reactive with other biomolecules (Arnaud Magrez
et al. 2006).

Polymer nanofibers have shown good compatibility with other tissues
when used as scaffolds and matrices. Fibers made of natural materials
show the most promising compatibility. When human bone marrow stro-
mal cells are grown on fibroin-based nanofibers, these electrospun silk
matrices are able to support cell attachment and growth in culture over a
2-week period (Jin et al. 2004). Human keratinocytes and fibroblasts have
also been reported to attach and proliferate on these fibroin-based nano-
fibers (Wan-Ju 2002; Min et al. 2004; Ma et al. 2005).

Fullerenes

Fullerenes are a recently discovered class of carbon allotropes, found in
hollow spherical ellipse or tube shapes. The entire class of these closed-
caged carbon molecules is called fullerenes (Figure 4.9). The Cg fullerene
is commonly referred to as a buckyball, in honor of Buckminster Fuller
(Dresselhaus et al. 1996b). Fullerenes have potential applications in the
treatment of diseases where oxidative stress plays a role in the pathogen-
esis, such as neurodegenerative diseases. Another possible application of
fullerenes is in nuclear medicine, as an alternative to chelating compounds
that prevent the direct binding of toxic metal ions to serum components.
This could increase the therapeutic potency of radiation treatments and
decrease their adverse effects because fullerenes are resistant to biochem-
ical degradation within the body (Jain 2005). The hydrophobic Cgy mole-
cule can be modified to include covalently bonded hydrophilic molecules,
which increase the solubility and potential use in biological applications.
Water-soluble fullerenes are able to cross the cell membrane, strengthening

Figure 4.9 Representation of the
Cgo “buckyball”.
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the proposed use of fullerenes in drug delivery systems and targeting of
specific tissues and cell types (Foley et al. 2002).

Metallofullerenes are all-carbon fullerenes that enclose metal ions to
deliver radioactive atoms directly to diseased tissues, such as cancer. This
has the potential to decrease the side effects of non-targeted radiation
treatments, since the radioactive atoms will not damage healthy surround-
ing tissue. This is one example of the potential drug delivery applications of
the fullerene family (Vogelson 2001).

Physical-Chemical Properties

Within the past 10 years, the physical and chemical properties of fullerenes
have gained increasing interest as scientists try to understand how these
properties can be exploited to yield new treatments and applications.
Fullerenes can be produced through combustion and oxidation of benzene
and argon gas mixtures, by resistive heating of carbon rods in vacuum, or
through laser vaporization. The most commonly used and most efficient
method involves running a large current between two nearby graphite
electrodes in an inert atmosphere, such as helium, at a pressure of
200 Torr. A carbon plasma arc will be formed between the electrodes,
and the cooled carbon soot contains fullerenes that must be extracted and
then purified (Dresselhaus et al. 1996).

While fullerenes are stable, they are not completely unreactive. The
sp>-hybridized carbon atoms exist at an energy minimum in planar gra-
phite. To form a spherical or tube shape, they must be bent, which will
cause angle strain. To alleviate this strain, fullerenes tend to undergo an
electrophilic addition at 6,6-double bonds to reduce angle strain by con-
verting the sp>-hybridized orbitals into sp*-hybridized orbitals. This hybri-
dization change allows the bond angles to decrease from about 120 degrees
in the sp” orbitals to about 109.5 degrees in the sp’ orbitals. Molecular
stability increases because the atoms undergo less bending when forming
their spherical shape (Diederich Francois and Thilge). Endohedral full-
erenes are fullerenes with additional atoms trapped inside them. Endohe-
dral metallofullerenes formed using the rhonditic steel process were one of
the first commercially viable uses of buckyballs (Bethune et al. 1993).
Fullerene-binding molecules have potential in drug delivery applications.
For example, they could facilitate specific antibiotics targeting resistant
bacteria or drugs targeting cancer cells such as melanoma. Other examples
include the use of fullerenes as light-activated antimicrobial agents (Tegos
et al. 2005).

Fullerenes are the only known carbon allotrope that can be dissolved in
common solvents at room temperature, and are moderately soluble in non-
polar and weakly polar solvents. At the same time, the fact that they are
nanosized means that they can be treated as colloidal particles. This is
observed when the solid phase of fullerenes is added to a liquid, and a
molecular solution is first formed. Subsequently, dispersion forces will
cause the fullerenes to cluster into a colloidal solution (Tropin et al.
2006). While no single parameter can be used to predict the solubility of
a fullerene in a solvent, several general trends have been found to govern
their behavior in a particular solvent. The solubility in a solvent generally
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increases with increasing molecular weight of the solvent. An increase in
the polarizability parameter generates higher solubilities (Dresselhaus
et al. 1996b). The solubility of a selected solvent will be important in its
successful use in the further extraction and purification of fullerenes.

On their own, fullerenes are not readily soluble in water, so a solubiliza-
tion method is necessary for the fullerene acting in biological systems. A
fairly quick method involves solubilization by tetrahydrofuran (THF),
mixing with water, and then evaporation to eliminate the THF. The
water stirred method is simply weeks of water stirring. This method is
more environmentally friendly than the previous method, but takes a
considerable amount of time. However, studies have shown that fullerenes
produced by the THF method exhibit higher toxicities in vivo, possible
because of residual solvent trapped within the fullerene (Shiqian Zhu and
Mary L. Haasch 2006).

Fullerenes in Drug Delivery

Cellular Behavior and Uptake

Because fullerenes have numerous points of attachment, they have the
ability to give control to the 3D positioning of chemical groups onto
their structure. This improves their ability to target specific cells and
molecules. The 60 carbons in the buckyball formation, for example, give
60 points of attachment for forming a more complex delivery assembly
(Leary et al. 2006). This, along with their nanosize dimensions, redox
potential, and ability to encapsulate other molecules, makes fullerenes an
attractive candidate for drug delivery applications. Water-soluble deriva-
tives of Cg fullerenes have shown uptake and localization primarily in the
mitochondria. Additionally, researchers have found that fullerenes react
with damaging oxygen free radicals through their C—C double bonds. This
binding occurs so quickly that only diffusion controls the reaction. This
means that the fullerene will bind the radical each time it encounters one.
By binding and inactivating these free radicals that circulate throughout
the body, fullerenes could be used to treat diseases caused by excessive free
radical production. Fullerene antioxidants could provide more effective
therapies for CNS-degenerative diseases such as Parkinson’s disease,
which is currently only marginally treated by natural and synthetic anti-
oxidants (Dugan LL et al. 1997). Fullerenes have also demonstrated anti-
protease activity which has the potential for use in treatment of human
immunodeficiency virus and acquired immunodeficiency syndrome (Zhu
et al. 2003).

Toxicity

There is conflicting evidence on whether fullerenes are relatively inert or
potentially harmful to the body. When fullerenes were dispersed in water
at concentrations of 0.5 parts per million and evaluated in largemouth
bass, it was found that the fish suffered a 17-fold increase in cellular
damage in the brain tissue after 48 hours. Fullerenes induced lipid perox-
idation, which has been shown to impair the functioning of cell membranes
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and lead to cellular damage. Inflammatory changes also occurred in the
liver and genes that are related to the making of repair enzymes. The
damage to lipid-rich tissues likely occurred because the fullerenes are
redox active. To overcome this limitation further research into biocompa-
tible coatings that eliminate the redox-reactive surface while still allowing
for drug delivery is necessary (Oberdorster 2004).

To better understand how cells process these fullerenes, high-resolution
3D electron microscopy was used to track where buckyballs travel within
cells. With non-toxic doses, buckyballs concentrated in intracellular
lysosomes along the cell membrane, the nuclear membrane, and within
the nucleus. The localization of fullerenes in and around the nucleus
(Figure 4.10) raises concern that DNA damage could occur if interaction
with the buckyballs disrupts DNA’s helical structure (Porter AE et al.
2006). In aqueous solution, buckyballs were found to prefer to bind to
DNA rather than each other because of strong hydrophobic interactions.
These associations can cause the DNA to deform, which would potentially
interfere with its biological functions. However, additional studies are
necessary to see if in vitro results translate to in vivo (Zhao et al. 2005).

Fullerene uptake in rats has been evaluated by oral administration
and intravenous routes of delivery. Oral administration of water-soluble
buckyballs in rats showed that the compounds were not efficiently
absorbed, while intravenous distribution showed uptake in multiple
organs and the ability to penetrate the blood brain barrier. The acute
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Figure 4.10 Complexes of Cg( in the minor groove, starting from the B-DNA (a) and A-DNA (b) conforma-
tions. Cgo has more contact with DNA starting from A-form than that from B-form, resulting in a slightly

greater (more negative) binding energy (Zhao 2005). (See Color Plate 11)



122

J.B. Melanko et al.

toxicity was low, but further investigation is needed to determine how
chronic exposure would affect cytotoxicity since the materials were still
present after 1 week (Yamago et al. 1995). Cg fullerenes did not cause
human leukocytes to secrete inflammatory molecules in vitro (Moussa
et al. 1995). In addition, buckyballs that transfected into macrophage
cell lines were not cytotoxic and had negligible effects on the formation
of reactive oxygen species (Baierl and Seidel 1996).

As with nanotubes, functionalization of the surface of fullerenes can
change their behavior to induce targeting or other cell interactions. More-
over, these modifications can also cause them to become cytotoxic. When
modified fullerenes are irradiated with UVA or UVB light, they cause cell
membrane damage leading to cell death, in a dose-dependent fashion
(Rancan et al. 2002). Functionalization of fullerenes to make them water
soluble also then results in aggregating the fullerenes in human liver
carcinoma cells, dermal fibroblasts, and neuronal astrocytes. Based on
these findings for functionalized and non-functionalized fullerenes, it
appears that it is surface modifications of fullerenes that result in their
cytotoxicity (Sayes et al. 2004; Fiorito et al. 20006).

Conclusion

Nanorods, nanotubes, nanofibers, and fullerenes have potential in drug
delivery applications. Development of these materials requires an approach
that is interdisciplinary, combining expertise in chemistry, biology, engi-
neering, and materials science (Silva 2006). These nanomaterials have
unique structural and functional properties that are not found in the indi-
vidual molecules or bulk solids (Sinha et al. 2006). Before the potential of
these nanomaterials can be realized, there are challenges that must be over-
come. While nanoparticles are heralded for their unique properties, these
characteristics can result in cytotoxicity. Long-term studies of the chronic
implications of nanomaterial exposure are necessary to determine whether
these particles can safely be used as drug delivery vehicles in humans.
Targeted drug delivery using these materials may minimize harmful side
effects, while increasing the efficiency of treatment, leading to better patient
compliance and greater efficacy of the therapy (Emerich and Thanos 2006).
The addition of a coating or functionalization of the nanomaterial surface
might eliminate toxicity in the laboratory environment, but it is unclear
whether this will still be the case in the human body (Fiorito et al. 2006).
However, the application of nanorods, nanotubes, nanofibers, and fuller-
enes in drug delivery has also opened doors for exploration in the areas of
biosensing, bioimaging, tissue engineering, and chemical defense.
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Drug Loading into and In Vitro Release
from Nanosized Drug Delivery Systems

Anja Judefeind and Melgardt M. de Villiers

Introduction

Drug loading during preparation and subsequent release after administra-
tion are two important properties that have to be built into a drug delivery
system during their development as they largely determine the efficiency of
such systems. Drug loading is the process of incorporation of the drug into
a polymer matrix or capsule. Drug release is the reverse process by which
the drug molecules are liberated from the solid phase and become available
for absorption and pharmacological action. Therefore, in addition, in
vitro drug release can be a quality control of the drug delivery system,
provide information about the internal structure of the carrier, the inter-
action between the drug and carrier, and can be used to predict in vivo
behavior (Chorny, Fishbein, Danenberg, & Golomb, 2002; Washington,
1990a). Drug loading and release are related to each other because both
depend on the physicochemical properties of the matrix, the physicochem-
ical properties of the drug and the interaction between the matrix, drug
and the environment. This chapter describes the various processes
involved with drug loading into nanosized drug delivery systems and
how it influences the subsequent release of the drug from these systems.

Drug Loading

Definitions and Mechanisms of Drug Loading

Drug loading is the process of incorporation of drug into a carrier system.
Two common terms are utilized in literature. These are drug loading (DL)
(or drug content) and entrapment efficiency (EE) and they are defined as

. mass of drug in nanoparticles
Drug loading (%) = mass of nanoparticles x 100 M

. imental drug loadi
Entrapment efficiency (%) = exizr;?s; Zru;ulia(c)l?n;ng x 100 (2)
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During comparison of various drug delivery systems, one should con-
sider both drug loading and entrapment efficiency. Entrapment efficiency
describes the efficiency of the preparation method to incorporate drug into
the carrier system. Ideally, a high drug loading with a minimum nominal
drug loading is aimed for because this improves the entrapment efficiency.
In addition, the amount of drug entrapped also determines the perfor-
mance of the drug delivery system since it influences the rate and extent of
drug release from the system. Both drug loading and entrapment efficiency
depend on the physicochemical properties and the interactions between the
drug, the carrier matrix and the surrounding medium.

The drug can either be incorporated into nanoparticles by hydrogen
bonding, ionic interaction, dipole interaction, physical entrapment (or
encapsulation), precipitation, covalent bonding or be adsorbed to the
surface. In most drug delivery systems, more than one loading mechanism
is involved. Different techniques are utilized to investigate the mechanism
of loading. These include UV, NMR, FTIR, X-ray and DSC to test for
interaction and electron spectroscopy for chemical analysis (ESCA) as well
as X-ray photoelectron spectroscopy (XPS) for investigating the surface
chemistry.

Drug Loading of Various Nanocarriers

Drug loading depends on the type of nanoparticles (e.g., nanospheres,
nanocapsules, solid lipid nanoparticles, dendrimers, polymeric micelles,
nanoemulsions) and the preparation method (Huo, Liu, Wang, Jiang,
Lambert, & Fang, 2006; Zhang, Li, Qiu, Li, Yan, Jin, & Zhu, 2006a).
Various types of nanoparticles, techniques to produce them and their
advantages and disadvantages have been extensively described in litera-
ture: nanospheres (Bala, Hariharan, & Kumar, 2004; Bilati, Allémann, &
Doelker, 2005; Peppas & Robinson, 2007; Reis, Neufeld, Ribeiro, & Veiga,
2006; Soppimath, Aminabhavi, Kulkarni, & Rudzinski, 2001), dendrimers
(Amir & Shabat, 2006; D’Emanuele & Attwood, 2005; Gupta, Agashe,
Asthana, & Jain, 2006; Yang & Kao, 20006), solid lipid nanoparticles and
nanostructured lipid carriers (Miiller, Méder, & Gohla, 2000; Miiller,
Radtke, & Wissing, 2002; Uner, 2006), polymeric micelles (Aliabadi &
Lavasanifar, 2006; Liu, Lee, & Allen, 2006a), nanocapsules (Couvreur,
Barratt, Fattal, Legrand, & Vauthier, 2002; Mayer, 2005) and nanoemul-
sions (Solans, Izquierdo, Nolla, Azemar, & Garcia-Celma, 2005).

Tables 5.1-5.5 show some examples of drug loading of various nano-
particles (Table 5.1: nanospheres, Table 5.2: dendrimers, Table 5.3: solid
lipid nanoparticles and nanostructured lipid carriers, Table 5.4: polymeric
micelles and Table 5.5: nanoemulsions and nanocapsules). The various
examples were chosen to illustrate the effect of drug, loading method (with
modification in pH, temperature, sequence of adding excipients), type of
polymer/copolymer, copolymer ratios, functional groups on polymers,
molecular weights (MW) of polymers/copolymers, nominal drug loading,
etc., on drug loading and entrapment efficiency.

In general, two ways of drug loading can be distinguished: drug loading
during nanoparticle formation and loading after the preparation of nano-
particles (Allemann, Gurny, & Doelker, 1993). If preformed nanoparticles
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Table 5.3 Examples of drug loading of solid lipid nanoparticles and nanostructured lipid carriers.

Time
of Entrapment efficiency (EE) and drug
Drug Loading method loading loading (DL) Ref.
Prednisolone @ Cold and hot homogenization During  EE: 85% (cold homogenization), [24]
at different temperature and 50-56% (hot homogenization)
surfactant concentration
Tetracaine e Cold homogenization During  Tetracaine, etomidate: 85-99% [25]
Etomidate (prednisolone) (EE), 1-10% (DL) prednisolone:
Prednisolone  ® Hot homogenization 71-80% (EE), 2-4% (DL)
(tetracaine, etomidate) with
different types of surfactant
Isotretinoin ® Hot homogenization with During  EE: 80-100% [26]
different surfactant
concentration
Insulin o Three different modifications of During EE: 26-67% (SLN) [27]
precipitation method EE: 17-40% (WGA-N-glut-PE-
WGA-N-glut-PE-modified modified SLN)
SLN
Methotrexate ~ ® Microemulsion technique During DL: 37-52% [28]
Different lipid concentration
Retinol e Hot homogenization During DL: 0.3% (SLN), 3.8% (NLC) [29]
SLN vs. NLC
Clobetasol ® Precipitation method at During EE: 45-53% (SLN), 67-70% [30]

different temperatures
SLN vs. NLC with different
amount of liquid lipid

(NLC);
DL: 2.3-2.6% (SLN), 3.4-3.5%
(NLC)

[24] zur Miihlen & Mehnert (1998a)

[25] zur Miihlen, Schwarz, & Mehnert (1998b)

[26] Liu, Hu, Chen, Ni, Xu, & Yang (2007)

[27] Zhang, Ping, Huang, Xu, Cheng, & Han (2006b)
[28] Ruckmani, Sivakumar, & Ganeshkumar (2006)
[29] Jenning, Thiinemann, & Gohla (2000)

[30] Hu, Jiang, Du, Yuan, Ye, & Zeng (2006)

are incubated in a drug solution for drug loading, drug can be extensively
adsorbed to the large surface area of nanoparticles which in turn
can result in initial burst release, which is more pronounced the smaller
the article. (Chorny et al., 2002; Lecaroz, Gamazo, Renedo, & Blanco-
Prieto, 2006; Pohlmann, Soares, Cruz, Da Silveira, & Guterres, 2004).
Furthermore, this method in general results in lower drug loading
(Bapat & Boroujerdi, 1992; Illum, Khan, Mak, & Davis, 1986; Lopes,
Pohlmann, Bassani, & Guterres, 2000; Soppimath et al., 2001). Addi-
tionally, the time of incubation can also influence the drug loading, and
the incubation time has to be sufficient to reach equilibrium for max-
imum loading (Lopes et al., 2000).

An important factor when loading drugs is the interaction between drug
and carrier system because with increasing interaction the drug loading as
well as entrapment efficiency increases; however, the release rate declines
(Bhattarai, Ramay, Chou, & Zhang, 2006; Gaspar, Blanco, Cruz, & Alonso,
1998; Govender, Riley, Ehtezazi, Garnett, Stolnik, Illum, & Davis, 2000;
Huo et al., 2006; Jiang, Hu, Gao, & Shen, 2005; Lee, Cho, & Cho, 2004;
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Table 5.4 Examples of drug loading of polymeric micelles.

Time
of Entrapment efficiency (EE)
Drug Loading method loading and drug loading (DL) Ref.
Camptothecin @ Dialysis method with different During  EE: 30-90% [31]
solvents
Different nominal drug loading
Cyclosporine A e Co-solvent evaporation method During  Co-solvent composition [32]
with different co-solvent EE: 36-76%, DL: 0.11-0.23
compositions and sequences of (W/w)
adding MePEO and PCL molecular
MePEO-bH-PCL micelles with weights
various MePEO and PCL EE: 12-76%, DL: 0.04-0.23
molecular weights (W/w)
Beclomethasone @ Solvent evaporation method During EE: 4-100% [33]
dipropionate Different nominal drug loadings and
drug/polymer ratios
Fenofibrate e Evaporation of a negative During  EE: 29-95% [34]
acetonitrile-water azeotrope
PEG-b-PCL micelles with various
MW of PCL
Indomethacin ® Dialysis method During EE: 5-100% [35]
Micelles with different lactone
monomers, feed molar ratios of
lactone/PEG and MW of PEG
DMS! ® Dialysis method During DMS: 1.1-4.2% (EE), [36]
MPG? Effect of copolymer composition 0.2-0.7% (DL)
PNS? (polyphosphazenes), drug MPG: 3.0-7.8% (EE),
IBU* structure and nominal drug 0.5-1.3% (DL)
KET’ loading PNS: 2.2-7.2% (EE),
IND® 0.4-1.2% (DL)
IBU: 21.8-42.8% (EE),
3.6-7.1% (DL)
KET: 5.5-10.7% (EE),
0.9-1.8% (DL)
IND: 42.7-78.2% (EE),
7.1-13% (DL)
Papaverine ® Dialysis method During DL:4-15% [37]
PEO-PLA block copolymers with DL increased with increased
different content of carboxylic number of carboxylic
acid in PLA block groups in copolymer
Adriamycin ® Dialysis method During  EE: 75-85%, DL: 15-17% [38]

Polymeric mixed micelle with
various ratios of polyHis/PEG
and PLLA/PEG

"Dxamethasone, “medroxyprogesterone acetate, “prednisone acetate, *ibuprofen, *ketoprofen, indomethacin

[31] Opanasopit, Ngawhirunpat, Chaidedgumjorn, Rojanarata, Apirakaramwong, Phongying, Choochottiros, & Chir-
achanchai (2006)

[32] Aliabadi, Elhasi, Mahmud, Gulamhusein, Mahdipoor, & Lavasanifar (2007)

[33] Gaber, Darwis, Peh, & Tan (2006)

[34] Jette, Law, Schmitt, & Kwon (2004)

[35] Lin, Juang, & Lin (2003)

[36] Zhang, Li, Qiu, Li, Yan, Jin, & Zhu (2006a)

[37] Lee, Cho, & Cho (2004)

[38] Lee, Na, & Bae (2003)
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Table 5.5 Examples of drug loading of nanoemulsions (NE) and nanocapsules (NC).

Time of Entrapment efficiency (EE)

Drug Loading method loading  and drug loading (DL) Ref.

Triclosan e Solvent displacement method (NE) +  During  Emulsion: 86-99% (EE), [39]
chitosan (NC) 2-13% (DL)

Various oil amounts and chitosan at Capsules: 93-98% (EE),
two different viscosity degrees 2-14% (DL)

Ethionamide ® During: interfacial deposition (NC), During  During: EE: 62.4% (NCO), [40]
nanoprecipitation (NS), spontaneous VS. 53.0% (NS), 38.5% (NE)
emulsification (NE) after  After (24 h): 56.2% (NC),

e After: incubation for different time 43.4% (NS)
periods

Indomethacin e Interfacial deposition (NC), During  EE: 94.5% (NC), 95.4% [41]
nanoprecipitation (NS), spontaneous (NS), 90.0% (NE)
emulsification (NE)

Metipranolol e Interfacial polymerization (IP) vs. During  EE: oil type: 34.6-49.9% [42]

e [nterfacial deposition (ID) with
various polymer and oil types

(Migliol 840), 48.6-62.2%

(Labrafil 1944 CS)
Preparation: 40.7-62.2%

(IP), 34.6-60.2% (ID)

[39] Maestrelli, Mura, & Alonso (2004)

[40] Lopes, Pohlmann, Bassani, & Guterres (2000)

[41] Calvo, Vila-Jato, & Alonso (1996)

[42] Losa, Marchal-Heussler, Orallo, Vila Jato, & Alonso (1993)

Pandey, Ahmad, Sharma, & Khuller, 2005; Zhang et al., 2006a). For high
entrapment efficiency, it is necessary that the drug interacts preferentially
with the carrier system (polymer, lipid) rather than with the surrounding
medium (Opanasopit, Ngawhirunpat, Chaidedgumjorn, Rojanarata,
Apirakaramwong, Phongying, Choochottiros, & Chirachanchai, 2006).

Another factor influencing drug loading as well as entrapment effi-
ciency is the nominal drug loading. Several studies showed that the drug
loading can be enhanced by increased nominal drug loading (Govender,
Stolnik, Garnett, Illum, & Davis, 1999; Kolhe, Misra, Kannan, Kannan, &
Lieh-Lai, 2003). However, the entrapment efficiency does not necessarily
increase with higher initial drug loading (Figure 5.1). If the maximum
loading capacity of the nanocarrier is reached, further increase in nominal
drug loading can even decrease the efficiency (Gaber, Darwis, Peh, & Tan,
2006; Lecaroz et al., 2006).

The examples of drug loading of nanospheres (Table 5.1) demonstrate
that the drugs are predominantly incorporated during nanoparticle forma-
tion. However, a high serum bovine albumin entrapment was also achieved
by incubation of the pre-formulated nanoparticles in the protein solution.
Another approach to load polymeric particles was performed by Zhu &
McShane (2005) who loaded hydrophobic compounds by adsorbing surfac-
tants onto the surfaces of the polymeric particles with subsequent swelling in
organic solvents. In general, it can be seen that the preparation method as
well as the modification of the methods such as changing the pH affects
the drug loading and entrapment efficiency (Bapat & Boroujerdi, 1992;
Govender et al., 1999; Jiang et al., 2005; Leo, Scatturin, Vighi, & Dalpiaz,
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2006; Quaglia, Ostacolo, De Rosa, La Rotonda, Ammendola, Nese,
Maglio, Palumbo, & Vauthier, 2006). Moreover, for polymeric nanosys-
tems, the right selection of polymer, copolymer (molecular weight, existence
of functional groups, charge) and copolymer ratio is crucial for optimizing
the entrapment of drugs (Gaspar et al., 1998; Pandey et al., 2005; Pfeifer,
Burdick, Little, & Langer, 2005). The type of drug, e.g., base vs. salt form,
also influences the drug entrapment (Govender et al., 1999).

Loading of drugs into dendrimers (Table 5.2) is usually achieved after
the synthesis of the dendrimers by either incubation of the dendrimers in
the drug solution or conjugation of the drug molecules to the functional
end groups of the dendrimers. In general, the drug entrapment increases
with higher generations (Kojima, Kono, Maruyama, & Takagishi, 2000;
Kolhe et al., 2003). Furthermore, the drug loading varies with different
types of dendrimers (Kolhe et al., 2003), surface modification (Bhadra,
Bhadra, & Jain, 2006; Dutta, Agashe, Garg, Balasubramanium, Kabra,
& Jain, 2007; Kojima et al., 2000; Tripathi, Khopade, Nagaich, Shrivas-
tava, Jain, & Jain, 2002), different spacers used for the conjugation of the
drug to the surface end group of the dendrimer (Wiwattanapatapee,
Lomlim, & Saramunee, 2003) and polarity of the drug (Dhanikula &
Hildgen, 2006). The drug entrapment is additionally influenced by the
pH of the incubation solution, and therefore, by adjusting the pH the
drugloading can be controlled (Asthana, Chauhan, Diwan, & Jain, 2005;
Tripathi et al., 2002). Another new approach is the synthesis of dendri-
mers consisting of drug molecules (Tang, June, Howell, & Chai, 2006a;
Tang, Martinez, Sharma, & Chai, 2006b) resulting in high entrapment
efficiency.

From Table 5.3 it can be seen that loading of solid lipid nanoparticles
(SLN) and nanostructured lipid carriers (NLC) occurs predominantly
during particle formation. We could only find one example where cationic
SLN was loaded with RNA after the preparation of SLN (Montana,
Bondi, Carrotta, Picone, Craparo, San Biagio, Giammona, & Di Carlo,
2007). However, neither entrapment efficiency nor RNA loading was



Chapter 5 Drug Loading into and In Vitro Release from Nanosized Drug Delivery Systems

given. The drug loading of SLN and NLC differs due to various prepara-
tion methods. In general, cold homogenization results in higher drug
incorporation than hot homogenization (Uner, 2006; zur Miihlen & Meh-
nert, 1998a). The type of surfactant, surfactant concentration as well as
production temperature also affect drug loading during the hot homoge-
nization process (Liu, Hu, Chen, Ni, Xu, & Yang, 2007; zur Miihlen &
Mehnert, 1998a; zur Miihlen, Schwarz, & Mehnert, 1998b). The introduc-
tion of liquid lipid into the solid lipid matrix (forming nanostructured lipid
carriers) is another approach to increase the drug entrapment in lipid nano-
particles (Hu, Jiang, Du, Yuan, Ye, & Zeng, 2006; Jenning, Thiinemann, &
Gohla, 2000). As the drug must be soluble in the lipid matrix, lipophilic drugs
can be entrapped into SLN and NLC with higher efficiencies.

As seen with lipid nanoparticles, polymeric micelle formation and
drug incorporation also occur simultaneously (Table 5.4). Lipophilic
drugs especially are favorably incorporated into polymeric micellar
carrier systems. Drug loading can be improved by increasing the
polymer concentration (Figure 5.2), employing polymers with higher
molecular weights (MW) (Aliabadi, Elhasi, Mahmud, Gulamhusein,
Mahdipoor, & Lavasanifar, 2007; Jette, Law, Schmitt, & Kwon, 2004)
or using grafted copolymers with functional end groups (Lee et al.,
2004). However, the micelle production procedure can be optimized to
obtain higher entrapment of drugs by careful selection of solvent, co-
solvent and experimental setup (Aliabadi et al., 2007; Opanasopit
et al., 2000).

Table 5.5 shows examples of drug loading in nanoemulsions and nano-
capsules, as well as the comparison between them and nanospheres. In
general, higher drug loading is obtained for nanocapsules (prepared by
interfacial deposition) compared to nanospheres (formed by nanoprecipi-
tation) as the relative mass of the polymer used for capsules is reduced
(Couvreur et al., 2002; Lopes et al., 2000). The entrapment of drugs into
nanoemulsions is reduced compared to nanospheres and nanocapsules
(Calvo, Vila-Jato, & Alonso, 1996; Lopes et al., 2000). Moreover, the
higher the solubility of the drug in the oil phase, the higher the drug
entrapment in nanocapsules and nanoemulsions (Losa, Marchal-Heussler,
Orallo, Vila Jato, & Alonso, 1993).
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Figure 5.2 Contour plot showing the entrapment efficiency
(%) at various concentrations of beclomethasone
dipropionate, BDP (x 10! pmol/ml) and poly-(ethylene
oxide)-block-distearoyl phosphatidyl-ethanolamine,

mPEG5000-DSPE

30

mPEGS5000-DSPE (x 10" pmol/ml). Reproduced from 0 T
Gaber, Darwis, Peh, & Tan (2006) with permission from 1 15
ACS Publications.
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In summary, no overall guideline can be given for drug loading as it
depends on the drug that should be incorporated into the nanocarrier
system, the intended administration route, the target as well as the release
profile (burst release at a specific target, sustained release, etc.). Based on
the choice of the drug, the administration route, drug target and release
profile, a nanocarrier system as well as loading technique can be selected
using some general rules as outlined in this chapter. By doing this, the
optimum drug loading and entrapment efficiency can be achieved.

Drug Release

Mechanisms of Release from Nanosystems

Dissolution

Dissolution is a kinetic, usually diffusion-controlled process, and the rate
of dissolution is defined as the mass of drug dissolved at a given time. The
basic principle of dissolution rate was given by Noyes & Whitney (1897)
and is described by the well-known equation:

dM DA
5= (G0 3
where dM/dt is the mass rate of dissolution, D is the diffusion coefficient of
the drug in solution, A is the surface area of solid in contact with dissolu-
tion medium, Cg is the solubility of the drug, C is the concentration of the
drug at time ¢ and /4 is the thickness of the diffusion boundary layer at the
solid’s surface. In Eq. 3 it is assumed that the surface area A4 of the solid is
constant during dissolution. However, if a particle dissolves, its surface
area and volume change with time. Therefore, Hixson & Crowell (1931)
derived an equation for the dissolution rate that was normalized for the
decrease in surface area as the particle dissolves assuming that the shape of
the particle is not changing during dissolution:

M3 =My — )

Equation 4 is known as the Hixson—Crowell cube-root equation and M,
is the mass of the drug particles prior to dissolution, M is the mass of
undissolved drug particles at time ¢ and « is the cube-root dissolution
constant defined as

13 2DCs My’ 2DCs

= Np(r/6)] ' =8 = S0

)

where N is the number of particles and p is the drug’s density. If drug
particles with different sizes are present, a new correlation model between
particle size distribution and dissolution can be used to predict the in vitro
dissolution rate of a drug formulation with different particle sizes (Tinke,
Vanhoutte, De Maesschalck, Verheyen, & De Winter, 2005).
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It can be seen from Egs. 3 and 5 that the dissolution rate is directly
proportional to the surface area 4 of the particle and the saturated solu-
bility Cs of the drug. In contrast, the particle size (described by the
diameter d) and the thickness of the diffusion boundary layer /& are
inversely related to the dissolution rate. These parameters change and
affect the dissolution rate of drugs when a system is moved from micro-
sized particles to nanosized particles. It is a well-known effect that the
specific surface area is increased by decreased particle size, yielding a
higher dissolution rate (Figure 5.3). Anderberg, Bisrat, & Nystréom
(1988) showed in a study, investigating the dissolution of felodipine, that
the dissolution was enhanced for smaller particles. However, a plot of the
surface-specific dissolution rate vs. particle size revealed that the increase
in dissolution rate with decreasing particle size was stronger than what can
be explained from an increase in surface area alone.

This effect was explained by a decrease in diffusion boundary layer
thickness with decreasing drug particle radius. Bisrat & Nystrom (1988)
investigated the effect of particle size on the thickness of the diffusion
boundary layer and found that for particles smaller than 5 pum the agitation
intensity did not significantly change the surface-specific dissolution rate,
whereas the dissolution rate was significantly increased at higher agitation
intensities for particles in the range of 15 and 25 pm. They concluded that
the increase in dissolution rate for smaller particles might also be explained
by a reduced boundary diffusion layer thickness in addition to an increased
surface area and explained it with the Prandtl boundary layer equation:

hy = k- LY?/ V1?2 (6)

where /iy is the hydrodynamic boundary layer thickness, L is the length of
the surface in the direction of flow, k is a constant and ¥ is the relative
velocity of the flowing liquid vs. the flat surface. The higher curvature of
smaller particles results in a reduced surface in the direction of flow (L) and
therefore in a thinner diffusion boundary layer.
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Figure 5.3 Dissolution profiles of two
griseofulvin suspensions with (a) VMD = I
760 nm and NMD = 224 nm, and (b) VMD 20- { {

= 978 nm and NMD = 784 nm compared E

with a micronized material with (¢) VMD = I
5.9 um and NMD = 2.3 pm. Reprinted from c? y . ’ .
Shekunov, Chattopadhyay, Seitzinger, & Huff 0 100 200 300 400 500
(2006) with permission from Springer. time, s
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Figure 5.4 Experimentally determined values
for the effective hydrodynamic diffusion layer
| herr. Reprinted from Galli (2006) with
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Galli (2006) confirmed by indirect experimental determination of the
diffusion boundary layer thickness of particles in the range of 0.53-5.9 um
that the effective diffusion boundary layer /ggr is directly proportional to
the particle diameter for smaller particles (Figure 5.4). Moreover, the
dissolution rate is indirectly proportional to the square of the particle
diameter.

However, smaller particles do not always result in higher surface-spe-
cific dissolution rates. By using the Heywood’s shape factor (Heywood,
1954), Mosharraf & Nystrom (1995) suggested a combined effect of par-
ticle size and shape on dissolution rate (Figure 5.5) and found that small
spherical particles (with shape factor of approximately 6) dissolved faster
than large, irregular particles (with shape factors > 6) due to a change in
the diffusion boundary layer (increase in L with enhanced degree of
irregularity yielding a broader diffusion boundary layer). Mihranyan &
Stremme (2007) also described in their work that the surface properties,
and therefore the surface dimension, become more important for smaller
particles. They derived a relationship between fractal surface dimension

A Figure 5.5 Combined effect of particle size and
m] shape on the surface-specific dissolution rate
(G) corrected for the effect of solubility (Cg).

y . _— r »  (0) Griseofulvin, (a) glibenclamide, (o) barium
20 30 40 50 60 sulphate quality I, (A) barium sulphate quality
11, (m) barium sulphate quality III, (0)
' oxazepam. Reprinted from Mosharraf &
3 v Nystrom (1995) with permission from Elsevier.
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and solubility and predicted a higher solubility for particles with a rough
surface compared to particles with a smooth surface. Additionally, the
surface properties can alter due to changes in the surface environment.
Zhang, Gilbert, Huang, & Banfield (2003) observed a structural modifica-
tion to a more crystalline structure of ZnS nanoparticles when they were in
contact with water compared to methanol. The addition of water resulted
in strong interactions between the surface of the nanoparticles and water
and hence in a reduction of the interfacial energy. This structural modifi-
cation due to surface environment can also have an influence on the
dissolution rate of nanoparticles.

Another important property of the drug to consider is the solubility. A
decreased particle size causes a higher curvature resulting in higher surface
free energy and therefore higher solubility. The Ostwald-Freundlich equa-
tion derives the inverse relationship of particle size and solubility as the
solubility increases with decreasing radius r of spherical particles:

S 2ygM

In S—O = RT) (7

S and S, are the solubilities of the spherical particle and the flat surface,
respectively, M is the molecular weight, p is the density of the drug and yg.
is the interfacial tension between the solid and the liquid phase surround-
ing the particles. This equation has been corrected by Knapp (1922) who
introduced the effect of surface charge on solubility. It was found that the
solubility is increased by decreased particle size up to a certain particle
radius r~ below which the solubility is decreasing again (Figure 5.6)
(Mihranyan & Stremme, 2007).

It should also be mentioned that with an increase in free surface energy
(smaller particles) the particles tend to agglomerate and grow (Ostwald
ripening) which in turn can decrease the surface area. Therefore, one has to
keep in mind that with a higher degree of agglomeration and growth, the
surface area, taking part in the dissolution process, can be overestimated
(Bisrat & Nystrom, 1988).

r*

Solubility, SIS,

Figure 5.6 The effect of the particle size on

143

Sy

solubility according to Kna?p (1922). Sy is the
equilibrium solubility and r is the particle size
at which maximum solubility is obtained.

Reprinted from Mihranyan & Stremme (2007)

with permission from Elsevier. Particle size, r
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Contrary to the known theory, the smaller the particles, the higher the
dissolution rate, Tang, Wang, Orme, Bonstein, Bush, & Nancollas (2004)
observed an unusual dissolution behavior for small crystallites approach-
ing a critical value. They obtained higher dissolution rates for the larger
crystallites (500-600 nm) of synthetic apatite than for the smaller crystal-
lites (150-250 nm) and found that the dissolution may be self-inhibited.
This behavior was attributed to a kinetic phenomenon, and a dissolution
model was given.

Limited attention has been focused on the effect of surface tension and
wettability of nanoparticles employed in pharmaceutical sciences. How-
ever, a study performed by Sdobnyakov & Samsonov (2005) investigating
the size dependence of surface tension for Lennard-Jones, polymeric and
metallic nanosized droplets revealed that for very small droplets (2-10 nm
in radius) the surface tension decreases with size, whereas above this
critical radius (R.) the surface tension approaches the one of the macro-
scopic planar interface (Figure 5.7).

In another study (Powell, Fenwick, Bresme, & Quirke, 2002), it was
found that the wettability of nanoparticles (> 1 nm) can be described by
the Young’s equation for high surface tension interfaces. This may be one
example where a model utilized for the description of macroscopic systems
can also be used for the nanoscale systems. The wettability of aligned
carbon nanotubes was successfully manipulated by changes in surface
structure and chemical modification, and could be adjusted from hydro-
philic to hydrophobic and even to superhydrophobic (Liu, Zhai, & Jiang,
2006b).

In summary, the dissolution of a drug from small particles occurs in two
steps (Figure 5.8) (Crisp, Tucker, Rogers, Williams, & Johnston, 2007,
Mosharraf & Nystrom, 1995): first, the interaction between the solute and
solvent resulting in dissociation of drug molecules from the solid (solva-
tion step) and the second step which is the diffusion of the drug molecule
into the bulk dissolution media.

Usually, the diffusion is the rate-limiting step (Bisrat, Anderberg,
Barnett, & Nystrom, 1992), and mathematical models describing the dis-
solution process are based on Fickian diffusion laws. As already

Figure 5.7 A first approximation for the
surface tension (o (R)) dependence adequate
for nanodroplets of different types (molecular
fluids, water, metal melts). Reprinted from

Sdobnyakov & Samsonov (2005) with
R permission from Versita.
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Figure 5.8 Interfacial reaction and diffusion
resistances in two-step dissolution model. Cg is
the bulk concentration, r = a + his the
boundary layer, r = «a is the solid—liquid
interface and r = a + iis the distance where
interfacial reaction takes place. Reprinted
from Crisp, Tucker, Rogers, Williams, &
Johnston (2007) with permission from
Elsevier.
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r +—— a a+i
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mentioned, the dissolution rate described as a diffusional process is
directly proportional to surface area, drug solubility and indirectly pro-
portional to the diffusion boundary layer. For very small particles, the
surface area as well as solubility is increased and the diffusion boundary
layer is decreased. Therefore, the question arises if the dissolution is still
diffusion controlled when the obtained results are extrapolated to nano-
sized particles, does the diffusion boundary layer still exist for infinitely
small particles? Or is the interaction between solvent and solute becoming
the rate-limiting step? An attempt to distinguish between these two steps
during dissolution was carried out by Shekunov, Chattopadhyay, Seitzin-
ger, & Huff (2006), and it was found that for particles in the range of
100-1000 nm the solvation step (surface kinetic, ks) controls the dissolu-
tion rather than the diffusion of the drug molecules into the bulk medium.
Similar conclusions were drawn by Crisp et al. (2007) as they stated that
the solvation step becomes the dominant factor in the dissolution rate of
nanoparticles. Additionally, they found that the interfacial reaction rate
constant, kg (solvation step), is independent of particle size and suggested
that the dissolution rate of nanosized drug particles can be predicted from
the dissolution rate of micron-sized drug particles. However, kg differed
due to the type of drug and release media. Figure 5.9 shows that for
increasing particle size the rate of solvation (ks) becomes less dominant
in the process of dissolution relative to the rate of diffusion (kp). The
increase in dissolution rate (kggr) by reducing the particle size will be more
pronounced for drugs with higher values of kg because the rate of diffusion
becomes more important.

The process of dissolution not only is important for drug delivery
systems but can also be used to evaluate the nanomaterials (Borm,
Klaessig, Landry, Moudgil, Pauluhn, Thomas, Trottier, & Wood,
2006).

Drug Release from Homogeneous and Granular Matvices
If a drug is uniformly dispersed in a polymer matrix system (nanospheres)
which is non-biodegradable or the degradation of the polymer only occurs
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much later than the release of the drug (drug is not released by erosion
of the polymer matrix), the drug has to dissolve and diffuse in the
polymer matrix to reach the surface and to partition into the sur-
rounding medium. In this case of diffusion-controlled release, the
well-known Higuchi equation (Higuchi, 1963) describes the release
transport and indicates that the release rate is proportional to the
square root of time:

0 = [D(2Ct — Cs) Csi]'? (8)

Q is the amount of drug released at time 7 and per unit area of exposed
matrix surface, D is the diffusion coefficient of the drug in the polymer
matrix, Cis the total concentration and Cg the solubility of the drug in the
polymer matrix. In case of a porous matrix, the Higuchi equation is
extended by the porosity (¢) of the matrix and the tortuosity (r) of the
capillary system and is expressed as

De 1/2
0= T(ZCT —eCs)Cst ©)

Despite the porosity, the Higuchi equations indicate that the release
rate is directly proportional to the surface area, the total amount of
drug incorporated in the matrix (drug loading), the solubility of the
drug in the polymer matrix and the diffusion coefficient of the drug in
the polymer matrix. A very important factor in release is the interac-
tion between drug and polymer that is expressed by an alteration of
the diffusion coefficient: the higher the interaction between matrix and
drug, the lower the diffusion coefficient (Chorny et al., 2002). Exam-
ples where the release kinetic from nanoparticles followed the Higuchi
model are the release of beclomethasone dipropionate and indometha-
cin, respectively, from polymeric micelles (Gaber et al., 2006; Zhang
et al., 2006a).
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Guy, Hadgraft, Kellaway, & Taylor (1982) derived equations to
describe the release rate from spherical particles and pointed out that
for particles with a radius smaller than 1 mm the effect of the inter-
facial transfer kinetics becomes rate limiting. Two expressions were
given, one for a short time period (Eq. 10) and another one for a long
time period (Eq. 11):

M, = Acorkz (10)

1
M, = 3Acor(l —e ) (11)

where M, is the released amount of drug at time 7, A4 is the surface area, 7 is
a normalized parameter, ¢, is the initial drug concentration in the particle,
r is the radial distance from the center of the sphere and x describes the
interfacial transfer process.

A simple, empirical equation to describe the first 60% of the release
curve was derived by Ritger & Peppas (1987a) where the diffusional
exponent 7 characterizes the release mechanism:

M,
M

=kt" (12)

M,/ M, is the fractional solute release, ¢ is the release time and k is
constant describing characteristics of the polymer matrix and the drug.
Release transport can be classified according to the diffusional exponent
that has different values for the various swellable as well as non-swellable
carrier systems (Ritger & Peppas, 1987 a,b). This empirical equation was,
for example, employed to determine the mechanism of the release of
bovine serum albumin from nanospheres (Leo et al., 20006).

Another mechanism of drug release from a polymer matrix is the
liberation of drug by erosion of the polymer. The degradation kinetic of
polymers is complex and influenced by a variety of factors. The erosion
kinetic is not covered by this chapter and the reader is referred to other
literature (Siepmann & Gopferich, 2001; Siepmann, Faisant, & Benoit,
2002; von Burkersroda, Schedl, & Gopferich, 2002). However, the size of
the particles might also have an influence on the degradation rate as
Panyam, Dali, Sahoo, Ma, Chakravarthi, Amidon, Levy, & Labhasetwar
(2003) found that the degradation rate of poly(D,L-lactide-co-glycolide)
during the initial phase was higher for 100 nm particles than for 1 or 10 pm
particles. Another study confirmed that the hydrolytic degradation rate of
nano-fibrous poly(L-lactic acid) foams was accelerated by the larger sur-
face area compared to the solid-walled foams (Chen & Ma, 2006). It
should also be emphasized that for these systems different release mechan-
isms can occur simultaneously and that it is difficult to separate these
mechanisms when evaluating experimental data.

Many mathematical models for release kinetic are described in the
literature, most of them for macroscopic and microscopic systems. Some
attempts of modeling the release pattern from nanoparticles have been
carried out (Cruz, Soares, Costa, Mezzalira, da Silveira, Guterres, &
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Pohlmann, 2006; Jo, Kim, Kim, Kim, Jeong, Kim, & Muhammed, 2004;
Polakovi¢, Gorner, Gref, & Dellacherie, 1999). Jo et al. and Polakovic¢
et al. used a diffusion model and dissolution model to fit experimental
data. Polakovic et al. (1999) found that the diffusion model could be used
to describe the release from nanoparticles with a low drug loading where
the drug was molecularly dispersed. On the contrary, if the drug was in
the crystallized form at higher drug loading, the release rate was dissolu-
tion controlled. Cruz et al. (2006) investigated the kinetic release beha-
vior of indomethacin and indomethacin ethyl ester, respectively, from
different nanocarriers: nanocapsules, nanoemulsions and nanospheres.
They discovered no difference in the release pattern of the various nano-
carriers when the drug (indomethacin) is adsorbed on the nanoparticles
(Figure 5.10A). However, if the drug (indomethacin ethyl ester) is
entrapped into the nanocarrier, the various delivery systems exhibit
different release kinetics (Figure 5.10B).

Referring to the examples given for drug loading (Tables 5.1-5.5), for
most of these systems their release properties are also reported. Only few
samples will be mentioned here as another chapter 10 in this book deals in
more detail with controlled release. In general, the release from nanocar-
riers follows a biphasic pattern with an initial burst release of adsorbed and
weakly bound drug from the surface followed by a slower release rate
attributed to the diffusion of entrapped drug through the matrix. This fact
implies that the drug distribution within the nanoparticles influences the
release pattern because with a higher amount of drug close to the surface or
adsorbed to the surface, the initial burst effect is increased. In contrast, if
the drug is more uniformly distributed or a higher amount is entrapped
inside the nanoparticles compared to the amount close to the surface, the
initial rapid release rate is reduced. The burst release is an important issue
that has to be taken into account for drug delivery systems on nanoscale
because of the high surface to volume ratio. Furthermore, the release
profile depends on the method of drug loading because the particle pro-
duction method influences the drug distribution (Quaglia et al., 2006;
Zhang et al., 2006a). An example of the influence of drug loading is the
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Figure 5.10 (A) Indomethacin (IndOH) and (B) indomethacin ethyl ester (IndOEt)
consumption from probe-loaded nanocapsules (NC), probe-loaded nanoemulsion
(NE) and probe-loaded nanospheres (NS). Reprinted from Cruz, Soares, Costa,
Mezzalira, da Silveira, Guterres, & Pohlmann (2006) with permission from
Elsevier.
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Figure 5.11 Release profiles of prednisolone 100
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effect of hot and cold homogenization on the release profile of predniso-
lone (zur Miihlen & Mehnert, 1998a). The burst release was more pro-
nounced for solid lipid nanoparticles prepared at a higher production
temperature (Figure 5.11), because it was found that the hot homogeniza-
tion procedure resulted in a drug enrichment of the outer layers of the solid
lipid nanoparticles.

Different loading techniques were also used by Leo et al. (2006) to load
bovine serum albumin (BSA) into nano- and microspheres. The release
experiments demonstrated the differences in release pattern due to the
various methods used for particle formation. The nanospheres prepared
by the double emulsion method showed an elevated burst release com-
pared to the particles prepared by a novel method employing thermosen-
sitive  Pluronic F-127 gel (Figure 5.12). Confocal laser scanning
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Figure 5.12 In vitro release in 20 mM phosphate buffer at 37°C of bovine serum
albumin (BSA) from nanospheres and microspheres (ms, inset) obtained by the
double emulsion method (DE) or the novel encapsulation method (PG). Results are
the means of three independent experiments (SD less than 10%). Reprinted from
Leo, Scatturin, Vighi, & Dalpiaz (2006) with permission from ACS Publications.
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microscopy revealed that the particles prepared by the double emulsion
method yielded a higher amount of BSA at the particles’ surface compared
to the particles formed by the other preparation method where the drug
could be entrapped in the core of the nanospheres.

As mentioned before, the interaction between drug and carrier matrix
not only affects the drug loading but also influences the release rate as well
as the extent of release. Sometimes, the interaction between drug and
matrix has to be neutralized by, e.g., introducing ions (buffer solutions)
to enable the release from the carrier. The dendrimer-methotrexate inclu-
sion complex released methotrexate in PBS buffer, while no methotrexate
was released when water was used (Patri, Kukowska-Latallo, & Baker, Jr.,
2005). Similar results were obtained with ibuprofen (Kolhe et al., 2003).

More fundamental investigations are required to fully elaborate and
understand the release mechanism of drugs from nanocarriers. The
effect of nanopore size on water and drug permeation is one aspect.
Pores below 1 nm are found in carbon nanotubes, zeolites and ion
channel proteins, all of which could be used for nanoparticle drug
delivery. Beckstein, Tai, & Sansom (2004b) have simulated the move-
ment of ion permeation through nanopores and found that ions were
still excluded from pores even though these pores had radii larger than
the ionic radius. They attributed the resistance of ion permeation
through pores (larger than the ionic radius) as a consequence of the
hydration shell of the ions. Therefore, the pores are too small to
accommodate ions with their surrounding solvent layer. The effect is
estimated to be applicable to pores that are ten times as wide as the bare
ions. Since many drugs are larger than mere ions, one can expect
resistance to their movement out of pores into the surrounding envir-
onment or that a suitable pore size should be present to facilitate drug
delivery. Furthermore, the geometry of the pore (radius, shape and
length), the chemical character of the pore wall as well as the wall’s
surface roughness have an effect on the permeation of ions and water
(Beckstein & Sansom, 2004a). For example, hydrophobic pores smaller
than 0.45 nm inhibit the permeation of water, whereas pore walls of
higher polarity can shift this transition radius to smaller values. This
fact can be very important in the choice of the matrix, as water permea-
tion into the matrix can be a prerequisite for the drug release (e.g.,
swelling of the matrix to enable drug diffusion or dissolving the drug in
the matrix prior to diffusion).

Drug Release Through Polymer Shells

If a drug is encapsulated into nanocapsules, the drug has to traverse the
capsule shell prior to reaching the surrounding medium. Release can occur
by permeation through the capsule wall, erosion of the shell or diffusion
through pores (if existing). The mass rate of permeation dM/d¢ of a drug
through the capsule shell can be written according to the first law of Fick
under sink condition:

dM _ DKACp

TR (13)



Chapter 5 Drug Loading into and In Vitro Release from Nanosized Drug Delivery Systems

where D is the diffusion coefficient of the drug in the capsule shell, 4 is the
surface area, K is the partitioning coefficient of the drug between capsule
interior and shell, Cp is the solubility (solid) or concentration (dissolved)
of the drug in the interior of the capsule and / is the thickness of the capsule
shell. To compare various systems with different capsule shells with each
other, the permeability coefficient is used as it is independent of the surface
area and the concentration of the drug on the donor side Cp. The perme-
ability coefficient, also known as the permeability P, of a polymer shell is
described as follows:

P=— (14)

In practice, the two transport mechanisms, pore diffusion and permea-
tion through the capsule shell, cannot always be distinguished. Therefore,
the decrease in permeability is sometimes explained by the formation of
pores in the polymer shell where the drug rather diffuses through the pores
than permeates through the polymer shell (Sukhorukov, Fery, Brumen, &
Mohwald, 2004).

Particular interest has been focused on polyelectrolyte capsules as a
drug delivery system. Loading of and release from polyelectrolyte cap-
sules are not part of this chapter, and interested readers are referred to
reviews in literature (De Geest, Sanders, Sukhorukov, Demeester, &
De Smedt, 2007; Johnston, Cortez, Angelatos, & Caruso, 2006). They
describe the different techniques for loading polyelectrolyte capsules
and the various triggers for drug release.

Comparison of Nanosized with Micro-sized Drug Carrier System
Only few studies have been performed to compare the release from micro-
particles and nanoparticles though not all of the parameters were kept
constant except of the size as to enable the determination of the effect of
different sizes on drug release. It is well known that the surface to volume
ratio is increased for nanoparticles and therefore higher drug amount is
located at the surface compared to the core (Redhead, Davis, & Illum,
2001). Additionally, the diffusion distance is reduced. Gref, Quellec, San-
chez, Calvo, Dellacherie, & Alonso (2001) prepared cyclosporine A (CyA)
loaded poly(lactic acid)-poly(ethylene glycol) (PLA-PEG) micro- and
nanoparticles and compared them to conventional PLA particles. The
determination of the surface chemical composition revealed a higher
amount of CyA at the surface of nanoparticles than at the surface of
microparticles which resulted in a higher initial burst release from nano-
particles than from microparticles. It is interesting to note that the two
different carriers (PLA-PEG vs. PLA) exhibited different release rates at
micro-scale but not at nano-scale (Figure 5.13). Unfortunately, no expla-
nation for this finding was given.

Lecaroz et al. (2006) found that the drug loading as well as entrapment
efficiency was higher for microparticles compared to nanoparticles.
Furthermore, they assumed a higher amount of drug on the particle
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Figure 5.13 Release profiles of cyclosporine A (CyA) from poly(lactic acid) (PLA)
and poly(lactic acid)-poly(ethylene glycol) (PLA-PEG) micro- and nanoparticles.
Reprinted from Gref, Quellec, Sanchez, Calvo, Dellacherie, & Alonso (2001) with
permission from Elsevier.

surface based on zeta potential analysis, and the initial burst release was
higher for nanoparticles than for microparticles.

Methods to Measure Drug Release from Nanosystems

In studying release, an important issue to consider is the method that can
be used to measure drug release. No standardized in vitro release method
exists (Kostanski & DeLuca, 2000), and there are different opinions about
the suitability of the various methods for the assessment of release from
nanocarriers (Chorny et al., 2002). Several methods are utilized and
described by D’Souza & DeLuca (2006) and Washington (1990a). They
include the membrane diffusion technique (e.g., dialyze and reverse dia-
lyze), the sample and separate technique with various separation methods
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(e.g., centrifugation, filtration or centrifugal ultracentrifugation), the in
situ technique and the continuous flow method.

As seen from Table 5.6, the most commonly used methods for the
determination of drug release from nanocarriers are the dialysis method
and the sample and separate technique. In the membrane diffusion techni-
que, the drug-loaded nanoparticles are physically separated from the release
media by a dialysis membrane (with a defined molecular weight cut-off)
which is permeable for the drug but not for the carrier system. The drug-
loaded particles can be loaded in a dialysis bag or tube and samples are
withdrawn from the agitated outer release media. In contrast, in reverse
dialysis, the drug-loaded carriers are placed in the outer release medium
and samples are taken from inside the dialysis bags. This method has the

Table 5.6 Methods to measure drug release.

Release method Drug Ref.

Membrane diffusion

Dialysis bag/tube N°-cyclopentyladenosine [3]
Ibuprofen 7
Retinoic acid [8]
Camptothecin [31]
Papaverine [37]
Adriamycin [38]
Beclomethasone dipropionate [33]
Efavirenz [18]
Indomethacin [22]
Rifampicin [43]
Chloroquine phosphate [13]
Methotrexate, adriamycin [14]
Flurbiprofen [15]
5-Fluorouracil [17]
Metipranolol [42]

Reverse dialysis Triclosan [39]
3’,5'-Dioctanoyl-5-fluoro-2'- [44]

deoxyuridine

3’-Azido-3’-deoxythimidine [45]
Indomethacin [41]

Diffusion cell Paclitaxel [46]
Nitrendipine [47]
Methotrexate [28]
Retinol [29]
Rhodamine, B-carotene [16]

Sample and separate

Centrifugation Plasmid DNA [5]
Gentamicin [2]
Salicylic acid [48]
Bovine serum albumin [3]
Ampicillin [49]
Ampicillin, dexamethasone [50]

Filtration Cholesterol acetate, griseofulvin, [51]

megestrol

5-Fluorouracil [52]
Prednisolone [24]
Clobetasol propionate [30]

(Continued)
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Table 5.6 (Continued).

Release method Drug Ref.

Centrifugal ultrafiltration Ethionamide [40]

In situ measurement

Fluorescence-spectrometry Tyrphostin AG-1295 [53]

UV-spectrometry Ibuprofen [54]

Differential pulse Pyroxicam [55]
polarography

2] Lecaroz, Gamazo, Renedo, & Blanco-Prieto (2006)

3] Leo, Scatturin, Vighi, & Dalpiaz (2006)

5] Pfeifer, Burdick, Little, & Langer (2005)

7] Jiang, Hu, Gao, & Shen (2005)

8] Quaglia, Ostacolo, De Rosa, La Rotonda, Ammendola, Nese, Maglio, Palumbo, &
Vauthier (2006)

[13] Bhadra, Bhadra, & Jain (2006)

[14] Kojima, Kono, Maruyama, & Takagishi (2000)

[15] Asthana, Chauhan, Diwan, & Jain (2005)

[16] Dhanikula & Hildgen (2006)

[17] Tripathi, Khopade, Nagaich, Shrivastava, Jain, & Jain (2002)

[18] Dutta, Agashe, Garg, Balasubramanium, Kabra, & Jain (2007)

[22] Chandrasekar, Sistla, Ahmad, Khar, & Diwan (2007)
[
[
[
[
[

[
[
[
[
[

24] zur Miihlen & Mehnert (1998a)

28] Ruckmani, Sivakumar, & Ganeshkumar (2006)

29] Jenning, Thiinemann, & Gohla (2000)

30] Hu, Jiang, Du, Yuan, Ye, & Zeng (2006)

31] Opanasopit, Ngawhirunpat, Chaidedgumjorn, Rojanarata, Apirakaramwong, Phongy-
ing, Choochottiros, & Chirachanchai (2006)

[33] Gaber, Darwis, Peh, & Tan (2006)

[37] Lee, Cho, & Cho (2004)

[38] Lee, Na, & Bae (2003)

[39] Maestrelli, Mura, & Alonso (2004)

[40] Lopes, Pohlmann, Bassani, & Guterres (2000)
[41] Calvo, Vila-Jato, & Alonso (1996)

[42] Losa, Marchal-Heussler, Orallo, Vila Jato, & Alonso (1993)
[43] Kumar, Asthana, Dutta, & Jain (2006)
[44] Wang, Sun, & Zhang (2002)

[45] Heiati, Tawashi, Shivers, & Phillips (1997)
[46] Lee, Lim, & Kim (2007)

[47] Manjunath & Venkateswarlu (2006)

[48] Boonsongrit, Mitrevej, & Miiller (2006)
[49] Fontana, Pitarresi, Tomarchio, Carlisi, & San Biagio (1998)
[50] Seijo, Fattal, Roblot-Treupel, & Couvreur (1990)

[51] Shekunov, Chattopadhyay, Seitzinger, & Huff (2006)

[52] Lo, Lin, & Hsiue (2005)

[53] Chorny, Fishbein, Danenberg, & Golomb (2002)

[54] Qiu, Leporatti, Donath, & Mohwald (2001)

[55] Charalampopoulos, Avgoustakis, & Kontoyannis (2003)

advantage that it minimizes the effect of membrane clogging. Another
experimental setup of the membrane diffusion technique is the diffusion
cell consisting of two chambers separated by the dialysis membrane. In the
sample and separate technique, the drug-loaded nanoparticles are incubated
in the release media and agitated throughout the release study. At specified
time intervals, samples are withdrawn and the particles are separated from
the bulk media with the dissolved drug by centrifugation or filtration.
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Several technical problems occur when using these release methods to
determine the drug release from nanocarriers, €.g., in the dialysis technique
the transport across the membrane can be rate limiting, and therefore, the
true release rate is not measured. The disadvantages of the sample and
separate technique are the high sample frequency needed for nanoparticles
and the physical separation of the released drug from the nanocarriers. The
time-consuming separation procedures can give erroneous release profiles.
Another limiting factor in determining the initial burst release as well as
the fast dissolution rate of nanoparticles is the time resolution of the
analytical procedure (Washington & Koosha, 1990b). Because of the
technical limitations (sample frequency, physical separation), in situ meth-
ods become interesting because the drug-loaded nanoparticles are incu-
bated in the release medium and the released drug is analyzed in this
medium without separation from the carrier (avoiding the complications
with sampling and separation).

However, only a limited number of compounds are applicable to the in
situ technique as the compounds need spectral properties which are different
for the free and entrapped compound. Chorny et al. (2002) studied the in
vitro release of tyrphostin AG-1295 from nanospheres in situ based on the
difference in fluorescence intensity between released and encapsulated
compound. The same principle was used by Landry, Bazile, Spenlehauer,
Veillard, & Kreuter (1997) to determine the release of a fluorescent marker.
UV-spectroscopy was utilized to monitor the release of ibuprofen from
microcapsules in quartz cuvettes (Qiu, Leporatti, Donath, & Moéhwald,
2001). A wavelength was used for monitoring where the dissolved ibuprofen
showed absorbance but the mircro-sized ibuprofen did not absorb. Another
example of in situ methodology is the employment of differential pulse
polarography (Charalampopoulos, Avgoustakis, & Kontoyannis, 2003).

The experimental setup for drug release has to be studied carefully if good
in vitro—in vivo correlation is the goal, because for nanosystems the in vitro
release is sometimes severely affected by setup and sample techniques
(D’Souza & DeLuca, 2006). A main issue is the maintenance of sink condi-
tion particularly for poorly water soluble drugs in aqueous media (Washing-
ton, 1990a). The detection limit of the analytical method gives a limitation
on the maximum volume of the release medium to be used as a high dilution
might result in concentrations of the drug below the detection limit. In some
cases, the release medium can be changed so that it is a good solvent for the
drug but a non-solvent for the carrier (Chorny et al., 2002). Another novel
release technique was introduced by Pohlmann et al. (2004) where they
maintained sink conditions throughout the release study and without
using a separation step. To achieve this, entrapped indomethacin ethyl
ester was hydrolyzed at the particle/water interface, and therefore, the
concentration gradient of the ethyl ester in the nanocarriers was maintained.

Summary
Drug loading and release are two important properties for the perfor-

mance of drug delivery systems. Different methods for drug loading of
nanosized delivery systems and release methods have been described in this
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chapter. The various examples showed that both properties are influenced
by many factors, e.g., physicochemical properties of the drug, physico-
chemical properties of the carrier matrix, interaction between drug, matrix
and environment, type of nanoparticles, method of loading and nanopar-
ticle preparation, release medium, and it could be demonstrated that drug
loading and release are related to each other. Therefore, with a careful
selection of the carrier system, particle preparation method and loading
technique, it is possible to optimize drug loading and entrapment efficiency
as well as to achieve the desired release pattern.

However, more fundamental investigations are required to gain more
knowledge about the release mechanism from nanocarriers and the effect
of changes in physicochemical properties of nanoparticles compared to
micro- and macroparticles on drug release. Examples are the wettability of
nanoparticles and its effect on the solid—liquid interaction (solvation step
of dissolution) or the effect of nanopore size and flow behavior through
these nanopores on water and drug permeation and therefore on drug
release.
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6

Nanotechnology-Based Biosensors
in Drug Delivery

Introduction

Traditional drug delivery vehicles are passive devices functioning mainly
through a diffusion process in which the release of drugs is controlled
either by the rate of diffusion through the pores of the drug carriers or by
the rate of degradation of the carrier matrices. This passive process lacks
the mechanism for a constant and on-demand means to administer drug
delivery as needed. This has led to inability to deliver therapeutic moieties
that can selectively reach the desired targets with marginal or no collateral
damage to the normal organs and tissues (Ferrari, 2005).

Over the years, progresses have been made to improve the situation,
specifically in ways to guide the accumulation of the drug delivery vehicles
to desired sites and control the release mechanism (Barratt et al., 2002). For
example, as a first generation of drug delivery systems, micro-capsules are
often used for controlled release of proteins, peptides, or drugs within the
body. Although they are capable of releasing the active substances at a
somewhat desirable rate, they lack the ability to locate the specific site for
action. The second-generation systems use environmental-sensitive (e.g., pH,
temperature, or pressure sensitive) micro- or nanocapsules or magnetic
spheres as delivery vehicles. With these added features, these drug delivery
systems will release their payload upon receiving a specific signal such as a
preset pH or temperature (Sawant et al., 2006). The third-generation systems
are based on drug-carrying micro- or nano-shells or matrices that are func-
tionalized with specific bioreceptors for specific target recognition. This
feature adds the ability for these systems to self-recognize their target sites.
Future drug delivery vehicles should be autonomous systems with both the
diagnostic and therapeutic functionalities so that they will be able to con-
stantly monitor the biological and physiological conditions, process the
information, and administer the drug at a desired location, rate, and amount.

As drug delivery devices, these autonomous systems should ideally be
small enough to be placed at, or be able to travel through, any desired
location in the body. This has become increasingly feasible as the field of
nanotechnology advances. Nanotechnology, by definition, deals with the
observation, measurement, manipulation and fabrication of systems and
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constructs having dimensions themselves, or of their essential components,
in the 1 nm—100 nm range at least in one dimension. Besides being small,
nanotechnology offers materials and structures with unprecedented
mechanical, physical, chemical, and biological properties and character-
istics. In a sense, nanotechnology takes advantage of the analytical tech-
niques and methodologies of multiple disciplines including mathematics,
physics, chemistry, mechanical and electrical engineering, materials
science, and molecular biology for the creation of new materials, con-
structs, devices, and systems.

For realizing such small autonomous systems for drug delivery, reliable
nanotechnology-based biosensors are needed in the first place. This chap-
ter will focus on some of the basic attributes of nanotechnology-based
biosensors. The advantages of nanotechnology-based biosensors and the
uniqueness of various common sensitive elements along with different
underlying transducers will be discussed. Following that, some develop-
ments in nanostructure-based electrochemical biosensors will be discussed
in detail. Finally, some future prospect for the development of nanotech-
nology-based biosensors will be presented.

The Advantages of Nanotechnology-Based Biosensors

Going nano means not only the size of a matter will be reduced but also the
matter can be manipulated on the molecular and atomic levels. As a result,
it will bring many benefits. In the case of a nanoparticle or a quantum dot,
for example, reducing the size will increase the surface activity and induce
unique quantum effects (e.g., confinement of electrons or photons by
controlling the densities of electron states or photon states). This in turn
will lead to unprecedented electronic, optical, and magnetic properties of
the nanoparticle and quantum dot. Furthermore, the ability to arrange
and rearrange atoms and molecules at will in a material will help render
novel physical and chemical properties for the material.

In the case of biosensing, at the component level going nano means that
the capability to sense and detect the state of biological systems and living
organisms will be radically transformed by the emerging ability to control
the patterns of matter on the nanometer scale (Alivisatos, 2004). Such a
radical transformation is expected to enable sensing at the single-molecu-
lar level and with parallel detection of multiple signals in living cells. At the
systems level, going nano will help decrease the size of the active sensing
element to the scale of the target species (to increase the sensitivity and
decrease the lower detection limit), reduce the required volumes of the
analyte reagent, and minimize the detection time. Reducing the size of
biosensors can also result in tiny devices which maybe deployable to any
desired location in the body.

Sensors for Biosensors

In today’s definition, biosensors are analytical devices that combine a
biological-sensitive element with a physical transducer to selectively and
quantitatively detect the presence of specific compounds in a given
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biological environment. The biological-sensitive element consists of biolo-
gical receptors (as probes) made of molecular species such as antibodies,
enzymes, or nucleic acids for binding the target analytes, and the physical
transducer is for converting the biological recognition or binding event
into an electrical or optical signal. Thus, from a material’s viewpoint,
today’s biosensors consist of two major components: an organic part as
the sensitive element and an inorganic part as the transducer element.

In the future, the approach to biosensing may be drastically different. It
is not inconceivable that future biosensors could be made of completely
organic assemblies with the capability to communicate with external ana-
lytic and monitoring devices via a wireless means either electrically or
optically. Currently, biosensors can be categorized mainly into two
groups: in vivo and ex vivo biosensors according to their functions. In
vivo biosensors are devices residing inside the body, either for a short or a
prolonged period of time, for monitoring the biological target species,
while ex vivo biosensors are devices for analyzing biological analyte spe-
cies outside the body.

Basic Requirements for a Biosensor

A biosensor is, first of all, a sensor. This means that it needs to meet the
basic requirements for any sensor: being sensitive, responsive, and reliable
over a long period of time. Here reliability can be considered as being
functioning well without producing false negative and/or false positive
responses. But unlike a conventional sensor, a biosensor is often exposed
to an environment containing many biological species that are similar in
structures and binding behavior. Thus, in additional to meeting the above
basic requirements, a biosensor needs to be specific, that is, be responsive
only to a specifically targeted analyte species. With such specificity, the
usefulness and reliability of a biosensor can be assured. Furthermore,
because of the harsh and complex biological environment a biosensor
often encounters, the loss of activity in the sensitive element is a major
cause for the compromise of the reliability of a biosensor. This loss is
mainly due to either the degradation of the molecular probes or their
encapsulation (often termed fouling) by other microorganisms or large
molecular weight proteins (Ratner et al., 2004). Thus, for a biosensor, the
molecular probes to be used need to have long-lasting activity and anti-
fouling behavior.

Due to the difference in their operational environments, in vivo and ex
vivo biosensors often face different requirements for their fabrication. An
in vivo biosensor has to be constructed using materials that are biocom-
patible with the body because of its implantation nature. Furthermore, the
whole implanted in vivo device should not be encapsulated by the fibrous
tissues in the body.

Various Sensitive Elements

Biosensors can be classified according to the type of their sensitive element.
Currently, five types of sensitive elements are mainly being used, namely
antibodies, nucleotides, enzymes, cells, and synthetic molecules (Kubik et al.,
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2005). Biosensors using antibodies as the sensitive element operate based on
the binding of an antigen to a specific antibody. Such biosensors are often
used in conditions where nonspecific interactions are minimized. Biosensors
with nucleotides as the sensitive element are usually used to target the genetic
materials such as DNA. Because they rely on the complimentary binding of
paired single strands of DNA, this class of biosensors often provides good
specificity in detection. The challenge for nucleotide-based biosensors, how-
ever, is that the number of target nucleotides is usually very small, thus
posing a need for making sufficient copies of the target nucleotides before
an actual detection can take place. Biosensors using enzymes as the sensitive
element operate based on catalytically induced chemical reactions. The use of
enzymes in this class of biosensors adds certain degree of complexity. For
instance, while some enzymes require no additional compounds for activity,
many enzymes require a cofactor (i.e., either inorganic ions or complex
organic or metalloorganic molecules) for their activity. Moreover, the cata-
lytic activity of enzymes is governed by the integrity of their native protein
conformation. When enzymes are denatured or dissociated, their catalytic
activity will be destroyed, which in turn will compromise the reliability of the
biosensors. Because of this, this class of biosensors often exhibits a degrading
sensing performance over time.

Cell-based biosensors are another important class of sensors gaining
more and more attention lately. The use of whole cells as the sensitive
element is very attractive because cells can provide highly selective and
sensitive receptors, channels, and enzymes. The main advantages of cell-
based biosensors are that cells have built-in natural selectivity to biologically
active chemicals and that cells can react to analytes in a physiologically
relevant mode (Bousse, 1996; Stenger et al., 2001). With a cell-based bio-
sensor, measurements of transmembrane potential, impedance, and meta-
bolic activity can be made. Challenges abound, however, for long-term
operations of this class of biosensors because the viability of the cells must
be maintained under various harsh operating conditions. To date, cells such
as neurons (Borkholder et al., 1997), cardiac myocytes (Pancrazio et al.,
1998), liver cells (Powers et al., 2002), and genetically engineered B cells
(Rider et al., 2003) have been used as the sensitive elements. Besides these
cells, microorganisms and bacterial cells have also been used as the sensi-
tive elements in biosensors for the detection and monitoring of environ-
mental pollutants (D’Souza, 2001) and evaluation of the effectiveness of
drugs (Reining-Mack et al., 2002; Thielecke et al., 2001). Whole cell-based
biosensors can offer tremendous benefits for screening drugs and studying
the effects of biochemicals on multi-cellular organisms.

Synthetic molecule-based biosensors often use synthetic polymers such
as aptamers as the sensitive element (Cai et al., 2006). Aptamers are
synthetic nucleic acids that can be synthesized to couple (or fit) with
amino acids, drugs, proteins, and other non-nucleic molecules. Because
of that, this class of biosensors can provide high affinity to a wide array of
targets with excellent specificity. Furthermore, these biosensors can main-
tain prolonged reliability due to the synthetic nature of the polymeric-
sensitive element which will not denature over time.

To be functional, these sensitive elements need to be immobilized onto
the surface of an underlying transducer. The duty of such an underlying
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transducer is to convert a biological recognition, binding, or reaction event
into an electrical or optical signal. Many different detection methods and
techniques have been used for fulfilling such a duty as the underlying signal
transducer.

Various Underlying Detection Methods

For the underlying detection methods, various physical and chemical
techniques are used for converting the biological recognition or binding
events into electrical or optical signals. These methods can be generally
categorized into mechanical, optical, electromagnetic, electrical, thermal,
magnetic and electrochemical methods. The details of the operational
principles for the mechanical, optical and electromagnetic, electrical and
electrochemical methods are discussed here.

Mechanical Detection

In general, a mechanical-based transducer relies on either mechanical
deformations or mechanical waves (or acoustic waves) as its sensing
mechanism. To implement such a detection method, a mechanical struc-
ture in the form of a cantilever beam, a double-clamped beam, or a disc is
often used as the underlying transducer, with the surface of the transducer
functionalized by immobilizing a layer of a sensitive element (e.g., anti-
bodies or enzymes) on it for target binding. Before further miniaturization
is realized, this type of mechanical detection is better suited for ex vivo
applications.

In the case of a cantilever beam, a common mode of detection is through
the measurement of cantilever defection caused by the surface stresses
generated as a result of molecular binding. Its working principle relies on
the induced differential surface stress produced when molecules bind to
one side of the cantilever surface (Berger et al, 1997; Sepaniak et al., 2002;
Cherian et al., 2003). Surface stress mainly arises from intermolecular
forces such as electrostatic interaction or van der Waals. Once generated,
the differential stress will cause the cantilever to deflect. According to the
classical work by Stoney (1909), for a fixed set of cantilever geometric and
material properties, its deflection is linearly proportional to the differential
surface stress which is related to the amount of molecular binding. The
cantilever deflection is often measured by two common techniques. The
first one is via an optical means in which a laser beam is focused on the free
end of the cantilever and the cantilever deflection is measured with a four-
segment photo detector. The second technique is through an electrical
means in which a resistive or capacitive circuitry is used to measure the
cantilever deflection (Porter et al., 2003). This mode of mechanical detec-
tion has its advantages. For example, when a flexible nanometer-scale
cantilever is used, this class of mechanical biosensors is capable of detect-
ing mismatches in oligonucleotide hybridization without labeling
(Carrion-Vazquez et al., 1999) and of performing protein recognition
with extremely high sensitivity. Moreover, this method is compatible
with many analyte species in gaseous or aqueous forms (Wu et al., 2001).
There are limitations as well. If the molecular binding events are exother-
mic, the heat generated may compromise the detection because a
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differential thermal stress will also lead to deflection in the cantilever
(Mertens et al., 2003). Another issue is with the nonlinear and viscoelastic
nature of the molecular structures which may render it invalid to use
Stoney’s equations in interpreting the relationship between the measured
cantilever deflection and the amount of molecular binding (Zhang &
Gilbert, 2004; Zhang, 2005).

In the cases of a double-clamped beam or a disc structure, a common
mode of detection is through the changes in the acoustic characteristics such
as the resonant frequency, attenuation, and phase of wave propagation. In
this mode of detection, the mechanical structures operate like oscillators,
and a molecular binding event serves as mass loading which often leads to
either a shift in the resonant frequency, an increase in amplitude attenua-
tion, or a delay in the phase of wave propagation. Its basic operating
principle relies on the fact that any mechanical structure possesses a unique
resonate frequency (the lowest eigen frequency of the structure) along with a
certain amount of attenuation and phase of propagation. When molecular
binding occurs at the active surface of such a mechanical structure, the mass
of the structure and damping to the wave propagation will increase (Head-
rick et al., 2003). Under this circumstance, the structure will exhibit certain
changes in its wave characteristics when it is perturbed by an external
acoustic wave. To increase the detection sensitivity, the mechanical structure
(a beam or disc) should possess a high-quality factor (Davis et al., 2002). In
general, the quality factor decreases when the size and damping of the
mechanical structure increase. Bulk acoustic waves are more susceptible to
liquid-damping-induced attenuation than surface acoustic waves; thus
detections based on bulk acoustic waves (in the cases of a double-clamped
beam or a quartz crystal microbalance) are preferably used in a dry envir-
onment and detections based on surface acoustic waves are often used in a
liquid environment. A detailed discussion of the applications of bulk and
surface acoustic wave devices can be found in a review by Rao and Zhang
(2006). By detecting the frequency shift, the attenuation drop, and the phase
shift, the amount of bound analyte can be determined. The advantage of this
mode of detection is that a single frequency sweep can provide a quick
measurement of the mass of the bound molecules at a resolution down to
picogram level (Thundat et al., 1995). The challenge for this type of mechan-
ical detection, however, lies in the difficulty in distinguishing the type and
the uniformity of the bound species, thus rendering it less specific in biolo-
gical sensing.

Optical and Electromagnetic Detection
Optical detection is one of the widely used mechanisms for biosensing
because this method can be incorporated into many different types of
spectroscopic techniques, including luminescence, absorption, polariza-
tion, and fluorescence (Wickline & Lanza, 2003). With this detection
method, different spectrochemical properties such as amplitude, energy,
polarization, decay time, and phase of a target analyte can be measured.
These spectroscopic properties can be correlated to the concentration of
the analyte of interest.

Of the many optical techniques, fluorescence-based detection is prob-
ably the most used method. In this method, fluorescent markers that emit
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light at specific wavelengths are used as detecting labels for the target
analytes, and measurements of fluorescent intensity are made for the
presence of the targets or the binding of targets to the probes. Many
micro-array gene chips use this technique for the detection of hybridiza-
tion. Furthermore, fluorescence-based detection methods have been used
to systematically analyze protein—protein and protein—DNA interactions.
This technique has been proved capable of single molecule detection
(Vo-Dinh & Cullum, 2000; Nie & Zare, 1997; Moerner & Orrit, 1999).

The sensing principle based on the evanescent wave is another common
mode of optical detection. In this method, an optical waveguide is used to
confine the light traveling through the waveguide by total internal reflec-
tion. With a majority part of the light confined inside the waveguide, a
small part of it (i.e., the evanescent wave field) travels through a region that
extends about several tens of nanometers into the surrounding medium.
This evanescent wave can be used for sensing purposes. In a sensing
application, the waveguide surface is functionalized with a biological-
sensitive element, and the change in the optical properties of the evanes-
cent wave is measured in response to the binding of the target and probe
molecules. Evanescent wave-based sensors are very selective and sensitive
for the detection of low levels of chemicals and biological species, and they
are suited for the measurement of molecular interactions in situ and in real
time (Liu & Tan, 1999). One of the most used evanescent wave biosensors
is the surface plasmon resonance (SPR) sensor owing to its high sensitivity
and simplicity. In a SPR sensor, the change in the refractive index of the
evanescent wave, caused by the interaction between the target molecules
and the sensitive probing molecules immobilized on the sensor surface in
the evanescent field, is measured.

A well-known electromagnetic detection method is based on the theory
of surface-enhanced Raman spectroscopy (SERS). Surface-enhanced
Raman scattering is observed for molecules placed close to a rough
metal surface featured with silver or gold nanostructures (e.g., nanoparti-
cles or nanowires) because of surface plasmon resonance. This makes
SERS a very sensitive detection technique. The working mechanism by
which a SERS detection operates is still a debating issue. It is believed that
it operates from a local electromagnetic field enhancement provided by an
optically active nanoparticle. The electromagnetic effect alone, however,
does not account for all that is observed through SERS. Molecular reso-
nances, charge-transfer transitions, and other processes such as ballistic
electrons transiently probing the region where the molecule resides and
modulating electronic processes of the metal certainly contribute to the
rich information that SERS measures (Moskovits, 2005). Nevertheless,
ultrasensitive analytical strategies and bioassays based on SERS have been
realized (Emery et al., 1998: Kruget al., 1999), in which an enhancement as
large as 10'%, enough to allow routine detection of Raman from single
molecules, is achieved.

Electrical Detection

Although it has not been as widely used as the mechanical or optical
detection methods, electrical detection actually possesses some desirable
features as an underlying transducer due to its ease of use, label-free
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detection capability, portability, and miniaturization. Conductometric
and potentiometric techniques are two common modes of electrical detec-
tion, and they mainly rely on the measurement of changes in conductance
(or impedance) and potential in response to a biological binding event
occurring at the electrode surfaces.

Conductometric sensors detect changes in the electrical resistance or
impedance between two electrodes (Chen et al., 2003, 2004). In this case,
the changes in resistance or impedance are due to either molecular inter-
actions between nucleotides, proteins, and antigens and antibodies or
excretion of metabolites near the electrode surfaces or in the surrounding
media. This mode of detection is attractive because it does not require a
specialized reference electrode as in the case of electrochemical detection.
So far, this method has been used to detect a wide variety of chemical and
biological target species, toxins, and nucleic acids, to measure the meta-
bolic activity of microorganisms, and to monitor DNA hybridization
(Sosnowski et al., 1997; Marrazza et al., 1999; Drummond et al., 2003).
Currently, a practical challenge for a conductance base biosensing method
is the understanding of the underlying mechanism for the changes in
electrical properties of the electrode material caused by molecular adsorp-
tion and coupling.

Potentiometric sensors measure the potential changes between electro-
des. The most common design of potentiometric sensors uses ion-sensitive
field effect transistors or chemical field effect transistors (Bashir, 2004).
A pH meter is such an example. Potentiometric sensors have been used to
perform label-free detection of hybridization of DNA by measuring the
field effect in silicon due to the intrinsic molecular charges on the DNA
(Fritz et al., 2002). Recently, potentiometric sensors have been miniatur-
ized to nanometer dimension through the use of silicon nanowires (Cui
et al., 2001) and carbon nanotubes (Besteman et al., 2003) for enhanced
sensitivity due to the increased surface to volume ratio for the electrodes.

Electrochemical Detection

Biosensors using an electrochemical method as the underlying transducer
are often used to measure electrical responses resulted from the
electrochemical reactions of the target redox species catalyzed by the
enzymatic-sensitive element. These biosensors are usually configured in a
three-electrode format: a working electrode, a counter electrode, and a
reference electrode. The reference electrode needs to meet the special
requirement of maintaining at a constant potential with respect to the
electrolytic solution.

For biological detections, three modes of operations, namely ampero-
metric, voltammetric, and impedimetric, are most commonly used.
Amperometric biosensors measure the electrical current generated by the
electron exchange between the electrodes and ionic species in response to
electrode polarization at a constant potential. The measured steady-state
limiting current (due to the encountered diffusion limit) is linearly propor-
tional to the concentration of the electroactive analyte species. Voltam-
metric biosensors measure the current—potential relationships (i.e.,
voltammograms) induced by a redox process. The obtained peak currents
and peak potentials (oxidation and reduction), or limiting currents in the
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case of sigmoidal voltammograms for nanometer electrodes, are related to
the transport phenomena and efficiency as well as the concentration of the
redox species. Impedimetric biosensors measure the changes in the com-
plex impedance of an electrochemical process upon cyclic excitations of the
working electrode at a predetermined range of frequency. The measured
results, often in Bode plots or Nyquist plots, are indicative of the electron
transfer resistance which is related to the electrode/solution interfacial
properties and the concentration of the analyte.

For the functionalization of these biosensors, enzymes are often used
for catalytic-based sensing and other sensitive receptors (e.g., antibodies,
nucleotides, cells, and proteins) are used for affinity-based sensing. In the
case of a glucose sensor, the working electrode is usually functionalized
with glucose oxidase for catalyzing glucose oxidation, and the current
response is measured. Electrochemical-based biosensors have been used
in the detection of glucose, lactose, urea, lactate, and DNA hybridization
(Hintsche et al., 1991, 1995; Umek et al., 2001; Cia et al., 2002; Popovich &
Thorp 2002; Zhu & Snyder, 2003).

Biosensors for Drug Delivery

Although future drug delivery devices may be autonomous systems with
integrated capabilities of biosensing and drug delivery, the actual realiza-
tion of such capabilities will rely on further advances in nanotechnology.
Many progresses have been made in the development of lab-on-a-chip
microscale devices (Bashir, 2004), and surely these devices will become
more compact and more functional with higher sensitivity, specificity, and
reliability in terms of sensing and with higher controllability in terms of
drug delivery as the field of nanobiotechnology advances, but full-fledged
autonomous systems of biosensors for drug delivery applications may still
be years away. Currently, the development of biosensors for drug delivery
takes a slightly different route. As discussed in the Introduction, drug
delivery systems have been evolving from the totally passive drug-carrying
vehicles of the first-generation systems, the environmental-sensitive drug-
carrying vehicles of the second-generation system, to the target-specific
and bioactive drug-carrying vehicles of the third-generation systems. Fol-
lowing this route, one can see that by adding sensitive components to the
drug delivery systems, integrated capabilities of biosensing and drug deliv-
ery can be realized. Thus, it is conceivable that the next-generation drug
delivery systems could be biologically sensitive drug-carrying vehicles
incorporated with an underlying transducer (e.g., optical or image based)
for signal detection and communication. This route may eventually con-
verge with the lab-on-a-chip route, leading to an autonomous system with
both the diagnostic and therapeutic functionalities.

But for now, one of the challenges in developing biosensitive drug
delivery vehicles is to devise drug carriers that are biocompatible, resistive
to biodegradation, resistive to host inflammatory and immunologic
responses, and sensitive to specific targets, among other things. In addi-
tion, the drug carrier constructs should be highly effective in prolonged
drug retention, especially for water-soluble drugs. Biological constructs
such as liposomes are potentially good drug carrier materials due to their
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abilities to protect drugs from degradation and to target the specific site for
action (Knight, 1981). Because of their low encapsulation efficiency, rapid
leakage of water-soluble drugs in the presence of blood elements, poor
storage stability, and susceptibility to immunologic attacks, their applica-
tion as drug carriers is severely hampered. To overcome this obstacle, a
polymer coating that protects the liposomes from immunologic destruc-
tion and other degradation has been applied to form the so-called stealth-
liposomes. In contrast, synthetic conjugated molecular assemblies and
nanocapsules are more efficient drug carriers, and they have been used
for many drugs including antibiotics, antiviral drugs, vitamins, proteins,
peptides, enzymes, hormones, and oligonucleotides (Sun et al., 2006).
Encapsulation is attractive because it can reduce systemic toxicity, protect
vulnerable molecules from degradation in the digestive tract, and provide
controlled release properties. Nanocapsules as drug carriers have been
shown to protect insulin from degradation by digestive enzymes, to pro-
vide prolonged therapeutic effect, and to reduce drug-related immunologic
responses (Aboubakar et al., 2000; Damage et al., 1997, Fernandez-
Urrusuno et al., 1999).

For the nanocapsule-based biosensitive drug delivery systems, they
should ideally be able to accumulate at specific sites of an organ or tissue,
penetrate into target cells, and release the payload drug. The current
systems rely on the immobilization of specific bioreceptors onto these
drug carriers to perform site-specific targeting. To fulfill the cell-wall
penetration function, it is necessary for these biosensitive drug carriers to
have multiple active moieties for multiple functions including site-specific
targeting and cell-wall penetration. These multiple moieties should be able
to switch on and off upon certain environmental stimulations (e.g., pH,
temperature, ion concentration, or partial pressure of oxygen and carbon
dioxide).

Nanostructure-Based Electrochemical Biosensing

Electrochemical-based biosensing method is unique in many aspects
including high sensitivity and specificity, low cost, ease of use, and ease
of integration with micro-/nano-electronic and fluidic devices. To enhance
the performances of such a sensing method, electrodes incorporated with
arrays of nanostructures such as nanorods, nanowires, nanotubes, and
nanopillars have been recently explored (Bharathi & Nogami, 2001;
Koehne et al, 2004; Anandan et al, 2005, 2006). Because of the ultrasensi-
tivity provided by these nanostructures having critical dimensions less
than the lengths of the diffusion layer typically encountered on voltam-
metric time scales, investigation of electrochemical phenomena in fast-
electron transfer reactions by steady-state experiments becomes possible
(Arrigan, 2004). The use of these nanostructured electrodes in biosensors
has extended electrochemical methodology into previously inaccessible
domains of time, space, and medium. For example, electrodes incorpo-
rated with nanostructures are found to enhance significantly the electro-
chemical performances in DNA and glucose detections (Wang & Mustafa,
2004; Gasparac et al., 2004; Yemini et al., 2005; Anandan et al, 20006).
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In an electrochemical biosensor, the dimension of its electrodes plays a
significant role affecting the sensing performance. Electrodes with a smaller
critical dimension can enable 3D radial nonlinear diffusion and provide
steady-state voltammetric response. Because of the unique metal/solution
interface in an electrochemical process, electrodes are often surrounded by
an electrical double layer (EDL) structure. As the electrode size becomes
equivalent to that of EDL (e.g., a fraction of a nanometer), the electrical
field generated near the electrodes will influence the transfer of electrons and
transport of ions, thus altering the electrode reaction and current response
(Morris et al., 1987; Seibold et al., 1989; Mirkin et al., 1990; Chen &
Kucernak, 2002). Thus, for nanoscale electrochemical electrodes, it is
important to know how the EDL structure affects the electron transfer
and current response. When used for biosensing, the electrochemical per-
formances of nanostructured electrodes will also vary with functionalization
methods and molecules as well as kinetics of mass transport, in addition to
geometrical shapes and dimensions of the nanostructures. These aspects of
nanostructure-based electrochemical electrodes are discussed here.

Nanopillar Array Electrodes

Slender nanostructures such as nanowires, nanotubes, and nanorods can
now be routinely fabricated using chemical vapor deposition (CVD),
physical vapor deposition (PVD), and template-based electrodeposition
technique (Lau et al., 2003; Fan et al., 2004; Anandan et al., 2005, 2006).
But not all these slender nanostructures are suitable for electrochemical
applications. For example, vertically standing carbon nanotubes and sili-
con nanorods developed by CVD and PVD are not able to sustain the
capillary forces generated by the nanostructure—liquid interaction (Lau
et al., 2003; Fan et al., 2004). As shown in Figure 6.1A, standing silicon
nanorod arrays fabricated by PVD technique deformed severely upon
water contact due to the aqueous capillary interaction between the nanos-
tructures and the liquid medium (Kralchevsky & Nagayama, 2000; Fan
et al., 2004) as well as the amorphous nature of the silicone nanostructures.

This kind of deformation in the nanostructures upon liquid interaction
poses a serious problem for their application in electrochemical biosensors.
Although a much improved situation is achieved by annealing silver

Figure 6.1 Nanorod arrays fabricated by a PVD technique: (A) silicon nanorods
and (B) silver nanorods.
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nanorods prior to electrochemical evaluations (see Figure 6.1B; Tang et al.,
2006), a better alternative is to use nanostructures fabricated by a cost-
effective aqueous-based electrodeposition technique (Anandan et al., 2005;
Rao et al., 2005).

This electrodeposition technique takes a three-step fabrication process:
(1) fabricating porous anodic alumina (PAA) templates by anodization, (2)
depositing nanopillar arrays using the PAA templates, (3) removing the
PAA templates. Some representative SEM images of PAA templates devel-
oped by the anodization technique are shown in Figure 6.2A (a top view)
and Figure 6.2B (a side view), and SEM images of the electrodeposited
nanopillar array structures are shown in Figure 6.2C (silver) and Figure
6.2D (gold).

In addition to producing strong vertically aligned nanopillar array struc-
tures, this electrodeposition method allows a control of the nanopillar dia-
meter and spacing by simply adjusting the anodization potential (Figure
6.3A) based on the relationships of PD (nm) = 1.35 (nm/V) x AP (V) and
PS (nm) = 2.58 (nm/V) x AP (V), where PD stands for the nanopillar
diameter, PS the nanopillar spacing, and AP the anodization potential
(Rao et al., 2005). When these nanopillar array structures are used as
electrochemical electrodes, their active area will increase significantly,
which in turn will lead to enhanced current responses. Figure 6.3B shows a
series of cyclic voltammograms of a gold nanopillar array electrode in 0.3 M
sulfuric acid solution where it is seen that both the oxidation and reduction
current responses increase as the height (or the roughness factor) of the
nanopillars increases.

Figure 6.2 Scanning electron microscopic views of PAA templates and electrode-
posited nanopillar array structures: (A) a top view of a PAA template, (B) a side
view of a PAA template, (C) electrodeposited silver nanopillar array structures,
and (D) electrodeposited gold nanopillar array structures.
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Figure 6.3 (A) Calibration curves for the anodization potential (AP) dependent
pore spacing (PS) and pore diameter (PD). (B) Voltammograms of electrodes made
of gold nanopillar array structures with different nanopillar heights and a flat surface
(note that RF stands for the roughness factor determined by the ratio of the area
under the reduction peak between a nanostructured surface and a flat surface).

Amperometric and Voltammetric Responses of Nanopillar Array Electrodes

With nanopillar array electrodes, much-enhanced electrical currents in both
amperometric and voltammetric processes are observed. Figure 6.4A shows
the amperometric current responses of bare (non-functionalized) nanopillar
array electrodes at various concentrations of K4Fe(CN)g under a constant
potential of 350 mV (versus Ag/AgCl) in 0.5 M Na,SO, solution.
Figure 6.4B shows the amperometric current responses of functionalized

140 10
B
120 1 A ~—_Nano C 8 5mM Nano C
I~ +"Nano B "
100 4 _ [ v "Nano b
,;“/ ~'Nano A . 64 1
— ] o < i
g 8 ~ El b -
= f e 7~ Nano B
£ 60- ol s 4] ~
s 4mM /! . 3 2.5mM W’“‘__,,_‘"‘ -
O 404 Flat Electrode 2 A s W Nano A
e
201 e S
0 Flat Electrode
o I S
—20 - 800 1000 1200 1400 1600
0 100 200 300 400 500 600 .
X Time ( seconds )
Time (sec)
600
301 o N D
’//A\\\ NN
. N scan rate 50mV/s / y
200 scan rate 50mV/s N 400 scanrate 100mV/s /7NN
scan rate 100mV/s 3 S scan rate 150mV/s 7 NS
_ scan rate 150mV/s = ... scanrate 200mV/s ~<d
< —-—-—- scan rate 200mV/s < Vs )
2 100 2 200 i
€ €
e 3
E 0 £
3 3 o
-100 /
—-200 e /"
SIS
-200 NS
-400
-0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Potential (V) vs Ag/AgCI

Potential (V) vs Ag/AgCI

175

Figure 6.4 (A) Amperometric current responses of bare nanopillar array electrodes at various concentrations
of K4Fe(CN)g. (B) Amperometric current responses of functionalized nanopillar array electrodes at different
glucose concentrations. (C) Voltammetric current responses of a flat electrode at various sweep rates. (D)
Voltammetric current responses of a nanopillar array electrode at various sweep rates.
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(with glucose oxidase) nanopillar array electrodes at different glucose con-
centrations. In general, the nanopillar array electrodes exhibit higher cur-
rents than the flat electrode in bare condition for oxidizing K4Fe(CN)g and
in functionalized condition for oxidizing glucose.

Figure 6.4C and D shows the voltammetric current responses of a flat
electrode and a nanopillar array electrode at various sweep rates (50 mV/s,
100 mV/s, 150 mV/s, and 200 mV/s) in a potential range of 0.4 Vto + 0.5V
against Ag/AgCl in 0.5 M Na,SO,4 and 4 mM Ky[Fe(CN),] (note that the
electrodes have the same geometric area, about 16 mm?). The redox peaks
for the [Fe(CN)g]* /[Fe(CN)¢]>~ couple are higher for the nanopillar array
electrodes (Figure 6.4D) than for the flat electrode (Figure 6.4C), and that
the peak current increases with increasing scan rate. The oxidation-reduc-
tion peak separation (VE},) of the voltammograms for the nanopillar array
electrode is measured to be about 70 mV, which is close to an ideal Nernstian
behavior (VE, =56.4 mV) (Bard & Faulkner, 2001). Comparing it with
VE, for the flat electrode (~110 mV), it is clear that the mass transport at
the nanopillar array electrode is significantly enhanced.

Impedance Measurements of Nanopillar Array Electrodes

In an electrochemical process, the change in electrode impedance can be
used to characterize the interfacial properties between the electrode and
solution. This feature is often exploited in affinity-based electrochemical
biosensors, in which changes in electrode impedance caused by molecular
binding are measured (Laureyn et al., 2000; Ma et al., 2006). With an
avidin—biotin couple, the change in the impedance of nanopillar array
electrodes at various degrees of avidin—biotin binding has been character-
ized (Lee et al., 2008). To prepare the nanopillar array electrodes, avidin
is first immobilized with the use of a self-assembled monolayer (SAM) of
11-mercapto- undecanoic acid (MUA) and the subsequent activation of
the COOH-terminated group of MUA. Following that, the impedance
of such avidin functionalized electrodes is measured in PBS (0.01 M,
pH 7.4) with increasing biotin concentrations (from 1 ng/ml to 50 ng/ml).

To show the advantage or disadvantage of impedance measurements
versus voltammetric measurements in detecting avidin—biotin binding, both
the impedance and voltammetric responses are measured in PBS having
2.5 mM K Fe(CN)6] and 2.5 mM K;[Fe(CN)6]. The obtained Nyquist
plots and voltammograms at various biotin concentrations are shown in
Figure 6.5. From the voltammetric responses (Figure 6.5A), it is seen that the
highest current level decreases with the increase of biotin concentration.
Furthermore, as the biotin concentration increases, the voltammetric curve
becomes less peak shaped and more sigmoid shaped. This can be attributed
to the increased electron transfer resistance causing the slowdown of the
redox activity such that the rate of diffusion becomes equivalent to the rate of
oxidation. At a higher biotin concentration (>8 ng/ml), however, the vol-
tammograms seem to stack on top of each other, making it difficult to
distinguish the concentration-dependent current responses.

This is not the case with the impedance measurements. The impedance
measurements show that the radius of these semicircular Nyquist plots
(Figure 6.5B) increases as the biotin concentration increases (causing more
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Figure 6.5 Voltammograms (A) and Nyquist plots (B) obtained for nanopillar array electrodes functiona-

lized with avidin at various biotin concentrations.

biotin to bind to avidin). Therefore, the impedance-based sensing technique
with nanopillar array electrodes can provide very good sensitivity and low
detection limit (1 ng/ml) with distinct Nyquist plots at different biotin con-
centrations. By contrast, the voltammetric measurements are less sensitive to
the change in biotin concentration, especially at a high concentration of biotin.

Interdigitated Electrodes

For affinity-based biosensing, impedance measurements surely have some
advantages. But the drawback is that an impedance-based detection
method is very time consuming (Yang et al., 2004): it may take hours to
complete a test run during which the electrochemical environment may
have changed. In contrast, voltammetric measurements are known for
their fast response and ease of use, although they suffer from lack of
sufficient sensitivity and lower detection limit. To alleviate this problem,
integration of a voltammetric method with interdigitated electrodes
(IDEs) has been explored recently (Yang & Zhang, 2005, 2006, 2007).

In IDEs, generator electrodes are placed side by side with collector
electrodes in an interdigitated manner. With IDEs, an electroactive species
gets oxidized at the generators, diffuses across the thin-layer gap due to a
concentration gradient, and gets reduced at the collectors. The reduced
species at the collectors then diffuses back to the generators following its
concentration gradient. This redox cycling (or feedback) activity makes the
measured currents at both the generators and collectors extremely high.
Because of the proximity of the generators and collectors, a very high
percentage of the oxidized species produced at the generators gets reduced
at the collectors with a very low solution resistance (Aoki, 1990; Niwa et al.,
1990; Paeschke et al., 1995; Phillips & Stone, 1997; Jeng, et al., 2001).
Additionally, a steady-state current can be achieved at IDEs by holding the
collectors at a fixed potential while sweeping the potential at the generators.

It has been shown that that the presence of the generators and collectors
in nanometer proximity facilitated feedback cycling of oxidation and
reduction with extremely high mass transport efficiency, thus leading
to high current response and steady-state sigmoidal voltammogram.
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Figure 6.6 (A) Sigmoidal voltammograms obtained for IDEs electrodes. (B) Peak-shaped voltammograms
obtained for single electrodes.

Figure 6.6A shows the voltammograms for IDEs with an electrode width
less than 500 nm. Owing to the highly efficient redox cycling, the steady-
state current levels at both the anode and cathode are very close despite the
significant difference in their electrode widths. By contrast, single electro-
des behave quite differently because of a lack of the redox cycling. As
shown in Figure 6.6B, the voltammograms obtained for single electrodes
are peak shaped with hysteresis, indicating a low efficiency in mass trans-
port by diffusion. Furthermore, the current levels are much lower than
those obtained for the IDEs.

When these IDEs are used in biosensors, their current response will rely
on the redox cycling behavior and mass transport phenomena at and near
the electrode/solution interface which will be altered by the electrode
functionalization and further probe/target recognition or binding. Thus,
the current response will depend on the electron transfer rate constant (i.e.,
the kg value) of the electrode reactions involved. A decreasing k, value
represents a situation in which increasing molecular binding may occur at
the electrode surface. Figure 6.7 shows the voltammograms at various
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Figure 6.7 Voltammograms obtained for the IDEs with w = 100 nm (A) and for the single electrode (B) at
various ko values (from 1.5x 107> m/s to 1.5x 10~ m/s). The insert shows the voltammograms for the IDEs

withw = 1 um.
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ko values for an IDEs electrode (with a critical dimension of 100 nm;
Figure 6.7A) and a single electrode (Figure 6.7B).

For the single electrode, peak-shaped voltammograms are produced
when the k( value is high. As the k( value decreases, the peak current of
the voltammogram decreases. This suggests that the rate of diffusion
and the rate of oxidation become equivalent, as is the case for the
nanopillar array electrodes in avidin—biotin binding experiments (see
Figure 6.5A). In comparison, steady-state voltammograms with sigmoi-
dal shape are obtained for the IDEs. At a higher kg value, the limiting
current obtained for the three IDEs is much higher (hundreds times
higher) than the peak current for the single electrode. This increased
current response is attributed to the enhanced mass transport near the
IDEs. As k( decreases, a decrease in the limiting (or peak) current is
observed in both cases, but a more drastic decrease is seen with the IDEs
than with the single electrode. This fact suggests that the voltammetric
performance of IDEs is more sensitive to the change of k( as compared
with that of the single electrode.

From Figure 6.7A it is seen that the narrower the electrode gets, the more
sensitive it becomes to the change of ko, especially when k, is large
(>1.5x10°%). For instance, a change in k, from 1.5x 107 to 1.5x 10 * caused
almost a 20% reduction in the limiting current for the IDEs with w= 100 nm
(Figure 6.7A), whereas a mere 3% reduction was seen for the IDEs with
w=1 pum (Figure 6.7A insert). With each set of IDEs, as k, decreases, not
only the limiting current decreases significantly but also the voltammogram
shifts to the right. These facts indicate that the voltammetric current
response of the IDEs is indeed sensitive to the change of ky, and that a
higher overpotential is needed to drive the electron transfer as k, decreases.

In a more recent study by Strutwolf and Williams (2005) and Yang
and Zhang (2007), it is found that the sensing performance can be
further enhanced by using 3D IDEs. As shown in Figure 6.8, the limiting
current is the highest, intermediate, and the lowest for the nanorod-
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Figure 6.8 Variation of the voltammetric limiting current with log(ky) for three 3D IDEs cases: nanorod
modified IDE, block-elevated IDE, and flat inlaid IDE. Note that the width for the base collector (C) and

generator (G) electrodes is 100 nm in all three cases.
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modified, block-elevated, and inlaid IDEs, respectively, at any given k.
This is attributed to the increased surface area of the electrodes caused
by the larger height of the 3D electrodes, which enable a heightened
redox cycling activity between the vertical walls of the neighboring

Effect of Functionalization Molecules and Kinetics of Mass Transport

For nanopillar array electrodes, their electrochemical-based biosensing
performances are affected by the type of functionalization molecules
used to immobilize the sensitive elements. In the case of self-assembled
monolayer (SAM) molecules, their chain length and surface coverage will
affect electron transfer. For example, when two SAMs with different chain
lengths are used as the underlying molecules for immobilizing glucose
oxidase onto the nanopillar array electrodes, they present different elec-
tron transfer resistances and detection sensitivities. As shown in Figure 6.9,
significantly higher detection sensitivity is achieved for the case with a
shorter SAM (i.e., 3-mercaptopropionic acid, or MPA) than for the case
with a longer SAM (i.e., 11-mercaptoundecanoic acid, or MUA). This is
true for the nanopillar array electrodes with three different nanopillar
heights (I um, 2 um, and 3 pm). This result can be attributed to the fact
that a shorter SAM is likely to form highly ordered SAM coverage over a
larger area and to hold the enzyme at a closer distance to the electrode
surface, both of which are crucial for facilitating enhanced electron trans-
fer. Furthermore, in each SAM case, the taller the nanopillars the higher
the detection sensitivity. This is due to the increased surface area of the

The kinetics of mass transport near the electrode/solution interface also
plays an important role influencing the current responses of electrochemi-
cal-based biosensors (Anandan et al., 2007). When bare nanopillar array
electrodes are tested for the redox of K4Fe(CN)g at various concentrations,
electrodes with different nanopillar heights exhibit almost the same sensi-
tivity response (see Table 6.1), although the sensitivity of nanopillar array

Figure 6.9 Calibration curves of the
amperometric steady-state current
versus glucose concentration. Cases
considered here include nanopillar

G. Zhang
generator and collector electrodes.
electrodes because of the increased nanopillar height.
25
o MPA on 1um nanopillars
= MUA on 1 um nanopillars
2.0 1 A MPA on 2um nanopillars
v MUA on 2 um nanopillars
¢ MPA on 3um nanopillars
1.5 1 ¢ MUA on 3 um nanopillars
1.0 1
0.5 4
0.0

T T T T T array electrodes of three different
4 6 8 10 12 nanopillar heights and two different
Glucose Concentration (mM) immobilization molecules.
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Table 6.1 Measured values for the roughness ratio, detection sensitivity,
and Ky, for various nanopillar array electrodes and flat electrode.

Sensitivity of bare Sensitivity of

electrodes to functionalized K,

Roughness K4Fe(CN)g (LA/ electrodes to glucose  glucose

Specimen factor mM-cm?) (uA/mM-cmz) (mM)
Flat 1.0 19.30 0.27 24.8
Nano A 20.0 41.40 0.91 29.3
Nano B 38.8 41.05 1.80 32.6
Nano C 63.4 41.70 3.13 52.0

electrodes is much higher than that of the flat electrode. It is speculated that
the electroactive species K4Fe(CN)g may encounter certain difficulties in its
transport to the small spaces between the nanopillars as a result of either a
low diffusivity or a fast-electron transfer rate constant. When the diffusivity
is low, it will be difficult for K4Fe(CN)g to diffuse deep into the small spaces
between the nanopillars, and when the electron transfer rate constant is
high, most of the species K4Fe(CN)q will get oxidized near the top ends of
the nanopillars before it gets diffused deep down the gaps. Under these
circumstances, it is conceivable that only the top ends of the nanopillars are
serving their active duty in transferring electrons to oxidize K4Fe(CN)g. The
situation for functionalized nanopillar array electrodes (with glucose oxi-
dase) is quite different. The sensitivity of these nanopillar array electrodes in
glucose detection increases as the height of the nanopillars (or the roughness
ratio) increases. An increase of about 12 times in sensitivity is observed for a
nanostructured electrode having a roughness factor of 63.4 as compared
with the flat electrode (see Table 6.1).

An enzymatic kinetics study using the Michaelis—Menten equation indi-
cates that the apparent Michaelis-Menten constant (Ky,) increases with the
presence of nanopillars and increase of their height. As listed in Table 6.1, the
Ky, values for the nanostructured electrodes are higher than the intrinsic Ky,
value (25 mM) for dissolved glucose oxidase (Calvo & Wolosiuk, 2004). This
implies that the activity of the enzyme immobilized onto these nanostruc-
tured electrodes has actually decreased as compared with the freely dissolved
enzyme, suggesting that the increase in sensitivity in the functionalized
nanopillar array electrodes is due to factors other than enzyme activity.

That the nanostructure-induced sensitivity enhancement for the func-
tionalized electrodes (11.6 times) is higher than that for the bare electrodes
(2 times) may be attributed to the difference in electrochemical reactions
and kinetics of transport. But these two electroactive species (i.e., glucose
and K4Fe(CN)g) have a similar value of diffusivity (8x107'° m?/s for
K4Fe(CN)g and 7.6x10 '°m?/s for glucose) (Winkler, 1995); it is thus
possible that different electrode reactions involved in these two cases
may play a more dominate role in affecting the current responses. This
speculation is confirmed by a computer simulation of the situation.

Figure 6.10A shows the simulated amperometric current responses
obtained for a functionalized nanopillar electrode and a flat electrode
with the surface-reaction rate constants set at 5x10% m/s, 5x10° m/s,
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Table 6.2 Simulated steady-state amperometric current obtained at var-
ious reaction rate constants.

Current density (mA /cm?)

Reaction rate constant (m/s) Nano Flat Nano/flat
5x10°* 58.9 46.2 1.27
5%107° 39.1 12.0 3.26
5%1077 3.25 0.146 22.26

and 5x107 m/s. As expected, a higher current response is seen for the
nanostructured electrode than for the flat electrode (see Table 6.2). But the
increase in the current response due to the presence of nanopillars is
significantly affected by the surface-reaction rate constant for glucose.
At a rate constant of 5x 10 * m/s, the increase in current due to nanopillars
is 1.27-fold, whereas at a rate constant of 5x 10’ m/s the increase is 22.26-
fold (see Table 6.2).

At a higher surface-reaction rate constant, glucose gets easily oxidized at
the top ends of the nanopillars before it can diffuse deep into the space
between the nanopillars, while at a lower rate constant, more glucose will be
able to diffuse into the deep space between the nanopillars to get oxidized,
thus leading to a higher enhanced current response as compared with a flat
electrode. These arguments are supported by the fact that a higher glucose
concentration is found at the bottom of the spaces between nanopillars in
the case with a lower reaction rate constant. The glucose concentration is
found to be 0.285 mol/m?, 0.497 mol/m?, and 13.583 mol/m?, respectively, at
the bottom of the spaces between nanopillars for cases with the rate constant
of 5x10 *m/s, 5% 10> m/s, and 5x 10 " m/s. Figure 6.10B shows a contour
plot for glucose concentration at a rate constant of 5x 10’ m/s, where it is
seen that a significant amount of glucose reached to the bottom of the spaces
between nanopillars.

These results indicate that the enhanced current response in glucose
sensing with functionalized nanostructured electrodes can be attributed to
the effective mass transport facilitated by the relatively low reaction rate
constant of glucose. Since in most experiments the reaction rate constant
cannot be altered easily, it is thus necessary to optimize the dimensions and
geometries of the nanopillars (in terms of their diameter, spacing, and
height, etc.) in order to accommodate the specific analyte species for
achieving the highest possible efficiency in mass transport and electron
transfer.

Effect of Electrical Double Layer

The electrical double layer (EDL) structure surrounding the nanometer-
scale electrodes will affect their electron transfer and current response
(Martynov & Salem 1983; He at al., 2006; Yang & Zhang, 2007).
Figure 6.11A shows the voltammograms (normalized to their correspond-
ing limiting current obtained when the effect of EDL is not considered) for
electrodes of various sizes when the charge valence (z) of the redox species
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Figure 6.11 (A) The reduction end of the simulated voltammograms for single nanometer electrodes of
various sizes (from 1 nm to 200 nm). The insert shows the entire voltammograms. (B) Simulated voltammo-
grams for an electrode of ro=1 nm when the reactant species has different charge valences.

is z = %1. Clearly, all the voltammograms exhibit a sigmoidal shape and
the curves with z = 1 have their normalized limiting current higher than
unity while the curves with z = —1 have the normalized limiting current
lower than unity. This is so because at a negative (reduction) electrode
potential the positive-charged redox species would experience attraction
and the negative-charged species repulsion, thus causing the current to be
either enhanced or suppressed in the respective conditions. In view of the
limiting current, the smaller the electrode becomes, the more the normal-
ized limiting current deviates from unity. This EDL-induced current
change becomes negligible when the size of the electrode is sufficiently
large (>100 nm). In addition to the size effect, the charge valence of the
redox species also affects the current response: the higher the charge
valence (in its absolute value) is, the more the normalized current deviates
from unity (see Figure 6.11B).

Future Perspective

The integration of nanotechnology and biotechnology holds great promises
for the realization of autonomous systems for advanced diagnostics and
therapies. These systems will perform both biosensing and drug delivery
functions. They will make it possible to constantly monitor the biological
conditions, process the information in real time, and administer the drug ata
desired location, rate, and amount when necessary. These devices can be
either micro- or nano-electromechanical systems equipped with biosensors,
on-board drugs, and a computer or entirely organic molecular assemblies
(e.g., molecular machines) conjugated with specific drug moieties as well as
target and environmental-sensitive moieties for site recognition, cell-wall
penetration, and drug releasing. These systems will bring benefits of reduced
intrusiveness, increased patient comfort, greater fidelity of sensing results,
and greater precision for site, amount, and rate controllable drug delivery.

In the coming years, it is anticipated that nanotechnology-based bio-
sensors will continue to evolve and expand their use in many areas of life
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sciences, particularly in biomedical diagnosis and drug delivery. For drug
delivery applications, these biosensors are expected to possess some ideal
features such as high sensitivity, high specificity, fast response and action,
low detection limit (such that an early detection of clinically signifi-
cant proteins and cancer markers is possible), continuous and long-term
monitoring capability, carrier of personalized medicine for site-specific
and rate-controlled delivery, passively operational (carries no battery, or
turns the physiological metabolic events into fuel power), and wirelessly
operational (be able to communicate with external monitoring devices
wirelessly).
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Nanomaterials and Biocompatibility:
BioMEMS and Dendrimers

Sean T. Zuckerman and Weiyuan John Kao

Introduction

“Biocompatibility” is a term often used by researchers and laypersons. The
website for the National Institutes of Health uses the word biocompat-
ibility more than 300 times (www.nih.gov); yet a clear definition of bio-
compatibility is difficult to locate. What criteria define biocompatibility?
Scientists have struggled to define the word biomaterial. Therefore it
follows there has been much difficulty quantifying biocompatibility. The
European Society for Biomaterials called a consensus conference in 1986
to define basic terms such as biomaterial, host response, and biocompat-
ibility. The attending members agreed that biocompatibility is, “the ability
of a material to perform with an appropriate host response in a specific
application.” The host response was subsequently defined as, “the reaction
of a living system to the presence of a material” (Williams, 1987). This
definition of biocompatibility begs the question, “What is an ‘appropriate’
host response?” To determine what is an “appropriate” host response
requires measurement of a biological phenomenon. Both the extent and
the duration of the host response are critical factors determining the
appropriateness of the body’s response. The difficulty therefore lies in
quantifying a graded response. In vitro tests enable more comprehensive
and invasive analysis but are limited in scope to simplified models. In vivo
testing, on the other hand, offers more physiologically relevant data but
is not always feasible or ethical to perform. In addition, in vivo testing is
complicated by complex interactions between multiple systems. Therefore
a combination of in vitro and in vivo testing must be performed to draw
relevant and accurate conclusions.

In order to provide uniformity and guidance, the International Orga-
nization for Standardization (ISO) (www.iso.org, 2003) and the American
Society for Testing Materials Standards have constructed guidelines to aid
industry and academic researchers. Table 7.1 shows the breakdown of ISO
10993. Part 1 outlines the basis for evaluating medical devices including
classifying the device based on the type and length of contact with the host.
Part 1 then outlines the appropriate tests necessary to analyze interactions
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Table 7.1. International organization for standardization 10993 biologi-
cal evaluation of medical devices (ISO, 2006).

Part Title
1 Evaluation and testing within a risk management system
2 Animal welfare requirements
3 Tests for genotoxicity, carcinogenicity, and reproductive toxicity
4 Selection of tests for interactions with blood
5 Tests for in vitro cytotoxicity
6 Tests for local effects after implantation
7 Ethylene oxide sterilization residuals
9 Framework for identification and quantification of potential degradation
products
10 Tests for irritation and delayed-type hypersensitivity
11 Tests for systemic toxicity
12 Sample preparation and reference materials
13 Identification and quantification of degradation products from polymeric
medical devices
14 Identification and quantification of degradation products from ceramics
15 Identification and quantification of degradation products from metals and
alloys
16 Toxicokinetic study design for degradation products and leachables
17 Establishment of allowable limits for leachable substances
18 Chemical characterization of materials
19 Physico-chemical, morphological, and topographical characterization of
materials
20 Priniciples and methods for immunotoxicology testing of medical devices

with the body based on the class of material. The remaining 18 subsections
to ISO 10993 cover a range of tests to determine blood compatibility (ISO
10993-4), in vitro cytotoxicity (ISO 10993-5), local (ISO 10993-6) and
systemic (ISO 10993-11) effects post-implantation, identification of degra-
dation products (ISO 10993-13, -14, and -15), as well as material charac-
terization (ISO 10993-18 and -19). The American Society for Testing
Materials Standards has similar protocols outlined under F748 Standard
practice for selecting generic biological test methods for materials and
devices. This F748 protocol also addresses pyrogen testing as well as
batch testing for production lots (American Society for Testing Materials
Standards, 2004). The Food and Drug Administration issued a blue book
memorandum (G95-1) in May of 1995 based on the ISO 10993 Biological
Evaluation of Medical Devices document governing approval of medical
devices for commercial sale in the United States of America (United States
Food and Drug Administration, 1995). This blue book document adopted
the material categories from ISO 10993 and instituted additional testing
requirements. The American Society for Testing Materials Standards
F748, 1SO 10993, and G95-1 therefore establish the minimum body of
knowledge necessary for commercialization of medical devices.

The two chapters on “Biocompatibility of Nanotechnology” will focus
on the biocompatibility of current and emerging nanomaterials such as
bioMEMS, dendrimers, carbon nantotubes, and fullerenes from a



Chapter 7 Nanomaterials and Biocompatibility

structure—function standpoint. Liposomes have been researched since the
late 1970s and their toxicity and compatibility are relatively well charac-
terized. Hence liposomes will not be discussed. Several reviews have been
published on the matter (Zhang, Liu & Huang, 2005; Vermette &
Meagher, 2003; Lian & Ho, 2001; Woodle & Scaria, 2001; Kaneda, 2000;
Nagayasu, Uchiyama, & Kiwada, 1999). We will present trends and data
from current primary literature correlating the structure of a material with
its observed effect on the body ranging from cytotoxicity to hypersensitiv-
ity. In addition, we will highlight the differences in the data obtained
ranging from different material preparation methods to different animal
models and how these upstream choices influence the comparison of
conclusions drawn regarding each type of material. The subjective nature
of assessing the extent of a biological phenomenon such as the host
response to a given material for a species should become apparent.

Known Structure—Function Relationships

BioMEMS and Nanobiotechnology

The field of nanobiotechnology has been growing rapidly over the past
decade. Advances in micro- and nanofabrication technologies have
spurred much of the growth (Blattler, Huwiler, Ochsner, Stadler, Solak,
Voros, & Grandin, 2006). Nanobiotechnology involves materials and
molecules less than 100 nm in size while the microelectro-mechanical
systems (MEMYS) are designed to function on the micrometer scale. How-
ever, the two have become tightly entwined recently as research into
biosensors and drug delivery vehicles increases (Gourley, 2005). Biological
MEMS (bioMEMS) are designed to interact with a biological environ-
ment either as a sensor or directly through drug delivery or electrical
stimulation (Meyer, 2002). The recent advances in nanofabrication tech-
nology have enabled increased potential for diagnostic capabilities
through the ability to pattern biological molecules such as enzymes onto
a given substrate. BloMEMS interface with nanobiotechnology by provid-
ing the substrate and microscale architecture to direct fluid to the biologi-
cal molecules as shown in Figure 7.1. In addition, bioMEMS provide the
ability to take mechanical or electrical action based on the output from the
nanoscale analysis. This coupling has led to the development of glucose
sensors using enzymatic detection of glucose levels that could be followed
by insulin release stimulated by the bioMEMS (Figure 7.1) (Zimmerman,
Fienbork, Flounders, & Liepmann, 2004).

Implantable microscale sensors have been identified as a market esti-
mated to surpass $10 billion USD by 2008 (Gourley, 2005). BioMEMS are
ideal candidates for these implantable sensors because they couple the
ability to analyze complex solutions such as those found in vivo with
actuating the appropriate response in an implantable format. In addition,
nanoarrays of biological molecules such as enzymes on bioMEMS could
perform diagnostic analysis in vivo aiding diagnosis of the patient’s con-
dition by medical staff. BloMEMS are also capable of recording force
transduction in heart muscle (Lin, Pister, & Roos, 2000) and integrating
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Figure 7.1 An example of a bioMEMS-based sensor. Adapted from Zimmerman et al. (2004).

neurological functions such as retinal implants to restore lost vision
(Meyer, 2002). The ability to integrate molecular motors into bioMEMS
also exists (Hiratsuka, Miyata, Tada, & Uyeda, 2006). Microfluidic bio-
MEMS offer researchers the ability to carefully manipulate cell conditions
at the level of individual cells (Chin, Taupin, Sanga, Scheel, Gage, &
Bhatia, 2004). Researchers have constructed microfluidic devices to con-
trol biochemical signals allowing a complex matrix of conditions to be
analyzed on one device simultaneously (Ziaie, Baldi, Lei, Gu, & Siegel,
2004). This multitude of conditions enables researchers to determine the
gradient effect of different growth factors or cytokines upon stem cell
differentiation ex vivo, for instance.

The tremendous potential for bioMEMS to address many problems
currently plaguing researchers has led the field to focus on functionality
and manufacturing capabilities. However, an implantable device must
be tolerated and integrated into the host for long-term efficacy. Little
research has been done investigating the biocompatibility of bioMEMS.
Even less research has been performed to determine the effect that
sterilization and packaging have upon biocompatibility. Madou (1997)
addressed the need for more attention to compatibility issues nearly
10 years ago. “Biocompatibility is the single most complex factor facing
in vivo sensor development and it needs addressing up front in the sensor
design.” This information vacuum can be partly explained by previous
medical applications of MEMS. Many devices such as pacemakers are
entirely encapsulated within a sealed vessel such as a titanium (T1) shell.
Therefore only the compatibility of the Ti shell and the exposed lead
insulator are required for implantation (Kotzar, Freas, Abel, Fleischman,
Roy, Zorman, Moran, & Melzak, 2002). In the past researchers have relied
on previous biocompatibility testing of similar materials. The difficulty in
relying on these previous studies is that many of them investigated the
compatibility of a particular material for applications experiencing differ-
ent mechanical and cellular environments. For instance, data from silicon
carbide (SiC)-coated stents (Amon, Bolz, & Schaldach, 1996) or orthope-
dic joints (Nordsletten, Hogasen, Konttinen, Santavirta, Aspenberg, &
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Aasen, 1996) has been used to gauge the compatibility of SiC for bio-
MEMS applications. The ISO and FDA have standards for sterilization of
medical devices for implantation (ISO 10993 and G95-1). Many of the
previous studies either have not conformed to established sterilization
procedures or did not specify how sterilization was achieved. The ISO
10993 guidelines represent the minimum knowledge needed to commercia-
lize a given device or material. In many cases the tests recommended by
ISO 10993 must be expanded in scope or depth or supplemented with
additional testing to obtain a full characterization of compatibility. Bio-
MEMS and nanobiotechnology are difficult to isolate and will thus be
discussed herein simultaneously. The survey presented here focuses mainly
on bioMEMS compatibility but applies to bioMEMS with nanopatterning
and immobilized biological molecules as well.

Non-ISO 10993 Biocompatibility Testing

Silicon-Based Materials

Silicon is used extensively in integrated circuits and has been adopted as a
substrate for many MEMS because the processing is well characterized and
enables electrical conduction (Stoldt & Bright, 2006; Zhu, Zhang, & Zhu,
2005). Previously nanocrystals of silicon have been shown in a number of
studies to exhibit no significant cytotoxicity (Bayliss & Buckberry, 1999;
Bayliss, Heald, Fletcher, & Buckberry, 1999; Bayliss, Harris, Buckberry, &
Rousseau, 1997; Bayliss, Buckberry, Harris, & Tobin, 2000). While Bayliss
and Buckberry’s research found no significant toxicity, Kubo and co-work-
ers (1997) observed nodule formation by periodontal ligament fibroblasts in
response to what they hypothesized was silicon leaching from glass. Ten
nanometer pores were found to be the optimal substrate for B50 neuronal
growth compared to bulk polished silicon or plasma-enhanced chemical
vapor deposition. However, Chinese hamster ovary cells demonstrated
affinity for the plasma-enhanced chemical vapor-deposited silicon over the
polished or nanoporous silicon surfaces showing a cell-type-dependent
relationship between cell viability and surface architecture (Bayliss &
Buckberry 1999). Bayliss et al. (2000) also investigated sterilization proce-
dures and determined that autoclaving was optimal.

Research on another silicon-based material, silicon carbide (SiC),
found that the o form was marginally more cytotoxic than the B form at
doses above 0.1 mg/ml to macrophages, osteoblast-like cells, and fibro-
blasts (Allen, Butter, Chandra, Lettington, & Rushton, 1995). Radiofre-
quency sputtering of SiC did not appear cytotoxic; however, attachment
of fibroblasts and osteoblasts was lower than desired and proliferation
of osteoblasts was inhibited (Naji & Harmand, 1991). Amon et al. (1996)
followed ISO 10993-5 guidelines for cytotoxicity experiments testing 1.929
murine fibroblasts’ response to SiC-coated tantalum stents. The SiC coat-
ing showed no cytotoxicity or mutagenicity in these experiments, but the
applicability of SiC-coated stents to bioMEMS is limited. Stents need to
withstand high shear stress induced from fluid flow and are in intimate
contact with blood, which some bioMEMS may not experience, in vivo.

In addition to SiC, silicon nitride (SizN4) nanopowder has also been
investigated for compatibility in vitro and in vivo. Rabbit marrow stromal
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cells were initially adhered to the upper surface of Siz;N4 disks but spread to
only the edges after 4 weeks (Wan, Williams, Doherty, & Williams,1994).
Marrow stromal cells cultured with SisN4 and implanted for 5 weeks
showed differentiation around the Siz;N4 but not on the surface or within
the pores. Interestingly, porous bone was observed to integrate with the
SizN4 when the Si3Ny4 was directly implanted into the femoral marrow
cavity. In other in vitro testing, the human osteosarcoma MG-63 cell
line showed no decrease in DNA synthesis after incubation with 1, 10,
or 100 pg/ml Si;N4 nanoparticles for 48 h compared to the polystyrene-
negative control (Sohrabi, Holland, Kue, Nagle, Hungerford, & Frondoza,
2000). Reaction-bonded silicon nitride disks showed an increase in the pro-
inflammatory cytokines interleukin 1p or tumor necrosis factor alpha and
sintered-reaction-bonded silicon nitride showed no change in these cyto-
kines compared to the negative control surface. Kue and colleagues (1999)
came to a similar conclusion that the sintering process resulted in little
change in MG-63 cell proliferation and metabolism. These experiments
revealed that material processing can have a significant effect upon down-
stream cellular responses even though the mechanistic impact of sintering
on MG-63 cells was not elucidated.

In addition to cell adhesion, the hemocompatibility is a critical factor
determining the efficacy of blood-contacting devices. The hemocompat-
ibility of various materials commonly used in MEMS was measured as a
function of platelet adhesion (Weisenberg & Mooradian, 2002). Platelets
were isolated from human donors and cultured statically for 5 min at
which time the platelets were imaged and counted. Si, SizNy, low-stress
silicon nitride (S; oN; 1), and SU-8 photoresist all exhibited higher platelet
adhesion than the Chronoflex AR/LT polycarbonate (PC) -based polyur-
ethane control. These materials are all common bioMEMS components
and therefore relevant. Platelet adhesion to SiO; and thin parylene C films
were not significantly different from the control surface. The PC-based
polyurethane was chosen based on previous literature demonstrating its
hemocompatibility (Elam & Nygren, 1992; Chen, Zhang, Kodama, &
Nakaya, 1999); however, the data based on spreading and circularity
obtained indicated the choice of reference material may not be appropriate
(Weisenberg & Mooradian, 2002).

Many implantable bioMEMS will have intimate contact with blood
such as biosensors for glucose. The hemocompatibility is critical to the
efficacy of such blood-contacting devices as well as cellular compatibility
since many types of cells circulate in the blood. Thus various SiN,.H
films created by plasma-enhanced chemical vapor deposition were tested
for hemocompatibility with platelets (Wan, Yang, Shi, Wong, Zhou,
Huang, & Chu, 2005). The number of N atoms was varied to change the
degree of hydrophilicity. The samples were incubated with human platelets
for 2 h and the results compared against low-temperature isotropic pyr-
olytic carbon, which is the most commonly used material in commercia-
lized medical devices contacting blood (Wan et al., 2005). Platelets were
chosen based on their role in coagulation and thrombus formation, which
can have serious implications if a blood-contacting device tips the homeo-
static equilibrium in the blood. Wan et al. (2005) found that platelets
adhered less to the three forms of SiN,:H than to the low-temperature
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isotropic pyrolytic carbon. Scanning electron microscopy analysis showed
less pseudopodia and spreading, which has been shown to be indicative of
thrombus formation (Gibbins, 2004). Wan et al. (2005) hypothesized that
the hydrophilic nature of the surface induced less conformational rearran-
gement in the proteins adsorbed to the surface resulting in lower protein
adhesion and less platelet activation. Surprisingly no hemolysis of red
blood cells was investigated. Little other hemocompatibility data is pub-
lished for any material used in MEMS devices thus the applicability of this
data is rather limited. In addition, most devices considered for implant will
have much more complex architecture than simple plasma-enhanced che-
mical vapor deposition coatings limiting these findings further. More
extensive characterization of commonly used MEMS materials following
ISO 10993 needs to be published to help guide researchers in material
selection during the design phase.

Implantation in sub-cutaneous cages was used to determine the inflam-
matory response of Sprague—Dawley rats to silicon-based microreservoir
MEMS (Voskerician, Shive, Shawgo, von Recum, Anderson, Cima, &
Langer, 2003). The components of the microreservoir drug delivery
MEMS tested were: Si, SisNy, SiO,, gold, and Su-8. The leukocyte con-
centration in the exudate was determined as was the number of adherent
macrophages and foreign body giant cells, which was used as a determi-
nant of protein adsorption. With the exception of Si, all of the exudate
from materials tested at 7 and 14 days showed similar leukocyte concen-
trations as the empty cage implant indicating minimal acute and chronic
inflammation resulting from the material residing within the cage. The
leukocyte concentration in the Si-containing cage tapered off after 21 days
but was still higher than the negative control levels. SU-8 was found to
exhibit delamination after 21 days; SiO, and Si;N4 showed similar biofoul-
ing levels inferred from macrophage and foreign body giant cell numbers
leaving the choice for dielectric layer to be determined by mechanical
demands and/or fabrication limitations (Voskerician et al., 2003). This
data is an important step to characterizing the in vivo response to bio-
MEMS components.

Nanostructured Titanium (Ti)

Nanostructured TiO; has been investigated for its role as a cellular adhe-
sive substrate. Mouse fibroblasts showed enhanced adhesion to porous
TiO, with 50-200 nm diameter pores that were 25-75 nm deep (Zuruzi,
Butler, MacDonald, & Safinya, 2006). The fibroblasts adhered to the
porous TiO, more rapidly than SiO, or SisNy up to 18 hr; after 24 h
adhesion was not significantly different for the three materials. Scanning
electron microscopy analysis of cell morphology revealed more spherical
cells on SiO, than nanoporous TiO, indicating less adhesion and less
interaction. Interestingly, the fibroblasts adhered to and adopted the
shape of square micropatterned nanoporous TiO, structures 10 and
20 pm long. However, Webster and co-workers (2000) found that fibro-
blasts adhered less to nanoporous alumina (Al,O3), titania (TiO,), and
hydroxyapatite (Cas(PO,4);(OH)) than the traditional ceramics after 4 h.
Endothelial cells exhibited similar behavior to fibroblasts. Osteoblasts
conversely showed more adhesion to these nanoporous ceramics than the
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conventional forms. This increased osteoblast adhesion was attributed to
increased vitronectin adsorption on the nanoporous ceramics (Webster
et al., 2000).

Surface Modification of Various Substrates: In Vitro Assessment

As Voskerician et al. (2003) noted biofouling is an important phenomenon
for all implanted devices including bioMEMS. Cells interact with
implanted materials through a layer of adsorbed proteins. Many research-
ers believe that eliminating protein adsorption will eliminate the current
problems of fibrous capsule formation, sustained chronic inflammation,
and material degradation. Surface modification is one popular technique to
decrease protein adsorption and thus biofouling. In particular the use of
polyethylene glycol (PEG) (Figure 7.2) has been adopted to minimize or
direct protein adsorption depending upon the application. For bioMEMS
applications the PEG film thickness varies between 2 and 20 nm and
exhibits a hydrophilic character resulting from the PEG-modified surface
and not the underlying substrate (Richards Grayson, Shawgo, Johnson,
Flynn, Li, Cima, & Langer, 2004). Sharma and colleagues (2002) modified
silicon surfaces with PEG using two different methods: solution phase
PEG-silane coupling or vapor deposition of polyethylene oxide. The
PEG-silane solution chemistry allowed for the addition of 2 nm of PEG.
The low nanometer thickness of the PEG film is crucial for efficacy of
biosensor MEMS that require diffusion to and from the material. Both
vapor deposition and solution coupling yielded similar decreases in fibrino-
gen and bovine serum albumin adsorption, which represent a range of
protein molecular weights that many bioMEMS will encounter in vivo.
Lee, Bhushan, & Hansford (2005) found similar results using vapor deposi-
tion to deposit two fluoropolymers or fluorosilane on silicon wafers. This
method yielded film thicknesses <10 nm for all three polymers with fluor-
osilane exhibiting characteristics of a monolayer. Thus vapor deposition is
an attractive surface modification technique for multiple polymers allowing
researchers to tailor hydrophobicity/hydrophilicity with surface thickness
and roughness in order to optimize the coating for the various nanoscale
architectures of the device such as fluid channels or micro/nanoreservoirs.
Hanein, Pan, Ratner, Denton, & Bohringer (2001) achieved similar results
using photolithography to produce PEG films. PEG modification via
photolithography or vapor deposition allows for precise control of PEG
modification and thus preserves the electrical conductivity compared to the
solution phase chemistry, which offers no control over surface modification
patterns. Thus solution phase PEG modification could modify electrical
leads or plug channels within the device reducing or eliminating its func-
tion. Therefore as the complexity of bioMEMS increases, the use of solu-
tion phase surface modification will likely decrease significantly. PEG

HOMO}' poly(ethylene glycol)
9 Figure 7.2 Poly(ethylene glycol)

and monomethyl ether
iy(ethy! - poly(ethylene glycol) are used for
H.c-©O 3 poly(ethylene glycol)  modification of various surfaces
200, monomethyl ether o minimize protein adsorption.



Chapter 7 Nanomaterials and Biocompatibility

surface modification was used to create hydrophilic channels in a micro-
fluidic network based on Si, gold, or polydimethylsiloxane (Papra,
Bernard, Juncker, Larsen, Michel, & Delamarche, 2001). The PEG chains
prevent protein adsorption to the fluidic channels while creating a hydro-
philic environment that allows proteins to diffuse along the microfluidic
channel and deposit into patterned microreservoirs. Si—-PEG-Si was iden-
tified as the best choice for modification of polydimethylsiloxane leading to
hydrophilic stability for up to 3 weeks (Papra et al., 2001). Gold MEMS
surfaces are very flexible allowing researchers to selectively pattern one
alkanethiol via microcontact printing and masking the remaining gold
surface with a second alkanethiol in solution. Thus complex patterns can
be created leading to selective protein adsorption or the creation of complex
fluidic channels leading to microreservoirs.

Chemical vapor deposition of various forms of poly(p-xylenes) has also
been shown to successfully modify enclosed, complex microchannels on
silicon using polydimethylsiloxane molds (Chen, Elkasabi, & Lahann,
2005). The channels were open on both ends and ranged from 1600 um
for a straight channel to 2800 pum for an S-curved channel. This mean-
dering channel formed a series of S-curves with an aspect ratio of 37; the
straight channel had an aspect ratio of 21. The film thickness varied by
xylene isoform deposited but was homogeneous throughout the film for
each polymer, which is difficult to achieve through other surface modifica-
tion methodologies for materials with high aspect ratios. Xylene also
retained its functionality after chemical vapor deposition as evidenced by
biotin conjugation and visualization via rhodamine (Chen et al., 2005).
Thus chemical vapor deposition has shown uniform modification of sim-
ple and complex surfaces providing researchers a powerful tool to modify
complex micro and nanoscale patterning on bioMEMS.

In addition to PEG, other polymers have been investigated for their
non-fouling properties and cytotoxicity. Silica gels were investigated as a
potential surface coating to prevent the undesired adsorption of proteins
to glucose sensors (Kros, Gerritsen, Sprakel, Sommerdijk, Jansen, &
Nolte, 2001). Tetraethylorthosilicate was mixed with PEG, heparin, dex-
tran sulfate, Nafion, or polystyrene sulfonate to form sol gel, which is a
soluble colloidal suspension that can be gelled into a workable solid. While
the sol gel-based coatings showed similar hydrophilicity, human dermal
fibroblasts adhered to and proliferated on sol gel, sol gel-heparin, sol gel-
Nafion, and sol gel-PEG at the same level as the Thermanox coverslip used
as a negative control (Kros et al., 2001). The level of fibroblast adhesion
and proliferation on sol gel-polystyrene sulfonate and sol gel-dextran
sulfate was much lower than the reference surface. However, the morphol-
ogy of the fibroblasts on the sol gel-polystyrene sulfonate and sol gel-
dextran sulfate surfaces was normal indicating that cell adhesion was lower
rather than surface-mediated toxicity. Because both polystyrene sulfonate
and dextran sulfate have a high number of sulfate groups available for
cellular interactions, Kros et al. (2001) hypothesized that the sulfate
groups mediate fibroblast adhesion and proliferation. In vitro testing of
the coated glucose sensor also revealed that the sol gel-coated glucose
sensors retained more activity than uncoated sensors in complete serum
while maintaining the same level of activity in an albumin solution. Thus
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various additives to silica gel are successful in mediating adsorption of
serum proteins while retaining non-toxic properties toward human dermal
fibroblasts. This coating could therefore be used to help increase the
compatibility and function of an implanted bioMEMS into the host tissue
while retaining activity.

Photolithography can also be used to create self-assembling monolayers
on the MEMS surface maintaining any surface-dependent functionality
(Richards Grayson et al., 2004). Monolayers have been created from
oligomers of ethylene oxide and PEG terminated with various end groups
such as alkoxysilyl or trichlorosilyl. Self-assembled monolayers enable
researchers to finely control both thickness and density of the surface
modification. Tokachichu and Bhushan (2006) modified polymethyl-
methacrylate and polydimethylsiloxane with a perfluorodecyltriethoxysi-
lane self-assembling monolayer. Protein adsorption to both surfaces was
not significantly different as measured by atomic force microscopy using a
fetal bovine serum-coated needle in phosphate-buffered saline solution or
in air. This low level of protein adhesion could allow flow through nanos-
cale channels on microfluidic devices. Monomethyl ether PEG (mPEG)
(Figure 7.2) modified silicon surfaces exhibited decreased fibrinogen and
immunoglobulin G adsorption compared to non-modified clean silicon
(Lan, Veiseh, & Zhang, 2005). Murine fibroblasts and macrophages on
the mPEG-modified Si surfaces demonstrated lower adhesion correlating
to lower protein adsorption. Fibroblasts showed similar morphology on
both clean Si and mPEG-modified Si while macrophages exhibited a more
round morphology on the mPEG-modified Si surface. When gold ridges or
squares were patterned on the surface more protein adhered to the pat-
terned gold areas of the surface than the mPEG-modified areas. Because
little to no protein adsorbed onto the mPEG-modified Si the fibrinogen and
immunoglobulin G showed concentrated adsorption on the gold patterns.
Finally, cells were cultured on gold-patterned Si surfaces where the non-
patterned portions of the Si were modified with mPEG to resist protein
adsorption (Lan et al., 2005). Fibronectin was allowed to adsorb on to the
modified Si surface followed by culture with fibroblasts or macrophages for
24 h. Both the macrophages and fibroblasts adhered only to the gold
patterns and aligned with the topographical features of squares or ridges.
Thus mPEG was shown to be an effective surface modification to direct
protein adsorption and consequently cell adhesion onto Si surfaces pat-
terned with gold. Self-assembled monolayers on bioMEMS have also been
successfully created from phospholipid-based Langmuir-Blodgett films
(Kim, Kim, & Byun, 2001). Therefore researchers can use various methods
such as solution phase chemistry, lithography, or chemical vapor deposi-
tion to selectively modify bioMEMS surfaces to enhance functionality and
efficacy.

Surface Modification of Various Substrates: In Vivo Assessment

A limited number of in vivo studies have been performed with surface-
modified bioMEMS sensors. Ishikawa and colleagues (1998) found that
glucose sensors with PEG-modified sensor tips functioned for 3 days in
20 patients with a sensitivity range of 2-28 mmol/L and a 10 min response
time, which compared favorably to other sensors that reported response
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times of 20-45 min. Another group reported glucose sensing activity
14 days post-implantation using a needle sensor modified with the phos-
pholipid-based copolymer 2-methacryloyloxyethylphosphorylcholine and
n-butylmethacrylate (Ishihara, Nakabayashi, Nishida, Sakakida, &
Shichiri, 1994). The phospholipid nature of this surface modification is
theorized to elicit similar interactions with proteins as host cells in vivo
(Wisniewski & Reichert, 2000). This type of phospholipid polymeric sur-
face modification has many difficulties to commercialization. Most impor-
tantly the coating can limit diffusion to the sensor immediately decreasing
its efficacy. In addition, delamination from the sensor due to poor adhe-
sion or mechanical stress is difficult to quantify (Wisniewski & Reichert,
2000). These polymeric surface modifications may also be detrimental to
any biological molecules such as enzymes contained in the sensor. Various
types of fluid flow systems have been developed to prevent protein adsorp-
tion and hence cell adhesion but will not be addressed here since these
systems require constant perfusion and do not directly address the issue of
biocompatibility (Wisniewski & Reichert, 2000). Other surface treatments
such as the perfluorosulfonic acid polymer known as Nafion have been
investigated based on their ease of application. Nafion can be dip coated
onto sensors; however, this method does not allow for control over the
surface pattern meaning microfluidic channels and other reservoir-like
features can become clogged. Although Nafion did improve the immuno-
genicity and increased sensor functioning to 10 days post-implantation
(Moussy, Harrison, & Rajotte, 1994). The in vivo trials conducted thus far
have focused more on sustaining sensor activity than on solving long-term
implantation issues. Researchers have used various surface coatings to
resist protein adsorption and cell adhesion. To varying degrees the studies
have worked but have not correlated directly to the compatibility between
implanted materials and the host.

ISO 10993 Biocompatibility Testing

While the previous studies made relevant observations and important
conclusions regarding material compatibility, few published studies
adhered to the guidelines outlined by ISO 10993 for characterization of a
biomaterial. One of the first papers to apply the ISO standard tests also
investigated sterilization effects (Kotzar et al., 2002). The materials were
chosen to cover a wide array of materials used in bioMEMS including
Si-based materials, Ti, and SU-8 photoresist epoxy. The negative surface
control was polyethylene per the United States Pharmacopeia’s standard
for implantation experiments. Both autoclaving and y-irradiation were
used to sterilize materials. The materials were characterized under the
guidelines of ISO 10993-14 including extractables, infrared analysis, and
mechanical testing. Scanning electron microscopy was also performed pre-
and post-sterilization to determine any sterilization-dependent surface
changes in the material. The scanning electron microscopy micrographs
revealed no apparent damage to the material surface. However, Kotzar did
note that the SU-8 surface was difficult to image because the surface is very
smooth. The material extracts were classified as less than Grade 2 toward
the L929 murine fibroblast line meaning the material can officially be
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classified as “mildly reactive.” This label satisfies the ISO 10993 criteria
that the material extracts be less than a Grade 2 response and the positive
control be a Grade 3 or 4. To further verify their in vitro findings, Kotzar
et al. (2002) implanted these materials into rabbits for 1 or 12 weeks
analyzing the results via histological staining. The fibrous capsule
observed around the test materials was nearly “indistinguishable from
the [polyethylene] negative controls.” The in vivo data was important
because the ASTM standard F67 outlines standards for commonly used
Ti alloy processing methods for implantable Ti but does not cover Ti
sputtering. The sputtered Ti surfaces tested by Kotzar et al. (2002) exhib-
ited similar results to those previously obtained for sputtered Ti (Johans-
son, Hansson, & Albrektsson, 1990). Similarly, no established standards
existed for SiC or SizNy. Thus the preliminary results based on ISO 10993
testing by Kotzar et al. (2002) showed that SiC and SizN4 prepared via
standard MEMS processing techniques elicit no significant biological
response. This conclusion is among the first direct data using established
guidelines that supports the compatibility of these materials in MEMS
applications.

Summary

An increased demand for implantable bioMEMS has surfaced in the past
5-10 years. Therefore in depth in vitro and in vivo biocompatibility testing
is not yet widely performed. The extent of biocompatibility testing pub-
lished investigates the components of bioM EMS rather than entire devices
and does not follow the guidelines established by ISO 10993 for character-
ization of implantable materials. Therefore compatibility testing adhering
to ISO 10993 standards needs to be performed on all components of
bioMEMS. This biocompatibility data would then aid researchers during
sensor design as predicted by Madou nearly a decade ago.

Dendrimers

Dendrimers exhibit low polydispersity and a reproducible pharmacoki-
netic profile making them ideal candidates for drug delivery (Yang & Kao,
2006; Boas & Heegaard, 2004). The functional groups (Figure 7.3) present
on the dendrimer surface provide an easy mechanism to conjugate drug to

Figure 7.3 Dendrimer functional groups allow
complexation or conjugation with various molecules

@ - —NH,, -COOH, etc.  such as DNA or pharmaceutical agents. (See Color
Plate 13)
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the surface in addition to physical encapsulation during dendrimer synth-
esis (Patri, Kukowska-Latallo, & Baker, Jr., 2005). However, their beha-
vior in vivo is the most critical determinant of their efficacy. Myriad
factors of dendrimer structure contribute to in vivo behavior including
but not limited to: molecular weight, architecture, surface charge, and
hydrophilicity/hydrophobicity. Therapeutic drug will be difficult to deli-
ver to the desired target if the dendrimer is cleared rapidly from the
bloodstream. Thus toxicity and blood clearance, or blood half-life, are
potential roadblocks to the development of dendrimer-based drug delivery
systems.

In vitro cytotoxicity is one of the first tests performed to characterize a
potential candidate’s in vivo toxicity. If the dendrimer proves to be exces-
sively toxic to immortalized cell lines then the dendrimer will likely exhibit
similar behavior in vivo. Additional testing such as hemolysis of red blood
cells is performed to determine the effects of dendrimers in the blood-
stream. Finally, radiolabeled dendrimer is used to determine in vivo dis-
tribution and blood clearance in animal models. Toxicity to vital organs
such as the lungs, liver, or kidneys and ultimately morbidity may result if
the dendrimer accumulates in these organs. Thus in vitro testing such as
cytotoxicity and hemolysis combined with in vivo animal testing to deter-
mine preferential localization and excretion pathways of dendrimers pro-
vides a reasonable model to support or reject testing in humans. The
structure—function relationship of dendrimer-induced biological response
in different cell and animal models is highlighted. A brief summary of the
experiments reviewed here is shown in Tables 7.2-7.5.

Polyamidoamine (PAMAM)

Since dendrimers are being investigated for potential drug delivery roles,
cytotoxicity studies must investigate both the properties of the parent
molecule and that of the drug- or gene-conjugated molecule. In this sub-
section several cationic PAMAM dendrimers conjugated with various
therapeutics are surveyed.

Cationic PAMAM: Effect of Generation and Dosage

Haensler and Szoka (1993) investigated the effects of cationic PAMAM
generation 2-10 (G2-10) (Figure 7.4) in the monkey fibroblast cell line
CV-1. The dendrimer’s diameter, dose, and the presence/absence of DNA
were factors determining the toxicity of cationic PAMAM toward the
adherent CV-1. Cells were incubated with 0-60 pg of poly-L-lysine
(PLL) or PAMAM G6 for 5 h in serum-free media followed by culture
in serum-containing media for 48 h without dendrimer. The effect upon
CV-1 was quantified by measuring total cellular protein in addition to the
MTT dye reduction assay, which measures mitochondrial activity through
reduction of MTT into formazan. PAMAM G6 was significantly less toxic
than the polycationic polymeric control PLL. The lethal dose for 50% of
the cells (LDsp) was above 300 pg/ml for PAMAM G6 and was 25 pg/ml
for PLL. When DNA was complexed with the PAMAM G6 dendrimer in a
10:1 ratio of primary amines:nucleotide, the LDs, of G6 increased nearly
threefold to 100 pg/ml while that of PLL remained unchanged. Another
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Table 7.2 Summary of in vitro studies on cationic polyamidoamine (PAMAM),
polyethyleneimine-based diaminobutane (DAB) dendrimers.
Generation
Dendrimer Tested (G) Species Cells Assay Reference
G2-10 monkey  fibroblast CV-1 Cytotoxicity — Haensler & Szoka,
1993
G5 sheep red blood cells Hemolysis Plank et al, 1996
G3,5&7 Chinese  lung fibroblast V79 Cytotoxicity  Roberts et al.,
har 1996
G4 rat Extensor digitorum Cytotoxicity — Brazeau et al.,
longus myocytes 1997
G2-4 murine B16F10 melanoma Cytotoxicity  Malik et al., 2000
G5 human HeLa cervical cancer Cytotoxicity Yoo & Juliano,
2000
G5 Superfect monkey  Cos-7 kidney fibroblasts ~ Cytotoxicity =~ Gebhart et al.,
2001
PAMAM GO0-4 human Caco-2 intestinal Cytotoxicity  El Sayed et al.,
adenocarcinoma 2002
G3 murine L929 fibroblasts Cytotoxicity  Fischer et al., 2003
rat red blood cells Hemolysis
G2 -4 human Caco-2 intestinal Cytotoxicity  Jevprasesphant
adenocarcinoma et al., 2003
G5-PEG human 293 kidney Cytotoxicity ~ Kim et al., 2004
triblock
RAW 264.7 macrophage-
like
G5 murine NIH/3T3 fibroblasts Cytotoxicity  Kuo et al., 2005
BNL CL.2 hepatocytes
DAB G2-4 murine B16F10 melanoma Cytotoxicity  Malik et al., 2000
Gl-5 human A431 epidermoid cancer Cytotoxicity  Zinselmeyer et al.,
2002
G5 murine RAW 264.7 macrophage- Cytotoxicity Kuo et al., 2005
like
Ql-4 human A431 epidermoid cancer Cytotoxicity  Schatzlein et al.,
2005
DAE G1-3 murine B16F10 melanoma Cytotoxicity ~ Malik et al., 2000

Table 7.3 Summary of in vitro studies on anionic Polyamidoamine (PAMAM) & Polyethylenei-
mine-based diaminobutane (DAB) dendrimers.

Generation
Dendrimer  Tested (G)  Species Cells Assay Reference
PAMAM Gl1.5-7.5 murine  B16F10 melanoma  Cytotoxicity Hemolysis ~ Malik et al., 2000
DAB G1.5-35 murine  BI16F10 melanoma  Cytotoxicity Hemolysis

study investigated the effect of G3, G5, and G7 on V79 Chinese hamster
lung fibroblasts at 4 and 24 h (Roberts, Bhalgat, & Zera, 1996). Three
concentrations of dendrimer were used: 100 nM, 10 uM, or I mM. After
treatment the adherent cells were harvested from the surface, counted, and
re-plated for 6-7 days at which time the cells were stained with crystal
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Table 7.4 Summary of in vivo studies on cationic Polyamidoamine (PAMAM) & Polyethylenei-
mine-based diaminobutane (DAB) dendrimers.

Generation
Dendrimer Tested (G) Animal models Assay Reference

PAMAM G3,5&7 Swiss-Webster mice Biodistribution & toxicity Roberts et al., 1996

G3 rats Accumulation Margerum et al., 1997

G3 &4 Wistar rats Biodistribution & toxicity Malik et al., 2000

G4 nude mice Blood half-life Kobayashi et al., 2001
DAB Gl-4 BALB/c mice Toxicity Schatzlein et al., 2005

Table 7.5 Summary of in vivo studies on anionic Polyamidoamine (PAMAM) dendrimers.

Generation Tested (G)  Animal models Assay Reference
G2.5,3.5&5.5 Wistar rats Blood clearance & accumulation  Malik et al., 2000
G3.5 C57 mice Toxicity Matsumura & Maeda, (1986)

violet dye and colonies of >50 cells were counted. Not surprisingly a
concentration- and generation-dependent toxicity was observed. PAMAM
G3 was highly toxic (<10% survival) only at the 1 mM dosage while G5
was toxic at 10 uM. G7 was toxic at all concentrations tested. Increased
culture time of 24 h vs 4 h did not significantly increase toxicity to V79
cells. These results coincide with observations by Tomalia and co-workers
(1990) that below G3 PAMAM is more flexible and possesses a 3-D
conformation similar to a starfish. The addition of two generations of
linear branching restricts the conformation of PAMAM G5 and above
into a rigid sphere. Haensler and Szoka (1993) theorized that the spherical
PAMAM may be more efficient at destabilizing a cell’s plasma membrane
while Roberts and co-workers (1996) proposed the generation-dependent
increase in toxicity was due primarily to the increasing cationic nature of
the dendrimer surface.

PAMAM G2-4 was investigated for toxicity against BI6F10 murine
melanoma cells (Malik, Wiwattanapatapee, Klopsch, Lorenz, Frey,
Weener, Meijer, Paulus, & Duncan, 2000). Dendrimers were cultured
with cells in serum-containing media for 67 h before the addition of
MTT dye for the last 5 h for a total of 72 h. PAMAM G2-4 showed
lower toxicity to BI6F10 than PLL at concentrations below 0.1 mg/ml.
PAMAM GI1 showed no concentration-dependent toxicity toward
B16F10. PAMAM G3 and G4 showed similar ICs, values as the PLL-
positive control from 0.1 to 5 mg/ml. In addition, there was a weak
generation-dependent toxicity observed for PAMAM. Morphological
changes determined by scanning electron microscopy were not present
for B16F10 treated with PAMAM at 1 h but were apparent by 5 h. The
generation of PAMAM was not noted. Thus the generation and concen-
tration effects observed by Malik et al. (2000) are in support of previous
conclusions.
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Figure 7.4 Cationic polyamidoamine (PAMAM) generation (G) 0-3 dendrimers.

MTT dye reduction was also used to assess the toxicity of PAMAM G3
dendrimers to 1.929 mouse fibroblastic cells (Fischer, Li, Ahlemeyer,
Krieglstein, & Kissel, 2003). L929 were treated with PAMAM G3 for 3,
12, or 24 h at which time the cells were cultured with MTT for 4 h.
PAMAM G3 showed no toxic effects at 0.01 or 0.1 mg/ml at 3, 12, or
24 h. PAMAM G3 showed >80% 1929 viability at 3 and 12 h with a slight
decrease at 24 h. PAMAM G3 showed significantly higher viability than
PLL or linear polyethyleneimine (PEI) at 0.1 and 1 mg/ml and all time
points. Both PLL and PEI at 0.1 and 1 mg/ml were highly toxic (Fischer
et al., 2003). The extent of membrane damage caused by various polyca-
tionic polymers was also investigated at 0.01, 0.1, and 1 mg/ml via lactate
dehydrogenase (LDH) release measured at 0, 30, and 60 min for each
concentration. PAMAM G3 did not induce significant LDH levels
whereas PLL significantly compromised the cellular membrane at
0.01 mg/ml after 30 min. PEI affected membrane integrity at 0.01 mg/ml
after 60 min. Membrane destabilization was more pronounced at 0.1 and
1 mg/ml. It is important to note that the PLL and PEI tested here were the
linear polymers and not dendrimer formulations. Thus the PAMAM G3
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with tertiary amine groups on its surface showed less toxicity and mem-
brane damage than PLL or PEI. However, this data is difficult to compare
against other cytotoxicity studies because the pH and osmolarity of the cell
culture medium was adjusted to pH 7.4 and 295 mosm/kg whereas none of
the other studies mentioned any culture adjustments.

Caco-2 human intestinal adenocarcinoma cells were incubated with
0.1, 1, or 10 mM PAMAM GO0—4 and LDH leakage assayed at 90, 150,
and 210 min (El-Sayed, Ginski, Rhodes, & Ghandehari, 2002). LDH
leakage of Caco-2 caused by PAMAM G0-4 was observed to increase
with generation. GO and G1 did not induce significant LDH leakage at any
concentration tested up to 210 min. PAMAM G2 caused significant mem-
brane damage only at 10 mM after 210 min. PAMAM G3 resulted in
significant LDH levels at all concentrations only at 210 min while G4
caused extensive membrane destabilization at all concentrations and
time points (El-Sayed et al., 2002). LDH measures damage to the plasma
membrane, which allows the LDH to leak from the cell, in contrast to
MTT, which measures metabolic activity in the mitochondria. Using
parallel assays can confirm the true effect of a particular treatment or
reveal potentially misleading interactions. As shown by El-Sayed et al.
(2002) and Fischer et al. (2003), LDH confirmed the previous observations
by MTT that PAMAM exhibits generation- and dose-dependent toxicity
to cells in vitro.

While most research has focused solely on metabolic effects of the
cationic dendrimers via MTT dye reduction, Kuo and co-workers (2005)
investigated the mechanism of cell death in RAW 264.7 murine macro-
phage-like cells caused by PAMAM G5. Cytotoxicity was assayed by
MTT dye assay and membrane damage measured by LDH release after
exposure to the dendrimer for 24 h; 264.7 viability decreased significantly
at 0.01 mg/ml with highly toxic effects at 0.1 and 0.2 mg/ml. A DNA
fragmentation assay showed a DNA ladder consistent with DNA frag-
mentation during apoptosis in PAMAM G5-treated cells indicating the
macrophages underwent programmed cell death rather than necrotic lysis
(Kuo et al., 2005). Interestingly, NIH/3T3 and BNL CL.2 murine fibro-
blasts and liver cells, respectively, were not sensitive to cationic PAMAM
dendrimer-induced apoptosis (Kuo et al., 2005). Previously murine macro-
phages were found to be significantly more sensitive to cationic polymer-
induced toxicity than rat hepatocytes or bovine microvessel endothelial
cells (Choksakulnimitr, Masuda, Tokuda, Takakura, & Hashida, 1995).
Thus relative toxicity of the same polymer to different cell lines must be
considered when comparing toxicity results and doses from different stu-
dies using various cells from different animal or human sources.

Initial toxicity screening allows researchers to predict the expected
behavior of a given compound in vivo before proceeding with further
testing. The interaction between cationic PAMAM dendrimers and
blood cells is critical to their in vivo efficacy because dendrimers ultimately
will circulate in the blood independent of the route of administration.
Therefore the hemolytic properties of dendrimers are of particular interest.
PAMAM G3 dendrimers at 0.01, 0.1, 5, and 10 mg/ml were incubated with
red blood cells isolated from Wistar rats for 60 min (Fischer et al., 2003).
The concentration of hemoglobin as detected by spectrophotometry was
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less than 10% of the Triton X-100 positive control for all PAMAM
concentrations tested and was therefore deemed non-toxic. While the
data was obtained in triplicate no other time points or generations of
PAMAM were tested. Malik and co-workers (2000) performed a more
comprehensive study of the hemolytic properties of PAMAM G2-4, which
showed both dose- and generation-dependent hemolysis after 1 h. Inter-
estingly, PAMAM G1 showed no dose- or generation-dependent hemoly-
sis, which may be due to its small molecular weight and low surface charge.
This observation also eliminates the possibility of core-induced toxicity at
low PAMAM generations. Scanning electron microscopy data obtained
on these rat red blood cells showed significant morphological change at
doses as low as 10 pg/ml for PAMAM contrasting the spectrophotometer
data that showed hemolysis only at doses above | mg/ml. At 1 mg/ml red
blood cells also showed more aggregation likely due to dendrimer cross-
linking (Malik et al., 2000). Altered morphology can have significant
impact upon red blood cell function in vivo as shown by the single
amino acid mutation leading to sickle cell anemia. These hemolysis results
highlight the importance of multiple assays to assess in vitro behavior. The
spectrophotometer measurements did not indicate any cytotoxic effects;
however, the scanning electron microscopy photos clearly showed a dif-
ference in morphology indicative of cell membrane damage and cell death
(Malik et al., 2000).

Cationic PAMAM: Effect of Conjugated Molecules

The effect of PAMAM G4 with and without plasmid DNA (pDNA) upon
extensor digitorum longus (EDL) muscles from Sprague—Dawley rats was
calculated by total creatine kinase release determined at 30, 60, and 90 min
by spectrophotometry (Brazeau, Attia, Poxon, & Hughes, 1998). At
1 mg/ml naked PAMAM G4 and G4-pDNA (3:1 w:w) showed similar
toxicity to EDL muscle cells. However, naked G4 at 5 mg/ml was three
times more myotoxic than G4-pDNA (3:1 w:w). A potential charge redu-
cing complex might be formed upon addition of pDNA, or a change in
particle size potentially leading to compaction similar to DNA on histones
may lead to this decreased toxicity. pDNA is also a possible free radical
scavenger thereby decreasing oxidative damage to the cells. Dendrimers
stimulated the highest release of creatine kinase followed by PLL and
liposomes. This decrease in toxicity of negatively charged pDNA com-
plexed with the cationic PAMAM dendrimer supports Roberts et al.
(1996) hypothesis that cytotoxicity is surface charge dependent.

Yoo and Juliano (2000) used PAMAM G5 conjugated to Oregon green
488 (G5-Org) fluorophore to study the cellular localization of dendrimers
compared to their cargo. HeLa cells were incubated for 24 h with 30% fetal
calf serum and without serum in the presence of G5-Org at which time the
viability of the cells was determined via MTT dye reduction. Viability
increased significantly for both the naked and oligonucleotide-conjugated
G5-Org cultured with serum vs without. Interestingly, 30% serum
decreased oligonucleotide delivery to the cells as determined by luciferase
activity compared to the absence of serum but was similar to commercially
available PAMAM dendrimer known as Superfect™. The hydrophobic
Oregon green 488 fluorophore sufficiently shields the cationic charge on
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the surface of Superfect™ to decrease its toxicity (Yoo & Juliano, 2000).
The cytotoxicity of Superfect™ toward Cos-7 monkey kidney fibroblasts
was investigated at different cell confluency and time points (Gebhart &
Kabanov, 2001). Cos-7 at 40, 70, or 90% confluency were exposed to
Superfect™ for 2 or 4 h after which the cells were grown in serum-
containing media for 72 h before MTT analysis. Approximately 80%
viability was observed for 40, 70, or 90% confluency Cos-7 at 2 and 4 h.
This relatively low toxicity is beneficial because transfection increased
significantly between 2 and 4 h. No other dendrimers or PAMAM genera-
tions were tested limiting the ability of these findings to support the
generation- and concentration-dependent toxicity previously observed.

Cationic PAMAM: Effect of PEGylation or Other Surface Modification
The Caco-2 cell line was also used to investigate the toxicity of PEG or
lauroyl fatty acid chain surface-modified PAMAM G2—4 dendrimers
(Jevprasesphant, Penny, Jalal, Attwood, McKeown, & D’Emanuele,
2003). Consistent with previous findings, unmodified PAMAM dendri-
mers showed both a generation- and concentration-dependent cytotoxicity
toward Caco-2. Viability was measured by MTT after 3 h of exposure to
90% confluent cells and 4 h of culture with both dendrimer and MTT.
Surface modification of the tertiary amine groups on PAMAM G3 and G4
with six lauroyl chains reduced toxicity an order of magnitude compared
to unmodified PAMAM G3 or G4. While six lauroyl chains showed
marked reduction in PAMAM G3 and G4 toxicity, the addition of nine
lauroyl chains to G2—4 resulted in similar toxicity as unmodified PAMAM
G2-4. This difference in toxicity between six and nine lauroyl groups on
the dendrimer surface is likely due to increased hydrophobic interaction
with and destabilization of the plasma membrane. The addition of two
PEG 2000 chains to PAMAM G4 had no effect on toxicity; however, four
PEG 2000 chains resulted in a near sixfold reduction in toxicity. This PEG-
dependent reduction in toxicity is consistent with previous findings that
shielding the surface charge decreases toxicity. The two PEG chains likely
did not sufficiently shield the charge amine groups on the PAMAM
dendrimer. The reduction in toxicity shown by Jevprasesphant et al.
(2003) reveals that shielding charge on the dendrimer surface via surface
modification plays a significant role in toxicity but molecular weight and
architecture are still important factors.

A PAMAM-PEG-PAMAM triblock copolymer dendrimer was
synthesized to further investigate the impact of PEG modification on
biocompatibility (Kim, Seo, Choi, Jang, Baek, Kim, & Park, 2004). Trans-
formed human kidney 293 cells were exposed to PAMAM-PEG-
PAMAM GS5 dendrimer for 4 h at 70-80% confluency followed by 2 h
incubation with MTT and cell lysis overnight in detergent. The copolymer
G5 dendrimer showed no toxicity up to 0.15 mg/ml whereas PAMAM G4
showed slight toxicity (~80% viability) up to 0.15 mg/ml. Linear PEI
(25 kDa) showed significant toxicity to 293 cells at 0.05 mg/ml. The
PAMAM-PEG-PAMAM triblock dendrimer study did not investigate
higher generation or higher concentrations to determine the role inserting
PEG into the dendrimer architecture has upon biocompatibility compared
to unmodified PEG. Thus the conclusions drawn by Kim et al. (2004) are
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limited in their applicability to understanding the effect of molecular
weight, surface functionality, and surface charge.

Cationic PAMAM: Immune Response and In Vivo Reaction

In addition to non-toxic and non-hemolytic, a dendrimer for drug delivery
applications must not elicit an excessive immune response. A dendrimer
with low toxicity and hemolysis but high immunogenicity could lead to
death upon administration in the extreme case or rapid elimination in less
severe cases. Thus immunogenicity is a critical determinant in the success
of any drug delivery vehicle. Hemolysis of antibody-sensitized sheep red
blood cells by complement proteins in serum was used to measure the
complement activation induced by PAMAM G5 with and without com-
plexation to DNA (Plank, Mechtler, Szoka, & Wagner, 1996). The com-
plement system is part of the innate immune system capable of triggering
non-specific cell lysis via formation of a membrane attack complex that
forms a pore in plasma membranes. Complement proteins adsorb onto the
surface of the dendrimer and are depleted from the serum. The lower
concentration of complement proteins then induces less hemolysis in a
dose-dependent manner allowing researchers to gauge the extent of com-
plement activation. The hemoglobin released from red blood cell lysis via
the membrane attack complex can be measured using a spectrophotometer
to determine the extent of complement activation. No complement activa-
tion was detectable at a charge ratio of 1:1; however, complement activa-
tion increased with the charge ratio reaching a maximum with only
PAMAM GS5 present (Plank et al., 1996). The charge ratio of DNA to
dendrimer thus determines complement activation supporting the pre-
vious data that charge is important in determining the host response.

In vitro assays such as cytotoxicity and hemolysis provide information
to guide researchers toward the best application for a particular dendrimer
formulation. The cytotoxicity data guides dosage selection while hemolysis
data influences surface modification and dosage frequency among other
factors. The in vivo biodistribution of dendrimers is critical to therapeutic
efficacy, toxicity, and morbidity. If a particular dendrimer formulation
stimulates red blood cell aggregation an embolism, or clot, can form lead-
ing to entrapment in the lungs or brain. Also, many polymer therapies fail
in vivo testing because of excessive accumulation and toxicity in vital
organs such as the kidneys and liver. Thus animal testing is required to
obtain preliminary data about biodistribution, accumulation, and toxicity
before pursuing further experiments focusing on therapeutic efficiency. The
in vivo toxicity of intraperitoneal (ip) '*C-labeled PAMAM G3, 5, or
7 dendrimers at 5x10°°, 5x10°>, or 5x10* mmol/kg after 7 or 30 days
and 5x10~* mmol/kg at 6 months was investigated in Swiss—Webster male
mice (20 g) (Roberts et al., 1996). No change in body weight or behavior
was observed; however, one mouse in the 7-day group died 24 h after
injection with G7 at the highest dose of 45 mg/kg (5x 10 * mmol/kg). No
further investigation into the specific cause of death was performed. Mice in
the 6-month group were investigated for the long-term effects of weekly
5x10~* mmol/kg ip injections of G3, G5, and G7; however, the G7 den-
drimer dosage was lowered to 5x 10 ° mmol/kg after one mouse died 24 h
after the initial dose. As with the 7- and 30-day groups, there was no change
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in weight compared to the control group after 6 months. Interestingly, all of
the liver samples obtained from the 6-month group exhibited liver vacuo-
lization but no further investigation was performed (Roberts et al., 1996).
This vacuolization is indicative of lysosomal storage instead of degradation
(Duncan & Izzo, 2005). In addition to the overall toxicity the biodistribu-
tion of these PAMAM dendrimers was investigated using '*C-labeled
PAMAM G3, 5, or 7 dendrimers at 0.05-0.25 pCi '*C (2-6x 10 * mmol/kg).
PAMAM G3 and G5 showed similar liver accumulation up to 48 h and
were higher than G7, which remained relatively constant. No difference in
kidney or spleen accumulation was found. G5 exhibited slightly higher
pancreatic levels than G3 or G7 but were not significant. Interestingly,
the G7 dendrimer was primarily excreted in urine at 2, 4, and 8 h. After 8 h
urine excretion of G7 mimicked that of G3 and G5, which remained
constant over 48 h. Significant differences in the amount of G3 pancreatic
accumulation was observed between two independent trials. Roberts con-
cluded that G3 and G5 appear to be suitable candidates for further in vivo
therapies while G7 is not due to toxicity at high doses. This research
supports previous findings that liposomes accumulate preferentially in the
pancreas after ip but not iv injection (Goto & Ibuki, 1994). However, the
number of surface-conjugated methyl groups required to gain a '“C signal
may influence the physicochemical properties of the dendrimer altering its
biodistribution (Roberts et al., 1996). Therefore the distribution of '*°I
core-labeled G3 and G4 PAMAM was observed at 1 h after ip or iv
injection into male Wistar rats (250 g) (Malik et al., 2000). Blood levels
were similar for both G3 and G4 after ip or iv injection. Ip injection resulted
in similar liver accumulation for G3 and G4; PAMAM G4 showed sig-
nificantly lower liver levels (~60% recovered dose) than G3 (~85%) after
iv injection. The accumulation in other organs was not reported. It appears
that surface charge and molecular weight have no role in liver accumulation
after ip injection but do play a role after iv injection.

Conjugating PEG to PAMAM G3-gadolinium (Gd)-chelated dendri-
mers increased blood circulation significantly and decreased liver accumula-
tion nearly fivefold at 7 days in rats (breed and weight were not reported)
(Margerum, Campion, Koo, Shargill, Lai, Marumoto, & Sontum, 1997).
The effects of PEG conjugation to '**Gd-labeled PAMAM G4 were inves-
tigated as a potential means to increase blood half-life of the magnetic
resonance imaging contrast agent 2-(p-isothiocyanatobenzl)-6-methyl-
diethylenetriaminepentaacetic acid (1B4M) conjugated to the dendrimer
(Kobayashi, Kawamoto, Saga, Sato, Hiraga, Ishimori, Konishi, Togashi,
& Brechbiel, 2001). Nude mice were injected with 1 pCi/200 ul for biodis-
tribution studies and 3 pCi/200 pl for blood clearance. Conjugation of one
or two 20,000 molecular weight PEG chains significantly increased blood
circulation time compared to the non-PEGylated G4 dendrimer. Two
PEG chains resulted in recovery of 20% of the initial dose/g in blood
compared to 9% for one PEG chain and 2% for the non-PEGylated
dendrimer. In addition, two PEG chains decreased liver accumulation
compared to one PEG or non-PEGylated dendrimer, which showed simi-
lar levels. Two PEG chains did increase the accumulation in the lungs,
which is likely due to increased molecular weight (96 kDa for two PEG
chains vs 77 kDa for one PEG chain and 57 kDa for non-PEGylated
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G4 PAMAM). PEGylating the G4-1B4M dendrimer also significantly
increased blood clearance (Kobayashi et al., 2001). '**Gd was continually
excreted in the urine and feces of the mice with the PEGylated G4-1B4M
showing higher excretion than the G4-1B4M parent molecule. Since the
intent was to study blood retention of a contrasting agent no toxicity was
obtained and only blood clearance investigated beyond 48 h. Nonetheless
this data on PEG-modified PAMAM G4 is valuable for illustrating the in
vivo effect of surface modification on blood clearance.

Anionic PAMAM: Effect of Generation, Dosage, and In Vivo Response

Much attention has focused on cationic PAMAM; however, anionic den-
drimers can be synthesized that will not directly interact with the negatively
charged plasma membrane (Figure 7.5). Malik et al. (2000) found that
cationic PAMAM dendrimers showed toxicity to murine B16F10 melanoma
cells above 100 pg/ml, but anionic PAMAM dendrimers G1.5-7.5 showed
similar toxicity as the negative control dextran-treated cells up to 1 mg/ml.
Anionic PAMAM dendrimers were not tested above 1 mg/ml. Similar results
were found for anionic PAMAM G2.5 and G3.5 dendrimers in Caco-2
(Jevprasesphant et al., 2003). The cationic PAMAM G2-4 showed a con-
centration- and generation-dependent toxicity toward Caco-2 cells; however,
G2.5 and G3.5 anionic PAMAM did not show significant toxicity even at
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1 mM. These findings are consistent with previous conclusions that surface
charge plays an important role in the cytotoxicity of dendrimers. The cationic
PAMAM can interact with a cell’s negatively charged plasma membrane via
electrostatic attraction and cause destabilization. The anionic PAMAM
dendrimers are repulsed by the negatively charged plasma membrane pre-
venting charge-dependent destabilization.

The negative surface charge on anionic PAMAM dendrimers showed
similar results as the in vitro toxicity for decreasing hemolysis. Anionic
PAMAM G1.5-3.5 showed no generation- or dose-dependent hemolysis
up to 2 mg/ml after 1 h. However, PAMAM G7.5 and G9.5 were hemolytic
at doses 2 mg/ml and above, which confirms the previously observed
generational cytotoxicity likely due to the increase in molecular weight
(212 and 852 kDa for G7.5 and (9.5, respectively vs <13 kDa for
G1.5-3.5) and size. Anionic PAMAM G3.5 incubated with rat red blood
cells for 24 h did not cause any dose-dependent increase in hemolysis
(Malik et al., 2000). PAMAM G3.5-9.5 showed no morphological changes
up to 2 mg/ml via scanning electron microscopy supporting the spectro-
photometer measurements. Thus even at high concentrations anionic
PAMAM showed little hemolytic properties. This lack of hemolysis
further supports the theory that positively charged molecules destabilize
the membrane leading to cell lysis since cationic and anionic PAMAM
dendrimers share similar architecture but differing functional groups.

Based on the low in vitro toxicity and hemolytic properties of anionic
PAMAM dendrimers, one would expect little to no in vivo toxicity even at
high doses. Anionic PAMAM G2.5, 3.5, or 5.5 radiolabeled with 1257 were
injected either ip or iv into Wistar rats (250 g) with blood clearance and liver
accumulation assayed at 1 h (Malik et al., 2000). IV injection exhibited
consistent blood levels recovered for G2.5, 3.5, and 5.5. G2.5 showed
slightly higher blood levels than G3.5 or G5.5 at | h after ip administration.
All three PAMAM dendrimers showed higher blood levels after ip injection
than iv. Correspondingly liver levels for iv-administered PAMAM G2.5,
3.5, or 5.5 were higher than those for the respective ip-injected dendrimer
indicating the liver may play a role in anionic PAMAM clearance. PAMAM
G3.5 showed lower hepatic accumulation upon conjugation to platinum
compared to the unconjugated PAMAM G3.5 dendrimer (Malik et al.,
2000). Thus both positive and negative surface charge appears to play
some role in localizing PAMAM dendrimers to the liver as evidenced by
G3.5-platinate and cationic PAMAM findings and the PAMAM G3 and
G4 results (Malik et al., 2000). The overall tolerability of PAMAM G3.5
was further illustrated by Matsumura and Maeda (1986). C57 mice with
B16F10 tumors dosed with 95 mg/kg of PAMAM (3.5 via ip injection
showed no weight change. This relatively high dose shows the comparatively
low toxicity of anionic dendrimers compared to cationic, which showed
lethality at 45 mg/kg with PAMAM G7. This difference appears to be driven
largely by surface charge over molecular weight, size, and architecture.

PEI Dendrimers

In addition to PAMAM, PEI-based dendrimers have been investigated.
These dendrimers differ in their core and dendrons from PAMAM.
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Diaminobutane (DAB) and diaminoethane (DAE) are the two most com-
monly used PEI-based dendrimer cores (Figure 7.6).

Cationic PEI: Effect of Generation, Dosage, and In Vivo Response

Malik and colleagues (2000) observed that DAB G2—4 or DAE core G1-3
showed lower toxicity to B16F10 than PLL at concentrations below
0.1 mg/ml. DAB G2-4 and DAE G3 showed similar inhibitory concentra-
tions for half the cells (ICsog) as the PLL-positive control from 0.1 to
5 mg/ml. In addition, there was a weak generation-dependent toxicity
observed for DAB and DAE dendrimers toward B16F10. Electron micro-
scopy showed morphological changes in BI6F10 after 1 h at concentrations
as low as 0.001 mg/ml for DAB and DAE. However, significant morpholo-
gical changes were seen at 1 mg/ml indicating toxicity for DAB and DAE.
The generation of the dendrimers observed was not noted. PAMAM den-
drimers did not show any morphological changes after 1 h demonstrating
that architecture contributes to in vitro toxicity as PAMAM, DAB, and
DAE have similar surface charge and functional groups but DAB and DAE
are approximately half the molecular weight for a given generation.

In addition to PAMAM G5, Kuo et al. (2005) investigated the effect of
PEI-based DAB G5 upon RAW 264.7. Viability decreased significantly at
0.01 mg/ml with highly toxic effects at 0.1 and 0.2 mg/ml. The results were
nearly identical for PAMAM and DAB G5. LDH release corresponded to
the increased toxicity with a significant LDH release increase at 0.1 mg/ml
for both PAMAM G5 and DAB G5. A DNA fragmentation assay showed
a DNA ladder consistent with DNA fragmentation during apoptosis in
RAW 264.7 treated with DAB G5. These cells also exhibited a higher sub-
G1 population than PAMAM G5 evidenced by higher propidium iodide
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staining further supporting the apoptosis conclusion. While B16F10
appear sensitive to changes in architecture, 264.7 macrophages are more
sensitive to surface charge, which may stem from their phagocytic role in
the reticuloendothelial system (Kuo et al., 2005). In contrast to the dose-
and generation-dependent hemolysis after 1 h caused by exposure to
PAMAM G2-4, PEI-based dendrimers DAB G2—4 and DAE G1-3 exhib-
ited only dose-dependent hemolysis up to 6 mg/ml at 1 h. This difference
in hemolysis was attributed to a difference in molecular weight for a given
number of surface groups (i.e., charge) and the presence of different
interior functional groups such as secondary or tertiary amines (Kuo
et al., 2005).

PEI-based DAB dendrimers showed increasing toxicity to A431 human
epidermoid cancer cells with increasing generation from G1 to G5 with the
exception of G1, which was more toxic than G2 but less toxic than G3
(G2 < Gl < G3 < G4 < G5) (Zinselmeyer, Mackay, Schatzlein, &
Uchegbu, 2002). Therefore the previous observation by Roberts and
co-workers (1996) that increasing generation show increasing toxicity is
further supported and appears to be based primarily on surface charge and
molecular weight. Complexing DAB Gl and G2 with DNA (5:1
DAB:DNA w:w) significantly reduced toxicity to A431 fourfold and two-
fold, respectively. There was little change in toxicity at higher generations
(G3 and G4) complexed with DNA. Therefore with a 5:1 w:w ratio of
DAB:DNA toxicity toward A431 is generation dependent. As a result of
this lowered toxicity at lower generations, DAB G1-3 showed higher
DNA transfection rates than G4 and G5 (Zinselmeyer et al., 2002). The
reduction of toxicity resulting from complexing cationic dendrimer to
anionic DNA also supports the theory that cationic dendrimers exhibit
cytotoxicity through interaction with cellular anions critical for viability.
This data was obtained by MTT after A431 were exposed to DAB and
DAB-DNA for 4 h followed by fresh media for 72 h. MTT was incubated
with the cells for 4 h before obtaining absorbance data.

The effect of tertiary amine groups on DAB G1-4 was compared
against quaternized DAB dendrimers (Q1-4) at coinciding generations to
better characterize the role surface charge plays in toxicity (Schatzlein,
Zinselmeyer, Elouzi, Dufes, Chim, Roberts, Davies, Munro, Gray, &
Uchegbu, 2005). DAB Q1 and Q2 increased cytotoxicity compared to
G1 and G2; Q3 showed no change from G3 while Q4 showed a slight
decrease in ICsy value compared to DAB G4. The effect on A431 cyto-
toxicity of complexing Q1—4 with DNA was also compared against G1-4.
The ICsy value for Q1:DNA 5:1 w:w was higher than that for DAB
G1:DNA 5:1 meaning the quaternized DAB was less toxic. DNA in a 5:1
w:w ratio decreased the 1Cs, value for Q2 to that of G2 without DNA but
was still approximately half the value of G2:DNA 5:1. Toxicity data for
Q3:DNA was only obtained at 3:1 ratio but was threefold lower than Q3
without DNA and G3. Thus the ICs, value for Q3:DNA may partially be
the result of lower dendrimer concentration in the sample. The ICs, value
for Q4:DNA 5:1 was 33 pg/ml compared to 11 pg/ml for Q4 and 5.7 pg/ml
for DAB with or without DNA. These findings support the observation
that shielding the surface of cationic dendrimers by complexation with
anionic compounds such as DNA decreases their toxicity.
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The effect of surface charge for cationic polymers was further investigated
in vivo by testing the effect of quaternizing the terminal amine groups on the
PEI-based dendrimer DAB G1-4 (Schatzlein et al., 2005); 100 ug DAB
G2:DNA at a 5:1 dendrimer nitrogen: DNA phosphate (N:P) injected intra-
venously was lethal to female BALB/c mice resulting in what the authors
described as “embolism-like (rapid) death” (Schatzlein et al., 2005). Inter-
estingly, the quaternized Q2 dendrimer:DNA conjugate at the same dose
was not lethal. This decreased lethality was attributed to the quaternized
dendrimer’s increased ability to complex with DNA. This fact was rein-
forced by 1Cs, values that showed a sevenfold decrease in toxicity when the
Q2 dendrimer was complexed with DNA (49 pg/ml without DNA vs
350 pg/ml with DNA). The Q2 dendrimer with 16 external quaternary
amine groups was ideal because 14 moles of DNA phosphate were asso-
ciated with each mole of dendrimer. Increasing the dendrimer size to Q3 with
32 external quaternary amines only resulted in 15 moles of DNA phosphate
associated per mole dendrimer. Thus Q2 with 16 surface quaternary amine
groups maximized DNA conjugation and hence charge shielding while
minimizing molecular weight and size. The amine groups on DAB were
quaternized by methylation resulting in a dendrimer structure similar to that
used by Roberts et al. (1996) potentially explaining why Q16:DNA accumu-
lated to a significant extent in the liver (Schatzlein et al., 2005). As was shown
with the in vitro cytotoxicity data, shielding of external surface charge on
dendrimers through complexation with DNA or via surface modification
such as PEG grafting decreases in vivo toxicity and in the case of quaternized
DAB G2 also increases gene transfer (Schatzlein et al., 2005).

Anionic PEI: Effect of Generation and Dosage

Changing surface charge from cationic to anionic decreased in vitro toxi-
city in PAMAM dendrimers. Therefore a similar decrease would be
expected from PEI-based dendrimers based on previous observations
that charge plays a large role in toxicity. DAB G1.5-3.5 also showed
similar toxicity as dextran up to 1 mg/ml but were toxic to BI6F10 at
high doses near 10 mg/ml (Malik et al., 2000). This finding was confirmed
by scanning electron microscopy, which showed no significant morpholo-
gical changes in B16F10 cells except at the highest dose of DAB. Even at
doses above 1 mg/ml, DAB and DAE anionic dendrimers were less toxic
than PLL or the corresponding generation cationic PEI dendrimer. Thus a
dynamic relationship between surface charge, size, and concentration are
critical factors determining dendrimer toxicity. Surprisingly little hemoly-
tic data is published for anionic PEI dendrimers. Anionic DAB G1.5-3.5
showed no generation- or dose-dependent hemolysis up to 2 mg/ml after
1 h in contrast to cationic DAB G2-4 and DAE G1-3 that showed dose-
dependent toxicity. Cationic PAMAM G2—4 exhibited both generation-
and dose-dependent toxicity. Therefore surface charge eliminates the
dose-dependent hemolytic property while architecture suppresses the
generation-dependent effect. There is a small variation in molecular weight
between PEI and PAMAM dendrimers. Cationic PEI dendrimers are
approximately half the molecular weight of the corresponding generation
PAMAM dendrimer; anionic PEI is approximately 30% smaller than
PAMAM at the same generation and surface charge (Malik et al., 2000).
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Despite significantly lower toxicity more research has been performed
with cationic than anionic dendrimers. The ease of cargo loading such as
DNA is a major factor in this focus on cationic dendrimers. Electrostatic
attraction complexes negatively charged DNA with positively charged
dendrimer. Anionic dendrimers are more difficult to conjugate to DNA.
Since gene delivery is a major research focus for dendrimers the focus
is obviously on cationic dendrimers. Even more surprising is that there
currently are no published in vivo studies using anionic DAB or DAE
dendrimers despite their low toxicity. With the current emphasis on devel-
oping more clegant drug delivery systems this lack of data using anionic
PEI dendrimers will not likely last.

Other Dendrimer Core Structures

Carbosilane-Based Dendrimers
Most dendrimer research has focused on PAMAM based on an ethylene
diamine core or PEI built around either a diaminobutane or diami-
noethane core. However, dendrimers are not limited to just these core
structures. Carbosilane can be grafted with poly(ethylene oxide) (CSi-
PEO) to form a dendrimer with PEO arms (Figure 7.7). These CSi-PEO
G1 dendrimers showed significantly higher toxicity at doses above 1 mg/ml
than the G2 dendrimer to BI6F10 but were less toxic than PLL at all doses
(Malik et al., 2000). This decreased toxicity for CSi-PEO G2 can be
explained by the greater degree of shielding from the toxic core. However,
these CSi-PEO dendrimers were not toxic to CCRF and human HepG2
hepatoma cells at doses up to 2 mg/ml. These findings again highlight
the observation by Choksakulnimitr et al. (1995) that different cell lines
demonstrate different levels of sensitivity to insult with polymers.
Further research into these carbosilane dendrimers investigated the
effect surface charge has upon toxicity to primary cells obtained from
human donors (Ortega, Bermejo, Chonco, de Jesus, de la Mata,
Fernandez, Flores, Gomez, Serramia, & Munoz-Fernandez, 2006). Car-
bosilane G2 dendrimers with surface amine groups (8 or 16) quaternized
with methyl iodide showed similar toxicity to peripheral blood monoculear
cellsat 1,5, 10, 20, or 100 uM after 48 h incubation. Mitochondrial activity
and thus viability were determined by MTT dye reduction after 4 h incu-
bation with the MTT dye. Carbosilane G2 dendrimer with 8 or 16 surface
methyl groups decreased mitochondrial activity from 80% at 1 uM to 30%
at 5 uM. A dose of 10 pM showed a reduction to ~10% activity while 20
and 100 pM showed similar activities ~5% of the control cells without
dendrimer exposure. These observations coincided with phase contrast
microscopy of the peripheral blood monoculear cells. No morphological
difference was observable between cells treated with 1 or 5 uM carbosilane
G2 and the untreated control cells. However, above 10 uM membrane
birefringence was significantly reduced and cell debris from dead periph-
eral blood monoculear cells was observable (Ortega et al., 2006). Periph-
eral blood monoculear cells are more difficult to culture and are more
sensitive to dendrimers than immortalized cell lines, but the data obtained
from these experiments is more physiologically relevant to in vivo beha-
vior. As with the findings of Roberts et al. (1996) the addition of the
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Poly Aryl Ether dendrimer

Figure 7.7 Carbosilane—polyethylene oxide and poly aryl ether dendrimers.

hydrophobic methyl group on the periphery of the dendrimer may affect
the behavior of the quaternized carbosilane dendrimer. Despite promising
in vitro toxicity data little in vitro hemolysis data is published for carbo-
silane dendrimers. These CSi dendrimers showed a similar hemolytic
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behavior as the anionic dendrimers with < 5% hemolysis up to 2 mg/ml.
More research into the effect of core toxicity, surface functional groups,
and quaternization with hydrophobic methyl groups is needed prior to
extensive in vivo testing.

Polyether-Based Dendrimers
De Jesus and co-workers (2002) conjugated methoxy-capped triethylene
glycol to a propanoic acid-based polyester G4 dendrimer synthesized via
the methodology of Inhre and co-workers (2002). The methoxy-capped
tricthylene glycol-modified polyester G4 dendrimer significantly increased
toxicity of the dendrimers to BI6F10 cells at doses higher than 5 mg/ml
after 48 h. The toxicity of the modified dendrimer (11,500 Da) may be
explained by the increase in molecular weight over the unmodified den-
drimer (3790 Da). However, another dendrimer using three-armed PEO
and G2 polyester dendrons (23,500 Da) showed similarity toxicity as the
unmodified G4 polyester dendrimer (3790 Da) after 48 h at doses ranging
up to 10 mg/ml. At 20 and 40 mg/ml this PEO-polyester G2 dendrimer
showed significantly less toxicity toward B16F10 cells than the unmodified
G4 polyester as determined by sulforhodamine B (SRB). De Jesus et al.
(2002) theorized that PEO-polyester dendrimer appeared to inhibit growth
of B16F10 resulting in the appearance of dendrimer-mediated toxicity as
compared to the control. The ether and carbonyl nature of the backbone
may also contribute to the cytotoxicity. Despite using the same cell line, the
results found by De Jesus are difficult to compare to those by Malik
because different cell viability assays were used (MTT vs sulforhodamine
B assay), incubation time varied (48 h vs 72 h for Malik), and doses varied
by nearly an order of magnitude. In addition, the doses used by De Jesus
et al. (2002) are significantly higher than most experiments reviewed here
with the exception of two in vivo tests discussed previously in this section.
A convergent poly aryl ether dendrimer was synthesized with either a
carboxylate terminal group or malonate (Malik et al., 2000) (Figure 7.7).
The poly aryl ether G2 dendrimers showed no dose- or concentration-depen-
dent hemolysis after 1 h for either the carboxylate or malonate terminal
groups, but both forms of G2 polyether dendrimer did cause complete hemo-
lysis at > 1 mg/ml after 24 h. The GO dendrimer with carboxylate groups
showed hemolysis at concentrations above 3 mg/ml at 1 h due to hydrophobic
aromatic groups capable of interacting with the plasma membrane (Malik
et al., 2000). As the generation increased to G2 these aromatic rings were
buried more within the polyether dendrimer preventing interaction with cells
making them less toxic. Thus even with anionic polyether dendrimers archi-
tecture plays an important role in toxicity and hemolysis (Malik et al., 2000).
Studies on the in vivo behavior of these higher generation anionic
polyester and polyether dendrimers are limited. Polyester-based G4 dendri-
mers (MW 3790 Da) and three-armed PEG-G2 polyester dendrons (MW
23,500 Da) were iv injected into CD-1 nude mice at 1.3 g/kg (De Jesus et al.,
2002). The unmodified polyester dendrimer showed immediate lethality in
one mouse with no evidence indicating embolism. The second mouse was
sacrificed at 24 h and showed no gross toxicity to its organs. The higher
molecular weight dendrimer based on three-armed PEG was not lethal to
either mouse, which may be due to its flexibility and low core toxicity. After
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24 h neither mouse exhibited signs of gross toxicity to its organs. Based
upon these results biodistribution studies were undertaken using '*’I-
labeled dendrimer to determine localization. The polyester G4 dendrimer
was excreted through the kidneys as expected for a small molecular weight
compound and was completely eliminated by 4 h post-injection (De Jesus
etal., 2002). The methoxy-capped triethylene glycol-modified version of the
G4 polyester dendrimer was also renally excreted despite have a threefold
higher molecular weight. After 30 min less than 5% of the methoxy-capped
polyester dendrimer was detected in serum and was primarily excreted
by 5 h post-injection. The three-armed PEG-based polyester dendrimer
showed significant liver accumulation just 3 min post-injection. Liver levels
remained high throughout the experiment with 53% of the injected dose still
residing in the liver after 5 h. The three-armed PEG-based dendrimer could
not be labeled using the same reaction mechanism as for G4 polyester
dendrimer thus the '*°I was located on the surface of the dendrimer rather
than on the core. Hydrolysis of the '*°I linkage was ruled out because liver
accumulation was observed after just 3 min and radioactivity was detected
in the high molecular weight fraction of G-50 spin columns (De Jesus et al.,
2002). Further experiments were performed using this three-armed PEG-
based polyester dendrimer conjugated to the potent chemotherapeutic drug
doxorubicin. Polyester dendrimer—doxorubicin did not accumulate signifi-
cantly in the lungs, heart, or liver in contrast to free doxorubicin, which is
well known to accumulate in the heart and lungs. Thus this PEG-polyester-
based dendrimer shows potential to increase therapeutic efficiency of dox-
orubicin without the toxicity and organ accumulation concomitant with
administration of the free drug.

Melamine-Based Dendrimers

A triazine ring was used as the core for dendrimers based on melamine
(Neerman, Zhang, Parrish, & Simanek, 2004). This core structure allows
researchers to specifically tailor both the functional groups present on the
dendrimer surface along with their spatial arrangement (Zhang, Jiang,
Qin, Perez, Parrish, Safe, & Simanek, 2003). Neerman et al. used a G3
melamine dendrimer with amine functional groups and found that these
dendrimers exhibited toxicity to Clone 9 rat liver cells at 0.1 mg/ml. This
relatively high level of toxicity is likely due to a combination of the
terminal amine groups and the architecture, which is rich in polyether
bonds and triazole rings. The in vivo effects of these melamine dendrimers
were also investigated (Neerman et al., 2004). Melamine G3 was found to
be lethal at the extremely high dose of 160 mg/kg in male C3H mice at
6-12 h. Blood urea nitrogen was used to assess renal toxicity. No signifi-
cant difference between the melamine G3 and the control group was found
at 2.5, 10, or 40 mg/kg after 48 h or 6 weeks. The chronic time point taken
at 6 weeks comprised three doses every 3 weeks for 6 weeks total. Alanine
transaminase was used to assess liver function. Again no difference was
found between G3 melamine treatment and the control at 2.5 and
10 mg/kg after 48 h or 6 weeks; however, there was a significant difference
between both the 48 h and 6-week groups dosed at 40 mg/kg melamine G3
and PBS-treated mice. Thus melamine G3 is apparently not toxic to the
kidney even at high doses and was confirmed through histological staining
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with hemotoxylin and eosin (Neerman et al., 2004). However, liver toxicity
is an issue at 40 mg/kg as evidenced by hepatocyte necrosis in histological
slides. These findings are comparable to those by Roberts et al. (1996) who
found that cationic PAMAM was relatively well tolerated even at high
doses near 40 mg/kg except for G7.

Summary

Based on the studies presented, a complex combination of dendrimer
architecture, molecular weight, and surface functionality/charge plays a
role in toxicity in vitro. The effect on a specific cell model may be unique
and cannot be extrapolated to other cell types. The behavior of dendrimers
in vivo is less well defined and unified. In vitro and in vivo disconnect also
exists. For example, cationic PAMAM dendrimers that show relatively
high toxicity in vitro are reasonably tolerated in vivo even at high doses
(Robertset al., 1996; Malik et al., 2000; Neerman et al., 2004). Other groups
have injected even higher doses of anionic dendrimer. PEG-G2 polyester
dendrons (MW 23,500 Da) were iv injected into CD-1 nude mice at 1.3 g/kg
with immediate lethality in one of two mice (De Jesus et al., 2002). In
addition, the major focus of dendrimer research has focused on cationic
PAMAM and PEI dendrimers with significantly fewer studies on anionic
dendrimers or different architecture (Tables 7.2-7.5). The current body of
work supports some generalized hypotheses. First, cationic surface charge
increases toxicity through membrane destabilization. And second, the
structure of the dendrons also plays a role in membrane destabilization as
seen with the melamine dendrimer (Neerman et al., 2004) and polyether GO
dendrimer (Malik et al., 2000). However, more research is needed into the
full mechanism underlying the complex interaction of dendrimer molecular
weight, size, surface charge, and architecture.

Conclusions

More research has been performed on cationic dendrimer biocompatibility
than bioMEMS or anionic dendrimer biocompatibility. A few general con-
clusions can be made regarding dendrimer structure, surface charge, and
architecture, but more mechanistic research is needed to better understand
the complex role these factors play. In addition, little standardized biocom-
patibility have been performed for bioMEMS and dendrimers. More con-
clusions regarding dendrimer biocompatibility could be drawn with more
careful selection of cell model and culture conditions as evidenced previously
and in Tables 7.2-7.5. Therefore more research adhering to the guidelines
established by ISO 10993 and ASTM F748 will allow researchers to draw
conclusions from similar experiments that are not currently available.
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Nanomaterials and Biocompatibility:
Carbon Nanotubes and Fullerenes

Sean T. Zuckerman and Weiyuan John Kao

Introduction

The definition of “biocompatibility” and the related background material
are detailed in the previous chapter covering the biocompatibility of
biological microelectricalmechanical systems and dendrimers. This
chapter will focus on the biocompatibility of current and emerging
carbon-based nanomaterials such as carbon nanotubes and fullerenes
from a structure—function standpoint. We will present trends and data
from current primary literature correlating the structure of a material with
its observed effect on the body ranging from cytotoxicity to hypersensitivity.
In addition, we will highlight the differences in the data obtained ranging
from different material preparation methods to different animal models and
how these upstream choices influence the comparison of conclusions drawn
regarding each type of material. The subjective nature of assessing the extent
of a biological phenomenon such as the host response to a given material for
a species should become apparent.

Known Structure—Function Relationships
of Carbon Nanotubes (CNTs)

Carbon nanotubes (CNT) are a unique allotrope of carbon with a unique
combination of properties that has attracted attention from researchers in
the biomedical community, as well as electrical engineers and mechanical
engineers, and among others. CNTs have two different structures — single
walled and multiwalled. The single-walled CNT (SWCNT) is comprised
of a hollow tube of graphite and it follows that the multiwalled CNT
(MWCNT) is a series of concentric graphite tubes (Figure 8.1). SWCNTs
typically are ~1 nm in diameter and range in length up to several microns.
MWCNTs are usually 40-50 nm in diameter but are shorter than SWCNTs.
CNTs have attracted attention because they possess a high tensile strength,
are excellent conductors of electricity, and are both chemically and ther-
mally stable. Biomedical engineers and pharmaceutical scientists have found
interest in CNTs based on their potential for drug delivery, biomaterials,
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and biosensor applications. The mechanical properties of CNTs can be used
to reinforce current polymers or induce electrical conductivity by means of
doping. CNTs are potentially a powerful drug delivery vehicle due to their
high aspect ratio and high surface area.

The announcement of the National Nanotechnology Initiative by the
Clinton administration in 2000 brought additional attention to nanoscale
potential. The additional federal funding for research into nanomaterials,
such as CNTs, has increased the demand for CNTs, necessitating large-
scale manufacturing of CNTs. The national attention brought to nano-
materials by this initiative also brought extra scrutiny on the safety of
nanomaterials. Every day millions of people are exposed to very low levels
of CNTs resulting from the combustion of hydrocarbons such as natural
gas and diesel fuel. This level of daily exposure is orders of magnitude less
than that the laboratory and manufacturing personnel would be exposed
to. The question of worker exposure was thus raised in addition to the
questions surrounding the safety of using CNTs as pharmaceutical agents.
The production, characterization, and properties of CNTs are discussed in
depth elsewhere in this textbook. This chapter will focus on the health
hazards posed by CNTs in addition to the current body of knowledge
regarding CNT toxicity and biocompatibility.

Lung Toxicity and Inhalation Hazards

In order to commercially produce CNTs, manufacturers first had to classify
the material for safety risks. Based on molecular similarities to carbon,
CNTs were formally classified as synthetic graphite on the Material Safety
Data Sheet submitted by Carbon Nanotechnologies, Inc. (Carbon Nano-
technologies International, 2003). This classification established known
inhalation limits on workers exposed to CNTs in the work place. Specifi-
cally, the Occupational Safety and Health Administration sets the limits at
15 mg/m’® of total dust, with 5 mg/m* allowable for the inhalable fraction
of CNTs and graphite. However, unlike graphite, CNTs possess a fibrous
nature and tend to agglomerate. Worker exposure to inhalable fibrous
particles such as asbestos is well documented. Lung toxicity is based on
the geometry and surface chemistry of inhaled particulates (Donaldson &
Tran, 2002; Lippmann, 1994). The surface chemistry plays a role in the
biopersistence of the particle. The longer a particle resides in the lungs, the
higher the levels of accumulation from exposure ultimately leading to toxic
effects (Hesterberg, Chase, Axten, Miller, Mussleman, Kamstrup, Hadley,
Morscheidt, Bernstein, & Thevenaz, 1998). In addition, the surface area to
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mass ratio is a critical determinant of the interaction between the particle and
the cells in the alveoli. A large surface area also allows for a greater prob-
ability of a toxicant adsorbing to the particulate surface (Tran, Buchanan,
Cullen, Searl, Jones & Donaldson, 2000). CNTs pose a unique perspective on
previous lung toxicity data: CNTs posses an unusual surface area to weight
ratio previously not encountered while combining the properties of nano-
particles with fibers.

Limited data is available regarding the lung exposure to materials with
very high surface area to mass ratios. The potential for toxicity is inversely
proportional to decreasing particle size and proportional to increasing sur-
face area (Donaldson & Tran, 2004; Driscoll, Carter, Howard, Hassenbein,
Pepelko, Baggs, & Oberdoerster, 1996). For instance, inhalation of micro-
sized carbon black particles is less toxic than inhalation of nanosized
carbon black (also called ultrafine) (Driscoll et al., 1996). In addition,
14 nm carbon black particles induced oxidative stress and stimulated migra-
tion of murine alveolar macrophages approximately twofold more than
260 nm carbon black particles (Barlow, Donaldson, MacCallum, Clouter, &
Stone, 2005; Stone, Shaw, Brown, Macnee, Faux, & Donaldson, 1998).
Thus, even a decrease from hundreds of nanometers to tens of nanometers
can make a significant difference in the host response. As with previous
observations of asbestos exposure, inhalation of carbon black for long
periods at sub-toxic levels led to mutagenesis in rat lungs (Gallagher,
Sams, Inmon, Gelein, Elder, Oberdorster, & Prahalad, 2003; Nikula,
Snipes, Barr, Griffith, Henderson, & Mauderly, 1995). Fiber particle
toxicity must also be considered. Similar to nanoparticles, the size and
geometry of the fiber particle play a critical role in its potential toxicity. If
the diameter of a fiber is too large, it will likely be trapped in the protective
cilia of the upper respiratory tract (Donaldson & Tran, 2004). A relatively
long fiber can be inhaled if its diameter is sufficiently small, but if that fiber
is too long (> 20 um), alveolar macrophages cannot phagocytose and
destroy it (Ye, Shi, Jones, Rojanasakul, Cheng, Schwegler-Berry, Baron,
Deye, Li, & Castranova, 1999). The fiber residence time is a critical
determinant of toxicity. The longer a fiber is present in the lung, the
more likely toxicity will result (Smart, Cassady, Lu, & Martin, 2006).
Unlike nanosized particles no toxicological data is available for nanosized
fibers.

In Vivo Studies: SWCNTs

The first group to investigate the effects of inhaled CNTs dosed Dunkin
Hartley guinea pigs with unpurified CNTs and observed pulmonary func-
tion 4 weeks post-exposure (Huczko, Lange, Calko, Grubek-Jaworksa, &
Droszcz, 2001). No specification was given whether the CNTs were single
or multiwalled; however, the CNTs were produced via arc-discharge sub-
limation of a graphitic node doped with Co/Ni catalyst. Surfactant was
used to disperse the aggregated CNTs, which were instilled in the tra-
chea at a dose of 25 mg. Broncheal alveolar lavage (BAL) and other non-
invasive techniques were used to assess pulmonary function. No difference
was observed between the CNT group and the CNT-free soot control
(Huczko et al., 2001). No further research on in vivo inhalation exposure
was performed until 2004 when Lam et al. and Warheit et al. published
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papers assessing the toxicity of SWCNT instilled intratracheally to mice and
rats (Lam, James, McCluskey, & Hunter, 2004; Warheit, Laurence, Reed,
Roach, Reynolds, & Webb, 2004).

Lam et al. (2004) investigated three different formulations of SWCNTs:
raw and purified SWCNTs produced via high-pressure carbon monoxide
conversion catalyzed with iron and CNTs from arc-discharge sublimation
of a graphitic node doped with Ni catalyst compared against quartz or
carbon black. These materials were exposed to B6C3F1 mice via intratra-
cheal instillation, which is a commonly used screening method to model
exposure to dust for toxicity (Lam et al., 2004). Mice were treated with 0,
0.1, or 0.5 mg of each material in 50 ul. After 7 or 90 days the mice were
sacrificed and subjected to histology. SWCNTSs were observed to cause
dose-dependent lung lesions characterized by interstitial granulomas inde-
pendent of production technique and metal content. The granulomas
present at 7 days persisted and appeared worse at 90 days. Lam et al.
(2004) point out that the unpurified SWCNT and arc-discharge SWCNT
contained significant metal impurities such as nickel that are known to be
highly toxic (Benson, Carpenter, Hahn, Haley, Hanson, Hobbs, Pickrell, &
Dunnick, 1987). Quartz was observed to only elicit what was described as
“mild to moderate inflammation”; therefore, Lam et al. (2004) concluded
that SWCNTSs are more toxic than quartz.

Warheit’s group used the same exposure technique but SWCNTSs iso-
lated from laser ablation (2004). Male Crl:CD(SD)IGS BR rats (~8 weeks
of age) were intratracheally instilled with 1 or 5 mg/kg and observed for
24 h, 1 week, 1 or 3 months. BAL, cell proliferation, and histology were
used to assess the extent of pulmonary damage. Based on BAL and cell
proliferation assays SWCNTs appeared to induce only transient inflam-
mation while histology revealed a non-dose-dependent incidence of gran-
ulomas indicating a foreign body reaction. These granulomas were not
uniformly dispersed throughout the lung and were also observed to resolve
between 1 and 3 months (Warheit et al., 2004). Thus, the histology results
appear to contradict the BAL and cell proliferation results indicating
minimal inflammation and injury. This inconsistency is likely an artifact
of dosage. CNTs aggregate extensively. A single bolus injected into the
trachea of a mouse or rat effectively simulates inhalation of a dust, but
CNTs do not behave solely like dust particles. This aggregation was
apparent after injection of the 5 mg dosage when 15% of rats died due to
mechanical blockage of the upper airways by CNT aggregation despite
solubilization with surfactant (Warheit et al., 2004). Thus, the tracheal
instillation is not ideal for modeling exposure to CNTs regardless of purity
or source.

The previous studies used intratracheal injections, but the histological
analysis showed that this method leads to CNT aggregation and in some
cases death (Warheit et al., 2004). Therefore, pharyngeal aspiration of
purified SWCNT (>99%) in C57BL/6 mice was used to model the effects
of SWCNT inhalation (Shvedova, Kisin, Mercer, Murray, Johnson,
Potapovich, Tyurina, Gorelik, Arepalli, Schwegler-Berry, Hubbs, Antonini,
Evans, Ku, Ramsey, Maynard, Kagan, Castranova, & Baron, 2005). This
technique involves the administration of a 50 pl drop of material on the back
of the tongue of mouse allowing it to form an aerosol. The results of 0, 10,



Chapter 8 Nanomaterials and Biocompatibility

20, or 40 pg/mouse were assessed by BAL, LDH, and histopathology. The
BAL was assayed for tumor necrosis factor «, interleukin 1, and trans-
forming growth factor B1 inflammatory cytokines. In vitro experiments on
RAW 264.7 macrophages were also performed investigating the effect
of SWCNTs. Shvedova et al. (2005) found that the SWCNTs for-
med either compact aggregates or dispersed into the lungs. In addition,
the inflammatory cytokine tumor necrosis factor o and interleukin 18
increased in a dose-dependent manner, with SWCNTs corresponding to
neutrophil recruitment while transforming growth factor 1p increased at
later time points (3—7 days) corresponding to macrophage recruitment.
However, the acute inflammation resolved within 2 months. Dose-
dependent granuloma formation was observed within 7 days of SWCNT
treatment and was not resolved after 60 days. The SWCNTSs were observed
to elicit an acute inflammatory response while the dose-dependent granu-
loma formation occurred primarily in sites of dispersed SWCNT exposure
(Shvedova et al., 2005). Interestingly, fibrosis was observed at sites distant
from deposited aggregates that did not experience persistent inflammation
typically consistent with fibrotic response. Ultrafine carbon black and
silica did not induce alveolar wall thickening or granuloma formation
and stimulated a much lower inflammatory response when administered
via pharyngeal aspiration. Therefore, Shvedova et al. (2005) concluded
that SWCNTSs introduced to C57BL/6 mice via pharyngeal aspiration
induced acute inflammation and elicited the early appearance of granulo-
mas and fibrotic response. The doses chosen for this experiment were
based on the Occupational Safety and Health Administration’s permissi-
ble exposure limit to investigate the effects of occupational exposure and
were equivalent to ~0.5 mg/mouse.

The work performed by Lam et al. (2004) was supported by Jia et al.
(2005) who exposed alveolar macrophages to SWCNTs in vitro. These
SWCNTs were made by electric arc discharge and purified to ~90%
purity, with amorphous carbon the major impurity. The catalyst metals
nickel, yttrium, and iron were also present in trace amounts. These
SWCNTs showed approximately fourfold higher toxicity to alveolar
macrophages than SiO, at 22.60 pg/cm?” as determined by MTT dye
reduction (Jia et al., 2005). In addition, SWCNTs decreased the ability of
alveolar macrophages to phagocytose latex beads at 0.38 pg/cm?, which is
one full order of magnitude lower than other nanomaterials such as full-
erenes also investigated. Alveolar macrophages treated with SWCNTSs also
demonstrated a dose-dependent shift from phagocytic to non-phagocytic
cells (Jia et al., 2005). Evidence of apoptosis was seen at doses as low as
0.76 pg/cm?® and became apparent at 3.06 pg/cm?® when phagosomes and
vacuoles were evident along with endoplasmic reticulum swelling. There-
fore, Jia et al. (2005) concluded that SWCNTSs were toxic toward alveolar
macrophages and that individual toxicities of nanomaterials needed to be
assessed.

Murine alveolar macrophages RAW 267.9 were exposed to SWCNTs
in vitro (Soto, Carrasco, Powell, Garza, & Murr, 2005). These SWCNTs
contained nickel catalyst and demonstrated bundle- or rope-like aggre-
gates. The aggregate size varied from 2 to 20 um for the bundles with
10-200 nm diameters. The toxicity of SWCNTs to RAW 267.9 paralleled
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that of chrysotile asbestos in vitro, which forms bundles of 0.5-15 pm and
has fiber diameters 15-40 nm. (Soto et al,. 2005). However, Soto et al.
point out that fibrous asbestos can align with laminar air flow in the lungs
but that SWCNTs would have to disperse from the aggregates to behave
similarly. Also, nanoparticles have a high percentage of exhaled fractions
~80% (Lippmann, 1986) making further inferences from this in vitro data
difficult. Thus, in vitro studies are limited in their application to inhaled
SWCNT toxicity in vivo.

In Vivo Studies: MWCNTs

Despite the aggregation issues evident in the previous studies, intratra-
cheal instillation was used to investigate the effects of MWCNTSs solubi-
lized with detergent on guinea pigs (Huzcko, Lange, Bystrzejewski,
Baranowski, Grubek-Jaworska, Nejman, Przybylowski, Czuminska,
Glapinski, Walton, & Kroto, 2005). This study used BAL, lung resistance,
and histology to assess pulmonary damage at 90 days. Five different
MWCNTs were instilled including commercially available CNT and CNT
produced by arc discharge as well as CVD. Alveolar macrophages were
identified in the BAL of guinea pigs exposed to MWCNTs (Huzcko et al,
2005). In addition, numerous lesions were identified by histology, and lung
resistances were abnormal for all animals exposed to MWCNTs. These
results are in contrast to Warheit et al. (2004) who found that BAL and
cell proliferation contradicted histology. Drawing on conclusions from their
previous study, Huzcko et al. (2005) concluded that exposure time is a
critical determinant in pulmonary toxicity of MWCNTs. This conclusion
supports previous theories that biopersistence is a major factor determining
toxic effects of an inhaled particle.

Guinea pigs intratracheally instilled with 12.5 mg of commercially
attained MWCNTs solubilized with detergent showed increased levels of
interleukin 8 (Grubek-Jaworska, Nejman, Czuminska, Przybylowski,
Huczko, Lange, Bystrzejewski, Baranowski, & Chazan, 2006). MWCNTs
from NanoLab synthesized via chemical vapor deposition at 95% purity
showed increased levels of neutrophils, macrophages, and lymphocytes in
the BAL after 3 months; MWCNTs from NanoLab at 80% purity resulted
in increased macrophages and eosinophils only. MWCNTs from Showa
Denko did not show any difference in BAL cell population from control
animals injected with phosphate buffer saline containing Tween detergent
(Grubek-Jaworska et al., 2006). While all animals showed lung lesions
regardless of MWCNT source, the MWCNTs obtained from Showa
Denko celicited the most extensive pathology determined by histology.
The NanoLab 95% purity and Showa Denko MWCNTSs were reported
as being iron free while the NanoLab 80% purity CNTs contained <0.01
parts per million iron (Grubek-Jaworska et al., 20006).

Muller et al. (2005) also investigated the effects of various doses of
inhaled MWCNTs at 60 days. Female Sprague-Dawley rats were intra-
tracheally instilled with 0.5, 2, or 5 mg of purified MWCNTSs or ground
MWCNTs, which were chosen to investigate the effects of aggregation
versus dispersion in the rat lungs. Muller et al. (2005) used both carbon
black and asbestos as controls allowing comparison between ultrafine
particles and fibers. The effects of MWCNT exposure were assayed
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using BAL, histology, and biopersistence. MWCNTs were found to be
slowly cleared from rat lung, with 81% of the initial dose remaining at
60 days for intact MWCNT and 36% remaining for the ground
MWCNTs. Grinding did not significantly reduce aggregation in vivo;
however, the ground MWCNTs did demonstrate more uniform dispersion
in the lung compared to intact MWCNTs and prevented intraluminal
granulomas (Muller et al., 2005). As with previous studies, MWCNTs
still exhibited aggregation despite use of surfactant (Muller et al., 2005;
Huzcko et al., 2005; Huczko et al., 2001). Tumor necrosis factor o was
found to be elevated in rats exposed to asbestos, carbon black, MWCNTs
at 2 mg, and ground MWCNTs at 0.5 and 2 mg during acute inflamma-
tion. After 60 days, tumor necrosis factor o production, which is a known
pro-inflammatory and pro-fibrosis cytokine, in the BAL was evident only
in rats treated with asbestos or ground MWCNTSs at 0.5 and 2 mg (Muller
et al., 2005). In vitro peritoneal macrophages produced tumor necrosis
factor o in response to asbestos, carbon black, and ground MWCNTSs but
not intact MWCNTs. This increase in tumor necrosis factor o production
was paralleled by a dose-dependent increase in toxicity assessed by LDH
release (Muller et al., 2005). MWCNT aggregates accumulated in the
airways of Sprague-Dawley rats led to collagen-rich granulomas in the
bronchial lumen. Ground MWCNTs were better dispersed throughout
the rat lung eliciting an inflammatory and fibrotic response. Both ground
and intact MWCNTs stimulated increased tumor necrosis factor o. There-
fore, Muller et al. (2005) called for restrictive measures to reduce worker
exposure during manufacturing and research.

These previous in vivo studies demonstrated that intratracheal instilla-
tion of CNTs can cause lethality due to mechanical blockage resulting
from CNT aggregation in addition to granuloma formation and fibrosis.
Nitrogen doped MWCNTs did not induce lethality in CD-1 nude mice
after introduction at doses up to 5 mg/kg (Carrero-Sanchez, Elias,
Mancilla, Arrellin, Terrones, Laclette, & Terrones, 2006). The MWCNTs
were synthesized using chemical vapor deposition with ferrocene (FeCp,)
as a catalyst. Nitrogen doped MWCNTs were synthesized via a similar
process resulting in 2-4 wt% nitrogen (Carrero-Sanchez et al., 2006). The
iron content for both types of CNTs was 2-2.5 wt% and both CNTs were
oxidized via acid treatment increasing surface hydrophilicity. A variety of
administration routes were used including nasal, oral, intratracheal, and
intraperitoneal. However, neither oral nor intraperitoneal injections
resulted in significant host response up to 30 days (Carrero-Sanchez et al.,
2006). In addition, the nasal injections at 1, 2.5, or 5 mg/kg either in a single
bolus or dosed daily for 1 week did not result in nitrogen doped CNT
deposition in the lungs or inflammation up to 30 days. Carrero-Sanchez
et al. theorized that the lack of nitrogen doped CNTs and inflammation via
nasal injections is likely due to entrapment in the mucosal linings of the nasal
and upper respiratory tracts; however, no further investigation into the
presence of nitrogen doped CNTs in these secretions was made (Carrero-
Sanchez et al. 2006). Mice intstilled intratracheally with 1 mg/kg nitrogen
doped CNTs showed no lung deposition, but the presence of nitrogen
doped CNTs was detected at 2.5 and 5 mg/kg. However, no other gross
toxicity was apparent in other organs (Carrero-Sanchez et al., 2006). The
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lungs from mice with 2.5 mg/kg intratracheal instillation demonstrated
aggregation of the nitrogen doped CNTs in bronchioles at 24 and 48 h as
well as after 1 week. At 1 month, these mice demonstrated insignificant
granuloma formation assessed by histology. The extremely high dose of
5 mg/kg led to time-dependent tissue infiltration and host inflammatory
response (Carrero-Sanchez et al., 2006). Histology revealed that the inflam-
mation was mediated primarily by lymphocytes, macrophages, and fibro-
blast proliferation. MWCNTs instilled intratracheally at 1, 2.5, and 5 mg/kg
resulted in significant and immediate lethality of the mice (30, 60, and 90%,
respectively) (Carrero-Sanchez et al., 2006). Dyspnea was the primary cause
of death for these mice. Dose-dependent deposition was observed in the lung
tissue via histology. In the mice that survived instillation, multiple granu-
loma formation was apparent in the lung interstitium at 15 days.
Granuloma formation was also evident at early time points in mice dosed
with 2.5 mg/kg (Carrero-Sanchez et al., 2006). Thus, both MWCNTs and
nitrogen doped MWCNTs induced time- and dose-dependent pathological
changes in the lung tissue of intratracheally instilled CD-1 nude mice.
Carrero-Sanchez et al. (2006) theorized that this difference in pathology
demonstrated by nitrogen doped MWCNTs and pristine MWCNTSs was
related to the ability to aggregate in solution with MWCNTs showing a
higher propensity to form large aggregates. These aggregates likely resulted
in the dyspnea-induced death of the mice instilled with MWCNTs. Carrero-
Sanchez et al. (2006) claim that MWCNTs are more toxic than SWCNTSs
administered at higher doses in support of previous findings (Lam et al.
2004, Warheit et al. 2004) while nitrogen doped MWCNTs are less toxic.
There was a significant length difference between the MWCNTSs synthe-
sized (450 um long) and the nitrogen doped MWCNTs (300 um long),
which was not addressed in the experiment. Therefore, it appears that
surface chemistry plays a significant role in the toxicity and pathology
of MWCNTs, but the effect of CNT length on toxicity needs to be
addressed.

In Vitro Studies: MWCNTs

The aspect ratio and surface area of MWCNTSs were compared against
carbon nanofibers and carbon black to determine their role in toxicity
toward H596, H446, and Calu-1 human lung tumor cell lines in vitro
(Magrez, Kasas, Salicio, Pasquier, Seo, Celio, Catsicas, Schwaller, &
Forro, 2006). Cell viability for all lines decreased in a dose-dependent
manner for the three carbon nanomaterials tested. H596 were the most
sensitive to insult with MWCNTs up to 4 days while the H446 were the
least sensitive. The nanofibers and MWCNTs were less toxic than carbon
black at 0.002 and 0.02 pg/ml, with MWCNTs exhibiting the least toxicity
toward H596 (Magrez et al., 2006). Therefore, Magrez et al. concluded
that ultrafine carbon black particles are more toxic than nanofibers or
MWCNTs. In addition, all three materials induced cell detachment and
apoptosis evidenced by light microscopy and MTT dye reduction, respec-
tively (Magrez et al., 2006). MWCNTs were acid treated to determine the
effect of surface functionalization on lung cell toxicity. The acid treatment
creates a more hydrophilic surface via the addition of carbonyl (-C = O),
carboxylate (-COOH), or hydroxyl groups (-OH) (Magrez et al., 2000).
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Toxicity toward H596 increased for both nanofibers and MWCNTs. This
increase in toxicity is likely due to increased dispersion in aqueous media as
a result of the acid treatment-dependent increase in hydrophilicity.

In contrast to the results observed by Carrero-Sanchez et al. (2006), Jia
et al. (2005) observed that MWCNTs were less toxic than SWCNTs to
alveolar macrophages at the same dose. The SWCNTs also exhibited a
dose-dependent cytotoxicity compared to the relatively dose-independent
cytotoxicity associated with the MWCNTs as shown by MTT. The
MWCNTs were less toxic than SWCNTs but were still more toxic to
alveolar macrophages than SiO, and fullerenes (Jia et al., 2005). In addition,
MWCNTs impaired macrophage phagocytosis less than SWCNTs on a
mass basis (Jia et al., 2005). However, MWCNTs induced similar apoptotic
morphological changes as SWCNTs at 3.06 pg/cm? including condensed
chromatin and organelles as well as cytoplasm vacuolization. Therefore,
based on the experiment performed by Jia et al. (2005), MWCNTSs appear
less toxic than SWCNTSs toward alveolar macrophages. It should be noted
that the MWCNTs were >95% purity, with <3% amorphous carbon and
~0.6% nickel compared to the ~90% purity for SWCNTs. In addition, the
MWCNTs were 10-20 nm in diameter and 0.5-40 pm long compared to
1.4 nm diameter and approximately 1 pm long (Jia et al., 2005). The effect
these differences in size and aggregation states had on macrophage cyto-
toxicity was not addressed.

Soto et al. (2005) also investigated the effects of MWCNTs and ground
MWCNTs on RAW 276.9 murine alveolar macrophages compared to
chrysotile asbestos. The ground MWCNTs exhibited aggregations approxi-
mately 0.1-3 pum and 10-30 nm in diameter. Only about half of the ground
MWCNT aggregates were CNTs. The other half was fullerenes (Soto et al.,
2005). The aggregated MWCNTs were 1-3 pm long and 5-30 nm in dia-
meter. As with carbon black and SWCNTs, both ground and aggregated
MWCNTSs demonstrated similar toxicity toward RAW 276.9 as chrysotile
asbestos as determined by MTT (Soto, Carrasco, Powell, Murr, & Garza,
2006). Therefore Soto et al. recommended against inhaling MWCNTs (Soto
et al., 2006, Soto et al., 2005).

Summary

Studies investigating the toxicity of inhaled CNTs have thus come to no
consensus conclusions. Despite using various techniques such as surfac-
tants (Huczko et al., 2001; Huczko et al., 2005; Muller et al., 2005; Warheit
et al., 2004), sonication (Muller et al., 2005; Lam et al., 2004), or grinding
(Muller et al., 2005), single and multiwalled CNTs aggregated in the lungs
of guinea pigs, mice, and rats. The study by Shvedova et al. (2005) showed
that even more physiologically relevant inhalation techniques such as
pharyngeal aspiration lead to aggregation in vivo. In addition, intratra-
cheal instillation and pharyngeal aspiration bypass the filtering effects of
the nose and introduce the toxicant as one bolus. Physiologically relevant
assays would instead expose animals to lower levels of CNTs in an inhal-
able formulation, which has not been feasible due to difficulty obtaining
the large quantities of CNTs required for creating CNT-aerosol environ-
ments. Therefore, until these more relevant experiments are performed,
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only specific conclusions relating to various exposure methods to either
SWCNT or MWCNTSs can be made. In addition, no long-term studies
have been performed to determine the carcinogenic effect SWCNTSs or
MWCNTs may have on workers chronic exposed to these materials.

Skin Toxicity and Irritation

SWCNTs

CNTs used for drug delivery applications may come into contact with
workers’ or patients’ skin in addition to the risk posed by inhalation.
Proper precautions must be taken to prevent skin exposure if CNTs are
highly toxic. Huczko and Lange also investigated the effects of CNTs on
Draize albino rabbits (2001). Unrefined CNTs were injected into one eye
of each rabbit and the irritation assessed at 72 h. The remaining eye served
as the CNT control. No difference was found in the levels of irritation
between SWCNTs and CNT-free soot. The effects of CNT skin exposure
to humans were also investigated (Huczko & Lange, 2001). Filter paper
was saturated with unrefined CNTs suspended in water and placed on the
skin of 40 willing volunteers. After 96 h, no significant difference was
observed between the CNT treatment and the CNT-free soot control.
Based on the albino rabbit eye irritation results and the human skin
contact results, Huczko and Lange (2001) concluded that CNTs do not
require any special handling protocols to prevent skin contact and poten-
tial toxicity.

In vitro exposure of human HaCaT immortalized epidermal keratino-
cytes contradicted these initial findings by Huczko and Lange (2001).
HaCaT cells were exposed to unrefined SWCNTs at doses ranging from
0.06 to 0.24 mg/ml for up to 18 h (Shvedova, Castranova, Kisin, Schweg-
ler-Berry, Murray, Gandelsman, Maynard, & Baron, 2003). Oxidative
stress was apparent at all time points after exposure to SWCNTs. Free
radicals were observed by electron spin resonance 5 min after SWCNT
addition (Shvedova et al., 2003). Other signs of oxidative stress included
depleted levels of the antioxidant vitamin E, build-up of peroxidative
byproducts, and the dose-dependent depletion of non-protein and protein
thiol antioxidants such as glutathione. In addition to the oxidative mar-
kers, HaCaT morphology was significantly altered after 18 h exposure to
even the lowest dose of SWCNTs at 0.06 mg/ml. This altered morphology
was evident through cell toxicity. SWCNTSs were not toxic up to 0.24 mg/
ml at 4 h; however, viability decreased in a time-dependent manner after
4 h with a significant decrease in cell viability at 18 h (Shvedova et al.,
2003). Therefore, these results indicate that exposure to SWCNTs may
induce dermal toxicity and oxidative stress in exposed persons. However,
Shvedova et al. (2003) reported the unrefined SWCNTSs to contain 30%
iron by mass. These iron atoms can catalyze a variety of reactive oxygen
species via Fenton chemistry to produce superoxide or hydroxyl radicals
(Valko, Morris, & Cronin, 2005). The oxygen-based radicals can then
induce lipid oxidation resulting in lipid peroxide, which reacts with water
to produce an alcohol group on the lipid and oxygen radical. Lipid perox-
idation proceeds in this manner until an antioxidant scavenges a radical or
two radicals meet. Cellular damage results when lipid oxidation creates a



Chapter 8 Nanomaterials and Biocompatibility

sufficiently hydrophilic plasma membrane that eventually dissociates caus-
ing cell lysis. Thus, the oxidative stress and cellular toxicity observed by
Shvedova et al. (2003) may have been induced by the iron impurities (~30%
by mass).

Free radical production by SWCNTs was also observed by Manna et al.
(2005). SWCNTs cultured with HaCaT human keratinocytes showed a
dose-dependent increase in reactive oxygen species. The increase in free
radical production was observed in conjunction with a dose-dependent
decrease in cell viability via MTT dye reduction assay at SWCNT con-
centrations as low as 0.5 pug/ml. Activation of the nuclear factor kappa 8
signaling pathway was observed above 1 ug/ml. Time-dependent DNA
binding and transcription initiation was dependent on IxBa degradation,
which showed significant decreases after 6 h (Manna et al., 2005). There-
fore, SWCNTs appeared to activate the nuclear factor kappa f via IKK
phosphorylation and degradation followed by protein 65 translocation to
the nucleus. Activation by nuclear factor kappa B has been observed in
response to interleukin 8 (Manna et al., 2005). In addition, interleukin
8 release has been observed after incubation with MWCNTs (Monteiro-
Riviere, Nemanich, Inman, Wang, & Riviere, 2005).

A549 human alveolar epithelial cells demonstrated a 50% reduction in
cell viability after treatment with oxidized and sonicated SWCNTs via
MTT dye reduction (Worle-Knirsch, Pulskamp, & Krug, 2006). However,
reduction of a different tetrazolium salt (WST-1) by A549 showed no
toxicity. The results of the WST-1 assay were confirmed by lactate dehy-
drogenase release, annexin-V/propidium iodide staining and analysis by
flow cytometry as well as mitochondrial membrane potential measure-
ments by fluorescence-activated cell sorting (Worle-Knirsch et al., 2006).
The SWCNTs interact with MTT-formazan crystals that precipitate out of
solution after reduction by mitochondrial dehydrogenases. No interaction
is observed with water-soluble tetrazolium salts such as INT, WST-1, or
XTT (Worle-Knirsch et al., 2006). The MTT-formazan crystals are either
entrapped within SWCNT aggregates or bind to SWCNTs, but the pre-
cipitation of the crystals is critical for interference with the assay. Therefore,
based on the multiple assays of cytotoxicity by Worle-Knirsch et al. (2006),
SWCNTs are non-toxic to A549 alveolar epithelial cells. This discovery
raises questions about other experimental observations where only MTT
dye reduction is used to assess cytotoxicity. Therefore, at least two assays
should be used to assess the cytotoxicity of CNTs toward cell lines to
prevent false results such as those found by Worle-Knirsch et al. (2006).

Tian et al. (2006) investigated the structure—function effects of SWCNTs
on human fibroblasts. In contrast to previous studies, only refined SWCNTs
were tested and found to elicit the strongest response from fibroblasts
of the five materials tested. A significantly lower concentration of refined
SWCNTs (25 pg/ml) increased higher apoptosis and necrosis than 0.06 mg/ml
of unrefined SWCNTSs. Increasing cytotoxicity to human fibroblasts cor-
related with increasing surface area (Tian et al., 2006). In addition, surface
chemistry was believed to play a key role in decreasing the toxicity of
unrefined SWCNTSs. These unrefined SWCNTSs were able to aggregate
decreasing surface area and size as well as decreasing cytotoxicity. The
purified SWCNTs were observed to disperse with significantly less
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aggregation. Tian et al. (20006) therefore theorized that the transition metal
catalysts play opposing roles in cytotoxicity, allowing the generation of
free radicals in unrefined SWCNTSs increasing toxicity but also allowing
aggregation decreasing surface area and toxicity. The expression of several
proteins that are involved with adhesion was observed to decrease after
treatment with SWCNTSs, which may be a result of the hydrophobic
interaction between the dispersed, purified SWCNTs and the fibroblasts.
Focal adhesion kinase distributed around the nucleus after treatment with
SWCNTs instead of dispersed throughout the cell at sites of focal adhesion
(Tian et al., 2006). In addition, p-cadherin and f-actin distribution were
altered in response to purified SWCNTSs. P-cadherin links the actin cytos-
keleton to the plasma membrane indicating that SWCNTs induce detach-
ment of adherent cells as observed by Tian et al. (2006). Therefore, purified
SWCNTs induced higher toxicity than unpurified SWCNTs, indicating
both surface chemistry and surface area are important factors determining
cytotoxicity of nanomaterials.

MWCNTs

Monteiro-Riviere et al. (2005) investigated the response of human epider-
mal keratinocytes exposed to various doses of purified MWCNTs synthe-
sized via plasma-enhanced chemical vapor deposition using an iron
catalyst. Human epidermal keratinocytes were observed to internalize
MWCNTs in both free cytoplasm and vacuoles; however, the presence
of MWCNTs in the free cytoplasm was rarer than in vacuoles. Internali-
zation of MWCNTs was observed to be time- and dose dependent
(Monteiro-Riviere et al., 2005). Keratinocyte viability was found to exhibit
slight dose- and time dependence at 24 and 48 h by neutral red dye assay.
Interleukin 8 release was significantly higher than controls after 8 h and
was also higher in cells treated with the highest dose of MWCNTs (0.4 mg/
ml). MWCNT internalization was lower and interleukin 8 release was not
different from controls when a 0.2 pm filter was used to remove MWCNT
aggregates. Therefore, the study by Monteiro-Riviere et al. (2005) revealed
that epidermal keratinocytes can internalize MWCNTs without modifica-
tions or adjuvants and release interleukin 8 in response to treatment with
MWCNTs, which is known to participate in dermal irritation. However,
Moteiro-Riviere et al. point out this interleukin 8 release may be depen-
dent on MWCNT association with the plasma membrane in addition to
the internalized MWCNTs.

The phenotypic response of human skin fibroblasts to MWCNTs at 0.06
and 0.6 pg/ml was characterized by gene expression arrays (Ding, Stilwell,
Zhang, Elboudwarej, Jiang, Selegue, Cooke, Gray, & Chen, 2005).
MWCNTs induced cell cycle arrest, apoptosis, necrosis, and decreased pro-
liferation. These changes in cell viability were observable through staining for
necrosis/apoptosis, the stage of cell cycle, and live/dead staining in addition to
changes in gene expression. Ding et al. (2005) theorized that the fibroblast
response may be mediated by the type I interferon response, which is known
to involve apoptosis, cell death, and decreased proliferation. Interestingly,
different sets of genes were affected by the low or high dose of MWCNTs, but
the genes induced by both MWCNTs and multiwalled carbon nanoonions
were similar at each dose indicating that the cellular response was similar to
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different materials at different doses. The low dose of MWCNTs altered
metabolism-related genes such as Golgi transport pathways and cell cycle
progression with the exception of protein ubiquitination (Ding et al., 2005).
MWCNTs shifted the cellular response from metabolism-related genes to
inflammation and immune-related genes at 0.6 pg/ml. The majority of genes
upregulated by MWCNTs were involved in the innate immune pathway.
Ding et al. (2005) also observed that the fibroblasts’ response to insult with
MWCNTs was similar to viral infection, which they theorized may be due
in part to similar size. Tian et al. (2006) also investigated the effects of
MWCNTs (5 nm x 5 pm) on human fibroblasts. Purified MWCNTSs were
significantly less toxic than purified SWCNTs and more toxic than only
carbon graphite. Carbon black, activated carbon, and purified SWCNTs
were more toxic than purified MWCNTSs, respectively (Tian et al., 20006).
These results reinforced their conclusion regarding increased surface area and
decreased aggregation leading to higher toxicity to human fibroblasts.

Cytotoxicity

SWCNT Toxicity to Epithelial Cells and Keratinocytes

In addition to HaCaT human keratinocyte cells, Manna et al. (2005) also
observed a dose-dependent decrease in cell viability in HeLa human
tumor-derived cervix epithelial cells and A549 and H1299 human lung
carcinoma in response to SWCNTs.

SWCNTs were observed to stimulate apoptosis, detachment, and
decrease proliferation of human embryonic kidney (HEK) 293 cells (Cui,
Tian, Ozkan, Wang, & Gao, 2005). These effects of SWCNTs on HEK 293
were dose- and time dependent. HEK 293 attempted to isolate the SWCNTs
by secreting 20-30 kDa proteins that allowed the cells to attach to the
aggregated SWCNTs and form nodules (Cui et al., 2005). SWCNTs also
appeared to arrest cell cycle progression by upregulating protein 16, a
known regulator of the cyclin-dependent kinase pathway, which regulates
cell cycle. In addition, SWCNTs induced DNA fragmentation between 1
and 5 days, chromatin condensation, morphological changes, and apoptotic
gene upregulation (Cui et al., 2005). Also several proteins involved in
cellular adhesion showed downregulation by gene chip array similar to
other work from Gao’s group (Tian et al., 2006). SWCNT aggregation
was observed; however, HEK 293 not interacting with SWCNTs appeared
normal and exhibited behavior similar to negative controls (Cui et al., 2005).
Therefore, SWCNTSs appear to exhibit dose- and time-dependent toxicity
toward human embryonic kidney 293 evidenced by apoptosis, increased
detachment of adherent cells, and decreased proliferation (Cui et al., 2005).
Cui et al. theorized that apoptosis was a protective measure after the
embryonic kidney cells attempted to internalize and isolate the SWCNTs.

SWCNT Toxicity to Monocytes and Macrophages

Mouse peritoneal macrophage-like cells actively phagocytosed SWCNTs
with and without surfactant to aid in CNT dispersion (Cherukuri, Bachilo,
Litovsky, & Weisman, 2004). No visible changes in macrophage behavior
or morphology were apparent; however, no specific viability assays such
as MTT or live/dead staining were performed. Temperature-dependent
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phagocytosis was observed supporting previous observations (Matsui,
Ito, & Ohnishi, 1983) but contrasting with Pantarotto et al. (2004) who
found that functionalized SWCNTSs penetrated macrophages in a tem-
perature-independent manner. Despite high levels of what appeared to
be phagocytosis and fluorescence, no toxicity was apparent.

The effect of iron impurities in SWCNT on RAW 264.7 murine macro-
phages was also investigated (Kagan, Tyurina, Tyurin, Konduru, Potapovich,
Osipov, Kisin, Schwegler-Berry, Mercer, Castranova, & Shvedova, 2006).
The unpurified SWCNTSs contained 26 wt% iron while the purified con-
tained 100-fold less (0.26 wt%). As expected, the unpurified SWCNTs
produced significantly higher levels of hydroxyl radicals in the presence of
zymosan-activated RAW 264.7. High iron levels in SWCNTSs were also
responsible for converting superoxide generated by the xanthine/xanthine
oxidase system into highly reactive hydroxyl radicals (Kagan et al., 2006).
Interestingly, neither purified nor non-purified SWCNTSs were capable of
stimulating intracellular superoxide or nitric oxide production. Signs of
oxidative stress were evident in the macrophages (Kagan et al., 20006).
Glutathione levels were depleted after incubation with SWCNTSs contain-
ing high levels of iron. In addition, the level of lipid peroxides, markers of
lipid oxidation, was increased after treatment with unpurified SWCNTs.
Based on these results, Kagan et al. (2006) concluded that toxicolo-
gy studies utilizing non-purified SWCNTs should factor in the effect of
radical-producing impurities such as iron. No intracellular radicals were
produced in RAW 264.7, but extracellular radical generation and intra-
cellular depletion of antioxidants coupled with increased signs of lipid
peroxidation indicate that unpurified SWCNTSs induce higher toxicity
than purified SWCNTSs. Kagan et al. (2006) theorized that this change in
redox state may account for the fibrotic response observed after intratra-
cheal instillation. This theory is supported by Shvedova et al. (2005) who
observed that SWCNTs stimulated release of transforming growth
factor B and interleukin 10 from RAW 264.7, which are both anti-inflam-
matory and pro-fibrogenic. This pro-fibrotic response is believed to stem
from low levels of phagocytosis of SWCNTs. Typically, increased oxida-
tive burst is observed after phagocytosis of foreign material such as bac-
teria that usually results in destruction of the foreign species (Forman &
Torres, 2002). Increased apoptosis is usually concomitant with this
increased oxidative burst (DeLeo, 2004); however, neither Shvedova nor
Kagan observed increased RAW 264.7 apoptosis after stimulation with
SWCNTs (Shvedova et al., 2005; Kagan et al., 2006), and Kagan et al.
(2006) observed no increase in intracellular superoxide or nitric oxide
production indicating little phagocytosis. Adsorption of phosphatidylserine
to the surface of SWCNTs stimulated phagocytosis by RAW 264.7;
however, phosphatidylserine is a known activator of intracellular free radi-
cals, which may further increase toxicity and oxidative stress. Therefore, the
fibrosis seen after instillation of SWCNTs may be reduced by increased
phagocytosis (Kagan et al., 2006).

MWCNT Toxicity to Monocytes and Macrophages
The work by Muller et al. illustrated the difference CNT length can have on
lung toxicity and inflammatory response. This length dependence was
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further investigated by Sato et al. (2005). MWCNTs were synthesized via
chemical vapor deposition at approximately 98% purity after purification.
Concentrated acid and ultrasonication were used to cleave the MWCNTs.
Two populations were generated at 220 and 825 nm. The two lengths
stimulated the human monocytic THP-1 cell line to produce the inflamma-
tory cytokine tumor necrosis alpha in similar levels, which were signifi-
cantly lower than those induced by the FSL-1 lipopeptide (Sato et al.,
2005). The 825 nm long MWCNTSs showed significantly higher aggregation
levels in phosphate buffered saline in vitro, so 5, 50, and 500 ng/ml con-
centrations were used. In vivo tests were also performed to determine the
effects of CNT length on inflammatory response. Six-week-old Wistar rats
were injected with 0.1 mg of 220 or 825 nm MWCNTs intraperitoneal (Sato
et al., 2005). Granulation tissue containing macrophages, fibroblasts, and
foreign body giant cells was observed around aggregates of both 220 and
825 nm MWCNTs. More 220 nm MWCNTs were observed phagocytosed
by macrophages than 825 nm MWCNTs. The inflammatory response to
the 220 nm MWCNTSs was less for the shorter CNTs. This inflammatory
response to the 220 nm long MWCNTs was almost completely resolved
while no significant change was observed for 825 nm MWCNTs (Sato et al.,
2005). Of the 825 nm CNTs visible within phagocytic cells the majority
were not surrounded by membranes indicating cytoplasmic localization.
Sato et al. theorized that the shorter 220 nm MWCNTs dispersed better due
to Brownian motion and physicochemical properties. The 825 nm
MWCNTs exhibit a bend in the middle that is thought to aid in aggregation
making phagocytosis more difficult. Therefore, length and length-depen-
dent physicochemical properties can play an important role in the host
inflammatory response to MWCNTSs in vitro and in vivo.

SWCNT Toxicity to T Cells and Lymphocytes
Promyelocytic HL60 and Jurkat T cells endocytosed purified, oxidized,
and sonicated SWCNT conjugated to fluorescein isothiocyanate (Kam,
Jessop, Wender, & Dai, 2004). SWCNTs conjugated to streptavidin were
also endocytosed. Endocytosis was time dependent increasing up to 4 h
for both SWCNT species. No toxicity to HL60 was observed after 24 or
48 h from oxidized, fluorescein-, or biotin-conjugated SWCNTs. The biotin-
conjugated SWCNT complexed with streptavidin showed dose-dependent
toxicity based on the amount of streptavidin loaded (Kam et al., 2004).
These results were consistent throughout other non-lymphocyte cell lines
such as 3T3 fibroblasts and Chinese hamster ovary cells (Kam et al., 2004).
Kam et al. theorized that the uptake of SWCNT was via endocytosis
since no fluorescence was observable at 4°C consistent with temperature-
dependent endocytosis (Cherukuri et al., 2004; Matsui et al., 1983).
Koyama et al. (2006) investigated the effects purified SWCNTSs have on
CD4" and CD8" T lymphocytes in BALB/c mice up to 3 months. These
SWCNTs were synthesized via chemical vapor deposition and were obs-
erved to aggregate into bundles. An increased CD4 " /CD8 " T-cell popula-
tion was evident 1 and 3 weeks after 2 mg was subcutaneously implanted
with granulomas were evident after 3 weeks (Koyama et al., 2006). The major
histocompatibility complex class I pathway was activated after 1 week and
was followed by activation of the major histocompatibility class II pathway
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after 2 weeks (Koyama et al., 2006). Thus, SWCNTs appear to elicit a foreign
body reaction evidenced by increased levels of CD4 ", CD8 ", and CD4 "/
CD8" (Rosenberg, Mizuochi, Sharrow, & Singer, 1987; Sprent, Schaefer,
Lo, & Kormgold, 1986; Koyama et al., 2006). Koyama et al. theorized that
as the granulomas formed around the SWCNTs the antigenic difference
observed between the BALB/c mice and the SWCNT aggregates decreased
due to isolation by the foreign body reaction. Koyama et al. (2006) used the
findings from a previous study to infer that the biological response was less
for CNTs than for asbestos (Koyama, Tanaka, Yamaguchi, Haniu, Takei-
chi, Konishi, & Koyama, 2002).

MWCNT Toxicity to T Cells and Lymphocytes

MWCNTs synthesized via chemical vapor deposition, obtained from
NanoLab, induced time-dependent toxicity of Jurkat T leukemia cells
(Bottini, Bruckner, Nika, Bottini, Bellucci, Magrini, Bergamaschi, &
Mustelin, 2006). Oxidized MWCNTSs with a highly hydrophilic surface
were toxic to 80% of T cells at 400 pg/ml after 5 days. In contrast, pristine
MWCNTs were toxic to less than half of Jukat T cells at the same time
point (Bottini et al., 2006). A reduced dose of 40 ug/ml led to lower toxicity
for both oxidized and pristine MWCNTs, but the trend of oxidized
MWCNTs showing more toxicity was still evident. MWCNTs induced
apoptosis in T cells in addition to morphological changes such as conden-
sation of chromatin and membrane blebs (Bottini et al., 2006). Despite
inducing toxicity, MWCNTs had no effect on T-cell receptor activation.
Therefore, oxidized and pristine MWCNTSs were toxic to Jurkat T cellsin a
dose- and time-dependent manner. In addition, both forms of MWCNTs
were more toxic than carbon black. Bottini et al. (2006) theorized that the
higher toxicity shown by oxidized MWCNTs is likely due to higher dis-
persion and higher concentration of free CNTs in solution. The pristine
MWCNTs are highly hydrophobic and therefore aggregate extensively
reducing their concentration in solution. Bottini et al. (2006) recom-
mended using MWCNTs at concentrations lower than 40 pg/ml in addi-
tion to close monitoring of cell viability.

Koyama et al. (2006) used MWCNTs with different diameters (20-70 or
50-150 nm) to investigate the effect of size on biological response from
BALB/c mice. CD4" and CD8" T cells decreased significantly 1 week
after implantation with MWCNTs 20-70 nm in diameter, but after 2 weeks
the CD4" and CD4"/CD8™" T cells increased significantly. Granuloma
formation also increased with time after implantation (Koyama et al.,
2006). The values for CD4" /CD8" T cells were lower than controls
3 weeks after implantation with the 50—150 nm diameter MWCNTs. The
smaller diameter MWCNTs inhibited major histocompatibility complex
class I response. The 50—150 nm diameter MWCNTs inhibited both class I
and class II type responses (Koyama et al., 2006). Therefore, Koyama et al.
suggest using T-cell response as a measure of CNT-induced toxicity.

SWCNT Toxicity to Cardiac Myocytes, Chinese Hamster Ovary Cells,
and Endothelial Cells

HO9c2 (2-1) rat heart muscle cells showed no significant toxicity toward
0.2 mg/ml purified SWCNTs up to 3 days (Garibaldi, Brunelli, Bavastrello,
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Ghigliotti & Nicolini, 2006). No visible morphological changes were evident
up to 3 days via light microscopy. However, SWCNTs did bind to H9¢2 and
were not able to be washed off. After 3 days, the adherent H9c2 were
trypsinized and re-seeded. H9c2 treated with SWCNTs exhibited irregular
morphology, limited proliferative ability, and 25% higher cell death than
negative control H9¢2 not treated with SWCNTs (Garibaldi et al., 2006).
Flow cytometry revealed a threefold increase in apoptotic cells after re-
seeding and nearly a fourfold increase in late-apoptotic or necrotic cells.
However, repeated re-seeding allowed the SWCNT-treated H9¢2 to par-
tially recover viability (Garibaldi et al., 2006). Therefore, highly purified
SWCNTs appear to be non-toxic to rat cardiac myocytes at short time
periods. In addition, CNTs are non-degradable leading to potential accu-
mulation in the case of chronic administration. Garibaldi et al. theorized
that the long-term toxicity observed for SWCNTSs is induced by mechanical
damage, which is supported by the flow cytometry data showing high
numbers of necrotic or late apoptotic cells. Thus, the previously observed
SWCNT toxicity is likely due to mechanical interactions rather than sur-
face-mediated chemical interactions (Garibaldi et al., 2006).

SWCNTs are capable of blocking potassium channels in Chinese ham-
ster ovary cells due to their fibrous nature (Park, Chhowalla, Igbal, &
Sesti, 2003). This blockage is believed to be actuated by stabilization of the
inactive state evidenced by increased inactive potassium channels in
Chinese hamster ovary cells treated with SWCNTs (Park et al., 2003).
Size also played a role in the effectiveness at blocking potassium. SWCNTSs
that were 0.9 nm in diameter were more effective blocking ion channels
than those with 1.3 nm diameter. Therefore, SWCNTs appear to block
potassium ion channels due solely to their size (Park et al., 2003). This
blockage could have significant consequences in systemic administration
of SWCNTs for drug delivery purposes.

Three mixtures of MWCNTs showed no toxicity toward human umbi-
lical vein endothelial cells (Flahaut, Durrieu, Remy-Zolghadri, Bareille, &
Baquey, 2006). The MWCNTs were synthesized via catalytic chemical
vapor deposition and consisted primarily of two- and three-walled CNTs,
although two of the samples contained small populations of CNTs with as
many as six walls. No cytotoxicity was reported by either MTT dye reduc-
tion or neutral red for the three MWCNT formulations at 0.5, 0.64, and
0.9 pg/ml, respectively. Human umbilical vein endothelial cells were chosen
as a model because future pharmaceutical applications would likely include
intravenous injections and also because these cells are particularly sensitive
to environmental changes (Flahaut et al., 2006). No diameter-dependent
trend in cytotoxicity or metabolic activity was apparent. Flahaut theorized
that this lack of size dependence is due to cell size (30—50 um) compared to
MWCNT size (1-5 nm diameter). The length of the MWCNTs was reported
between 5 and 100 um (Flahaut et al., 2006). Therefore, MWCNTs appear
to be non-toxic to endothelial cells based on Flahaut’s work (2006).

SWCNT Biodistribution and Blood Clearance

The distribution of nanomaterials in vivo is critical to efficacy. Accumula-
tion in vital organs such as the heart, lungs, liver, or kidneys can lead to
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long-term toxicity especially for non-degradable CNTs. Furthermore, if
CNTs do not distribute into the tissue or cells of interest then another
choice of drug delivery vehicle is necessary. Circulation time in the blood-
stream is also critical to the efficacy of CNT-based therapies. If CNTs are
rapidly cleared from circulation in response to administration, the drug of
interest will not reach its intended target and therapeutic concentrations of
drug will not be achieved. Therefore, biodistribution and blood clearance
are critical determinants to the success of CNT-based therapies.

SWCNTs functionalized with the metal chelator diethylenetriamine-
pentaacetic acid and chelated with indium ('''In) were rapidly cleared
from the bloodstream of BALB/c mice preventing significant accumula-
tion (Singh, Pantarotto, Lacerda, Pastorin, Klumpp, Prato, Bianco, &
Kostarelos, 2006). The half-life of these functionalized SWCNTs was
3 h. Adding cationic charge to the '''In-chelated SWCNTs had no sig-
nificant affect on retention or accumulation (Singh et al., 2006). Therefore,
excretion studies were performed with doses up to 400 pg using SWCNTs
and MWCNTs with 60% of the diethylenetriaminepentaacetic acid che-
lated to '"'In. No acute toxicity was observed and analysis of the urine
revealed that both the SWCNTs and MWCNTSs were intact (Singh et al.,
2006). Furthermore, no time-dependent organ accumulation was observed.
Thus Singh et al. claimed this lack of tissue specificity was beneficial to
further development of SWCNT-based therapies since no inherent tissue
affinity needs to be addressed such as liver accumulation and toxicity.
Compared to the currently used gene therapy vectors such as adenovirus
(half-life = 2 min) (Alemany, Suzuki, & Curiel, 2000) or cationic liposplexes
(half-life = 5-30 min) (Dash, Read, Barrett, Wolfert, & Seymour, 1999;
Oupicky, Howard, Konak, Dash, Ulbrich, & Seymour, 2000), functiona-
lized SWCNTs therefore represent a significant increase in circulation time
(Singh et al., 2000).

MWCNT Free Radical Production or Scavenging in Cell Free Systems

Despite previous evidence showing free radical production in response to
MWCNTs, purified MWCNTs containing 0.29% cobalt, 0.47% iron, and
0.05% aluminum did not generate any hydroxyl or carbon-based radicals
in a cell free system (Fenoglio, Tomatis, Lison, Muller, Fonseca, Nagy, &
Fubini, 2006). On the contrary, MWCNTs were found to be potent
scavengers of hydroxyl radicals generated via iron-based Fenton chemistry
rather than inactivating the iron particles (Fenoglio et al., 2006). MWCNTs
also scavenged superoxide radicals generated by cytochrome. Fenoglio
et al. (2000) believed that these scavenging properties of MWCNTSs are
similar to that shown by fullerenes whereby the radical is grafted onto the
carbon tube structure. This theory is supported by an electron affinity
similar to fullerenes (Fenoglio et al., 2006). Cell free systems are not
complete models of oxidative stress or oxidative bursts in cell containing
systems in vitro or in vivo; however, the scavenging properties of MWCNTs
may reduce the presence of reactive oxygen species. Shvedova et al. (2005)
observed that SWCNTSs with similar metal impurities as those used by
Fenoglio et al. did not generate superoxide radicals. This lack of oxygen
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radicals may be due to scavenging ability or the absence of oxygen radicals
generated by relatively pure CNTs (Fenoglio et al., 2006).

Summary

No clear consensus on structure—functional relationship regarding bio-
compatibility of SWCNTs or MWCNTs can be drawn from the present
body of data. Different synthesis methods such as laser ablation, catalytic
chemical vapor deposition, and arc discharge result in slightly different
structures and different catalytic metals (Baddour & Briens, 2005; Dupuis,
2005). In addition, the different treatments post-synthesis such as oxida-
tion with acid, sonication, or grinding have differing effects on both the
individual CNTs and the aggregates. As shown by the previously discussed
studies, both dispersed CNTs and aggregates contribute significantly to
overall toxicity. Further research into the mechanism underlying free
radical scavenging or production is needed before definite conclusions
can be drawn regarding the effect CNTs have on cells. In addition, the
response to dispersed CNTs needs more research. Finally, and perhaps
most importantly, chronic exposure data is needed to determine potential
carcinogenicity of CNTs. Since this nanomaterial does not appear to
degrade, previous findings from asbestos and carbon black indicate that
CNTs may be carcinogenic due to biopersistence. However, in the absence
of definitive information, worker exposure to CNTs should be minimized
through careful handling techniques and use of proper personal protective
equipment.

Fullerenes (Cg)

The discovery of a new carbon form called fullerenes in 1985 opened up
a new field of research (Kroto, Heath, O’Brien, Curl, & Smalley, 1985).
These new structures were comprised of carbon rings similar to graphite
and containing odd-numbered rings such as pentagonal or heptagonal
conferring a three-dimensional spherical shape. These structures have
thus been called fullerenes or “Bucky Balls” (Figure 8.2) after Buckminster
Fullerene, the designer of the geodesic dome. Fullerenes have remarkable
mechanical properties such as high aspect ratio and modulus, but their
physicochemical properties prevented their widespread application as
pharmaceutical agents. Fullerenes are highly hydrophobic and thus are
not soluble in aqueous solutions, which initially limited their application to
biological systems. However, several solutions to this limited solubility
have been derived. The use of surfactants or surface modifications has
greatly increased the ability of fullerenes to solubilize in water (Cusan, Da
Ros, Spalluto, Foley, Janot, Seta, Larroque, Tomasini, Antonelli,
Ferraro, & Prato, 2002; Yamakoshi, Yagami, Fukuhara, Sueyoshi, &
Miyata, 1994; Lin, Chyi, Wang, Yu, Kanakamma, Luh, Chou, & Ho,
1999) and brought more attention to their potential pharmaceutical uses.
The focus of this chapter will be the observed properties of Cgp-derived
fullerenes in vivo and in vitro and the controversy regarding their behavior
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Figure 8.2 A C4 Buckminster
fullerene.

as scavengers or producers of reactive oxygen species. The use of various
cell and animal models is summarized in Table 8.1.

C60

Nano-Cg,y Cytotoxicity — Effect of Reactive Oxygen Species

and Lipid Oxidation

The addition of fullerenes to water forms marginally soluble nanoscale
aggregates termed “nano-Cg.” Sayes et al. (2004) found that nano-Cg, was
soluble at 50 mg/1 (50 ppm). This formulation was then used to determine
the toxicity against HepG2 human liver carcinoma and human dermal
fibroblasts. The non-functionalized nano-Cg, were found to be lethal to
50% of human dermal fibroblasts (LDsq) at 20 parts per billion (ppb). The
aggregates were shown to be toxic by treatment of cells with the centri-
fuged pellet containing the fullerenes. The pellet had identical toxicity to
cells as the original solution (Sayes et al., 2004). No change in mitochon-
drial activity was evident via MTT assay and no change in DNA concen-
tration was apparent indicating that membrane damage was likely the
cause of cytotoxicity. These experiments were repeated with the addition
of neuronal human astrocytes (Sayes, Gobin, Ausman, Mendez, West, &
Colvin, 2005). LDH measurements were obtained after 48 h; LD5, values
were determined as 20 ppb for fibroblasts, 50 ppb for HepG2, and 2 ppb
for astrocytes (Sayes et al., 2005). Since macrophages are the primary
phagocytic population in the body and the cell type likely to be in intimate
contact with fullerenes, Fiorito et al. (2006) investigated the response =
of human monocyte-derived macrophages treated with an unspecified
amount of Cgo. The fullerenes partially activated the macrophages and
stimulated a negligible amount of apoptosis as determined by propidium
iodide staining. Interestingly, the graphite controls showed the highest
level of macrophage activation and apoptosis (Fiorito et al., 2006). How-
ever, Fiorito et al. (2006) were cautious in their conclusions stating the
toxicity of Cg is difficult to assess due to numerous issues such as aggrega-
tion, exposure to UV. Cg, was found to localize to the nuclear membrane
and nucleus in addition to the cytoplasm and secondary lysosomes (Porter,
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Table 8.1 Summary of cell and animal models used for assessing fullerene
(Cgp) biocompatibility.

Fullerene Species Cell Reference
Ceo human  HepG2 hepatoma Sayes et al., 2004
dermal fibroblasts
neuronal astrocytes Sayes et al., 2005
monocyte derived Fiorito et al., 2006
macrophages
Ceo + surfactant human  monocyte derived Fiorito et al., 2006
macrophages
murine  SLC-ICR midbrain Tsuchiya et al., 1996
cells
SLC-ICR embryos?*
sheep red blood cells Yamakoshi et al., 1994
Ceo-COOH human  HeLa S3 cervic uteri Tokuyama et al., 1993
tumor
Hela cervic uteri Yang et al., 2002
tumor
Hep3B hepatoma Huang et al., 1998
peripheral blood Monti et al., 2000
mononuclear
MCF7 breast cancer Bosi et al., 2004
HepG2 hepatoma
ddY mice® Yamago et al., 1995
murine  neocortical cells Dugan et al., 1997
1.929 fibroblasts Nakajima et al., 1996
rat Sprague-Dawley® Rajagopalan et al., 1996
Lin et al., 1999
porcine LLC-PKI renal Bosi et al., 2004
proximal tubular
Ceo-OH human  umbilical vein Yamawaki and Iwali,
endothelial 2006
Ceo-PEG® murine  CDF1 mice® Tabata et al., 1997
rat Sprague-Dawley Cusan et al., 2002

cerebral cortical

#In vivo study
®Poly(ethylene glycol)

Muller, Skepper, Midgley, & Welland, 2006). Cgo also localized to the
plasma membrane, which supports other observations that Cg, toxicity is
mediated by lipid oxidation. In addition, the presence of Cg in the sec-
ondary lysosome could lead to further oxidative damage to the cell if lipid
oxidation results in the lysis of the lysosome causing highly reactive species
to enter the intracellular milieu (Porter et al., 2006). The presence of Cg in
the nucleus indicated there might be an alternative uptake pathway. Large
Ceo crystals were detected in the lysosome, which degraded into finer
particles (Porter et al., 2006). This increase in Cgo surface area could
increase the production of ROS leading to lipid oxidation and ultimately
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cell death. Fiorito et al. (2006) observed that murine macrophages showed
no increase in nitric oxide release after stimulation with nano-Cgy. These
macrophages were previously treated with lipopolysaccharide, which is a
potent activator of inflammation. Thus, no increase in nitric oxide produc-
tion reveals that nano-Cgo does not stimulate an inflammatory response.
However, these macrophages did increase NO release in response to stimu-
lation with graphite particles (Fiorito et al., 2006). This lack of inflamma-
tory response was likely due to low levels of phagocytosis of the nano-Cg.
More experiments investigating macrophage phagocytosis of Cg and pot-
ential reactive oxygen species generation or scavenging by fullerenes inside
the cell are needed to better resolve the effect fullerenes have on the inflam-
matory response.

Cgo can absorb up to 34 methyl radicals (Krusic, Wasserman, Keizer,
Morton, & Preston, 1991). This ability to terminate free radical reactions is
critical in vivo where lipid oxidation propagates nearly unchecked. Lipid
oxidation is instigated by attack from an oxygen radical creating a lipid
radical. This lipid radical reacts with oxygen to create lipid peroxide, which
is hydrophilic. The accumulation of lipid peroxides eventually leads to
dissociation of the lipid membrane resulting in cell death unless a scaven-
ger intercedes or two peroxide radicals meet initiating termination (Wang,
Tai, Lee, Kanakamma, Shen, Luh, Cheng, & Hwang, 1999). The role of
Ceo in lipid oxidation was investigated by Wang et al. (1999). Free radicals
were created by the xanthine oxidase system that oxidizes xanthine into
uric acid and superoxide radical (O, ) via the iron-based Fenton reactions.
Lipid oxidation was measured by changes in absorbance of a liposome-
encapsulated dye that leaked into the media as the liposome membrane
was oxidized. Lipid oxidation increased with increasing iron concentration
evidenced by higher absorbance readings (Wang et al., 1999). This mem-
brane leakage was significantly reduced by 0.5 mol% Cg,, which was more
effective at preventing lipid oxidation than vitamin E (Wang et al., 1999).
This observation is not surprising since Cgy can potentially add up to
34 radicals per molecule (Krusic et al., 1991) versus just one radical per
molecule of vitamin E.

Sayes et al. (2004) found that toxic concentrations of nano-Cg, were
indicative of membrane damage rather than mitochondrial dehydrogen-
ase leakage protein or DNA oxidation in human HepG2, dermal fibro-
blasts, and astrocyte cells. Leaky plasma membranes were observed via
LDH release and diffusion of various molecular weight fluorescent dyes
into the cells. The production of superoxide radicals by nano-Cg, was
confirmed by the xanthine/xanthine oxidase assay as well as the iodo-
phenol photometric assay. Nano-Cgy was capable of superoxide radical
production, but fully hydroxylated C4, was not indicating that the ability
of radical production decreases with increasing functionality (Sayes et
al., 2004). Therefore, the cytotoxicity of nano-Cgq likely occurs through
lipid oxidation and membrane dissociation. This theory was supported
by the same group using two methods to analyze lipid oxidation (Sayes
etal., 2005). Lipid oxidation was measured by tracking the production of
free radicals resulting from malondialdehyde oxidation. There was a
small increase in free radical production resulting from 0.24 to 4.8 ppb
nano-Cg, with a significant increase at 240 and 2,400 ppb. A similar trend
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was observed for the naturally occurring antioxidant glutathione (Sayes
et al., 2005). The lipid oxidation was also visualized through the use of
C11-BODIPY s34 s91dye. The dye turned from red to green at the plasma fs
acid prevented this lipid oxidation. These findings contradict those by Wang
et al. (1999) who found that 0.5 mol% Cg, decreased lipid oxidation.

Cso + Surfactant Cytotoxicity — Effect of Reactive Oxygen Species

and Lipid Oxidation

The addition of surfactants such as Triton X-100, cyclodextrin, or poly-
vinylpyrrolidone (PVP) is a method of preventing aggregation and for-
mation of nano-Cgo (Yamakoshi et al., 1994). Tsuchiya et al. (1996)
found that treating mouse embryos with Cgy solubilized with PVP
increased the extent of midbrain cell differentiation but decreased the
number of differentiated midbrain cells. C4y and PVP also showed sig-
nificantly higher toxicity toward in vitro culture of midbrain cells dis-
sociated from embryos removed from SLC-ICR mice at day 11 of
development than PVP controls. Differentiation was also decreased in
a dose-dependent manner in addition to the toxic effect. The antioxidant
enzymes catalase and superoxide dismutase were added to in vitro
cultures to determine if Cgy was damaging cells through peroxide or
superoxide radical production, respectively. No difference in cell differ-
entiation was observed after enzyme addition; however, the cell prolif-
eration previously observed to decrease was rescued (Tsuchiya et al.,
1996). In vivo studies were also performed. Pregnant mice were injected
with 137 mg/kg of Cgo with PVP and embryos inspected after 18 h. All of
the embryos injected with Cgo were dead and showed signs of abnormal
development (Tsuchiya et al., 1996). The lower dose of 50 mg/kg was
found to distribute evenly throughout the embryo based on color and
resulted in 50% of the embryos demonstrating head and tail develop-
mental abnormalities. Upon inspection of the yolk sac, embryos treated
with 50 mg/kg showed decreased vasculature and a “shrunken mem-
brane” (Tsuchiya et al., 1996). Only one embryo injected with 25 mg/kg
showed abnormal development. The control PVP or water injections
resulted in no visible deformations (Tsuchiya et al., 1996). The prolifera-
tion and differentiation of midbrain cells were also found to be impaired
by Ceo injection at and above 25 mg/kg in vivo. Thus, Cgy appears to
damage cells via hydroxyl or superoxide radicals, but the effect on
differentiation of midbrain cells remains unresolved.

A sodium salt of benzoic acid-derived Cgy was solubilized in both water
and the polar solvent dimethylsulfoxide with PVP or Triton X-100 to
determine the effect of ultraviolet light (Orfanopoulos & Kambourakis,
1995). Oxygen was bubbled through the solution while a 300 W Xenon
lamp irradiated the solution with ultraviolet light. Two photooxygenation
products were obtained differing in stereochemistry. These two products
were obtained in the same ratio given by reaction with Rose-Bengal, which
is a known producer of singlet oxygen. Thus Orfanopoulos and Kambourakis
(1995) showed that fullerenes have the potential to be a sensitizer given UV
exposure. However, Cg’s mechanism of radical propagation in vitro and
in vivo remains unknown.
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Yamakoshi et al. (1994) challenged sheep red blood cells with Cgq solu-
bilized in 5% PVP for 30 min. C¢, was not found to be hemolytic in the
solubilized form compared to the positive control digitonin. The hemolytic
dose for 50% of the red blood cells for digitonin was 4 pg/ml compared to
>200 pg/ml for Cgp. Given the data supporting reactive oxygen species
production by Cgy more research into the effect fullerenes may have on
red blood cells is needed prior to assessing hemocompatibility.

DNA Cleavage

Fullerenes are hydrophobic and electron-poor. Previous observation of
light-activated DNA cleavage by Cgo (Tokuyama, Yamago, Nakamura,
Shiraki, & Sugiura, 1993; Yamakoshi et al., 1996) prompted Bernstein
et al. (1999) to investigate the mechanism of DNA cleavage by fullerenes.
Two potential mechanisms can result in DNA cleavage: (1) direct electron
transfer from guanosine residues to Cgg or (2) energy transfer via singlet
oxygen generated by Cgo and light. The different mechanisms result in
different cleavage patterns. Damage by mechanism (1) will result in pre-
ferential damage at the 5’ end of two adjacent guanosine residues while
type (2) will randomly damage guanosine residues in either the 3’ or 5
positions of adjacent guanosine residues, which are particularly suscepti-
ble to oxidation (Bernstein et al., 1999). An electron was observed trans-
ferring from guanosine to Cgy creating the more reactive form 8-oxo-
guanosine than type II DNA cleavage (Bernstein et al., 1999). It should
be noted that these experiments were done using dihydrofullerene, a Cg
fullerene with two sp’ hybridized C atoms, in benzonitrile instead of
aqueous media. The presence of water may alter the mechanism observed
by Bernstein et al. (1999).

Computational work has shown that the binding energy between Cg
and DNA is between —27 and —42 kcal/mol (Zhao, Striolo, & Cummings,
2005). This interaction between Cgy and DNA is much larger than the
binding energy for two fullerenes (7.5 kcal/mol). The calculations were
limited to 20 ns; therefore only 12 nucleotides were used to simulate DNA
strands. However, the sequence was carefully chosen to mimic actual DNA
sequences while maintaining the 20 ns constraint for computation. Cg, was
observed to bind primarily to the free ends of double-stranded DNA but
can also interact with the minor groove. This phenomenon may occur due
to the hydrophobic nature of the DNA ends and the C4y molecule (Zhao
etal., 2005). The binding of Cg( to the B-form of DNA was found to confer
significant deformation via 6.5 kcal/mol deformation energy. The docking
of Cg¢o with A-DNA results in —4.5 kcal/mol deformation energy caused by
the conformational change from A- to B-DNA. This deformation result-
ing from Cg binding was more pronounced in single-stranded DNA where
the end docked with Cgo underwent extensive deformation. Zhao et al.
(2005) theorized that single-stranded DNA would likely wrap around the
fullerene given sufficient DNA length, but computational time limits pre-
vented this analysis. The authors pointed out that the energies calculated
were binding energy and not free energy. Thus, the results of entropic
rearrangements were included in the numbers reported. In this case,
entropic results are significant since water molecules are displaced from
the Cg-DNA docking site (Zhao et al., 2005). Perhaps most interesting
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was the response of Cgo to DNA damage in the form of missing nucleo-
tides. Based on the computational results, Cgo appeared to fill in the gap
left by missing nucleotides. Zhao and coworkers (2005) believe that the Cgq
would likely disrupt the DNA repair process by preventing the repair
machinery from recognizing the nick.

Cs-COOH

Cytotoxicity — Effect of the Extent of Modification, Reactive Oxygen
Species, and Lipid Oxidation

In an attempt to make fullerenes more water soluble, carboxylic acid
moieties have been added to the surface of Cg particles. These -COOH
chains can adopt a variety of spatial arrangement on the fullerene surface
depending on addition chemistry leading to different physicochemical
properties.

Tokuyama et al. (1993) observed that carboxylic acid derivatives of Cgj
with only one functionalized group (Figure 8.3) only inhibited growth of
HeLa S3 cells in the presence of low-intensity fluorescent light. Both the
Cso-RCOOH and the triethylamine salt of the carboxylic acid derivative
showed similar decreases in the inhibitory concentration for 50% of cells
(ICs0) from >100 uM in the dark to 6 uM with 6 W of fluorescent light.
Another carboxylic acid derivative of Cg functionalized with one group
was found to be tolerated at 200-500 mg/kg by ddY mice in a single iv
injection (Yamago, Tokuyama, Nakamura, Kikuchi, Kananishi, Sueki,
Nakahara, Enomoto, & Ambe, 1995) (Figure 8.4). The mice did demon-
strate signs of acute toxicity including writhing, trunk stretching, and
weight loss, but no mice died from the injection after 7 days. Oral absorp-
tion was poor with ~97% of '*C found in the feces within 48 h (Yamago
et al., 1995). However, there were traces of '*C found in the liver at 3 and
6 h. After iv administration, excretion was slow with '*C primarily found
in the feces (Yamago et al., 1995). This retention is consistent with its
highly hydrophobic nature evidenced by the octanol-water partition coef-
ficient log P,,, = 4.8. This long residence time in vivo could lead to long-
term toxicity resulting from chronic iv dosing. However, Rajagopalan

Figure 8.3 An example of C4-COOH
derivates adapted from Tokuyama
et al., 1993.

OH * NEt;
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Figure 8.4 An example of C5-COOH
derivative adapted from Yamago et al., 1995.

Figure 8.5 An example of C4-COOH
derivative adapted from Rajagopalan et al., 1996.
NHCH(O)(CHz),COH

et al. (1996) found that 50 mg/kg of a bis(monosuccinimide) C-COOH
derivative (Figure 8.5) exhibited no gross toxicity after daily iv adminis-
tration to Sprague-Dawley rats for 6 days. Also no detectable urine levels
were observed indicating no renal clearance. Bis(monosuccinimide) Cgq
was found to be extensively dispersed into peripheral tissue with a periph-
eral tissue residence time nearly 10 times higher than for the trunk
(Rajagopalan et al., 1996).

Three malonic acid groups were conjugated to Cgq in two different ster-
eochemical patterns resulting in C; and Dj; isomers (Figure 8.6) (Dugan,
Turetsky, Du, Lobner, Wheeler, Almli, Shen, Luh, Choi, & Lin, 1997). Both
isomers showed scavenging activity for hydroxyl ((OH) and superoxide
radicals (O, ). C3; and D5 were very potent hydroxyl radical scavengers
requiring one to two orders of magnitude less concentration for elimina-
tion than other known scavengers. Mouse neocortical cells were exposed to
excitotoxicants N-methyl-d-aspartate and o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid, which can bind and activate glutamate receptors
that are known to be upregulated during periods of cellular oxidative stress
(Cerutti, 1985; Reynolds & Hastings, 1995). Both C; and D3 showed dose-
dependent neuronal protection (Dugan et al., 1997). However, C; was more
potent and induced more complete protection from neuronal death indicating

HO,C_ COH

Figure 8.6 C; and D; isomers of Cgg-malonic
D, acid adapted from Dugan et al., 1997.
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it may have a more favorable interaction with the plasma membrane than Ds.
Electron spin resonance spectroscopy revealed that Cs interacts with the
interior of the plasma membrane more extensively than D3, which is evi-
denced by C5’s partition coefficient (Dugan et al., 1997). Also, examination of
the molecule reveals that Cj; is dipolar — one half of the fullerene has three
malonic acid functional groups leaving the other half very hydrophobic. D3
has an equatorial arrangement of its malonic acid derivatives limiting
its ability to interact with hydrophobic regions (Figure 8.6) (Dugan et al.,
1997). Thus Cz and D5 Cg derivatized with malonic acid showed the abi-
lity to decrease neuronal death caused by rapid and extensive stimulation of
N-methyl-d-aspartate receptors, which few free radical scavengers are capable
of doing (Dugan et al., 1997). C; was able to attenuate neuronal death caused
by glucose starvation and N-methyl-d-aspartate receptor activation. Addition
of C; or D; to neocortical culture during serum starvation also decreased the
production of free radicals and apoptosis. Therefore, these Cs3 and D3 isomers
of malonic acid-derived Cgy show extensive free radical scavenger properties
(Dugan et al., 1997). However, no direct cytotoxicity data was obtained.

The free radical scavenger properties of carboxy fullerenes were confirmed
by Huang et al. (1998). Human Hep3B hepatoma cells were treated with
transforming growth factor B for 48 h and reactive oxygen species measured
by flow cytometry via oxidation of a fluorescent dye. Only C; carboxyfuller-
ene was observed to quench all reactive oxygen species after transforming
growth factor § treatment. Known antioxidants N-acetylcysteine and ascor-
bic acid also did not exhibit any scavenger properties in response to trans-
forming growth factor B-induced reactive oxygen species in Hep3B (Huang
et al., 1998). C; appears to have a much stronger interaction with the lipid
membrane than D5 as visualized via Stern—Volmer fluorescence quenching
(Huang et al., 1998) supporting Dugan et al. observation (1997). No direct
cytotoxicity was measured against Hep3B by Huang et al. (1998). Wanget al.
(1999) found that C; resulted in significantly less membrane leakage from
liposomes than D5 implying less cytotoxicity. Thus, Wang et al. (1999)
theorized that the number of sites for radical addition, the ability of the
antioxidant to penetrate the lipid membrane, and consequently the strength
of hydrophobic interaction between the antioxidant and lipids determined
the differences in membrane leakage resulting from free radical lipid
oxidation.

The functional consequence of additional malonic acid side chains to
light-induced Cgocytotoxicity was investigated (Yang, Fan, & Zhu, 2002).
Ceo was conjugated with malonic acid generating di-, tri-, and quadricma-
lonic acid with carboxylate functional groups (Yang et al., 2002). Human
cervix uteri tumor-derived HelLa cells were treated with various doses of
dimalonic acid, trimalonic acid, or quadricmalonic acid and exposed to
300 W halogen lamp three times for 30 min with 24 h recovery between
each exposure. MTT was then used to determine cell viability. The stage of
the cell cycle was also determined via flow cytometry. Dimalonic acid was
non-cytotoxic at concentrations below 64 uM; however, upon exposure to
light dimalonic acid became significantly cytotoxic at 32 pM and showed
dose-dependent toxicity at higher concentrations (Yang et al., 2002). This
toxicity was also evident through morphological changes seen via light
microscopy. Dimalonic acid, trimalonic acid, and quadricmalonic acid
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were non-toxic in the absence of light at 40 pM but showed significant
cytotoxicity at 40 uM in the presence of light. Interestingly, the toxicity of
the carboxyfullerenes decreased with increasing number of malonic acid
derivatives, which indicates the more highly substituted fullerenes may be
more photostable (Yang et al., 2002). This cytotoxic activity was identical to
the light-induced production of reactive oxygen species found previously
(Hamano, Okuda, Mashino, Hirobe, Arakane, Ryu, Mashiko, & Nagano,
1997; Cheng, Yang, & Zhu, 2000), which potentially links the ability to
produce reactive oxygen species with cytotoxicity. In addition, the hydroxyl
radical scavenger mannitol was unable to decrease light-induced cytotoxi-
city of HeLa cells at 10 uM indicating that the mechanism of cell death
might occur by another radical. However, Nakajima et al. (1996) found that
superoxide dismutase, which converts superoxide into oxygen and hydro-
gen peroxide, was not effective at decreasing Cgg-cthylene diamine-PEG-
COOH toxicity to L929 murine fibroblasts. This lack of scavenger activity
may be due to limited scavenger concentration or incompatible mechanism
of action. Neither group investigated multiple scavenger concentrations
(Nakajima et al., 1996; Yang et al., 2002).

Cg0-COOH were also observed to decrease the amount of natural and
iron-induced lipid oxidation in cortical brain homogenates from Sprague-
Dawley rats in a dose-dependent manner in vitro (Lin et al., 1999). At high
doses, these Cg-COOH returned lipid oxidation to basal or below basal
levels (Lin et al., 1999). In vivo C¢,-COOH also prevented lipid oxidation
resulting from elevated iron levels in the nigrostriatal dopaminergic system
of anesthetized Sprague-Dawley rats. These findings were further sup-
ported by suppression of hydroxyl radicals generated by iron in a cell
free preparation (Lin et al., 1999). In addition, no difference was observed
between C; and D5 isomers related to lipid oxidation induced by iron.
Furthermore, Lin et al. (1999) showed that vitamin E was more able to
prevent lipid oxidation than carboxyfullerenes in contrast to Wang et al.
(1999).

Ceo-COOH derivatives have also been investigated to determine the free
radical generation or scavenging properties. Peripheral blood mononuc-
lear cells were challenged with 2-deoxy-d-ribose or tumor necrosis factor
o and cycloheximide (Monti, Moretti, Salvioli, Straface, Malorni, Pellicciari,
Schettini, Bisaglia, Pincelli, Fumelli, Bonafe, & Franceschi, 2000). Both
2-deoxy-d-ribose and tumor necrosis factor o interfere with cells’ redox
equilibrium. 2-Deoxy-d-ribose shifts the balance of glutathione-S-trans-
ferase to the oxidized form and inhibits proliferation while also inducing
apoptosis. The antioxidant N-acetylcysteine prevents apoptosis caused by
2-deoxy-d-ribose (Kletas, Barbieri, Stathakos, Botti, Bergamini, Tomasi,
Monti, Malorni, & Franceschi, 1998). In addition, tumor necrosis factor o
is known to alter the redox equilibrium state of cells and induce apoptosis
(Glosli, Tronstad, Wergedal, Muller, Svardal, Aukrust, Berge, & Prydz,
2002; Hansen, Zhang, & Jones, 2006). Therefore, Monti et al. (2000)
investigated the effect C5-COOH had on 2-deoxy-d-ribose- and tumor
necrosis factor a-induced apoptosis. In both cases the Cg-COOH pro-
vided cytoprotective behavior preventing apoptosis from tumor necrosis
factor o or 2-deoxy-d-ribose treatment. Because both tumor necrosis
factor o and 2-deoxy-d-ribose are known to act via oxidative pathways,
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the anti-apoptotic behavior of C¢,-COOH is believed to occur through their
scavenger properties (Monti et al., 2000). These Cq-COOH were also
observed to prevent mitochondrial depolarization. This preference for
tumor necrosis factor o can be explained by the proposed action of tumor
necrosis factor o and cycloheximide, which are believed to act in concert to
increase superoxide production at the mitochondrial surface. Thus, the
theorized radical scavenging ability of Cg-COOH would act to decrease
these superoxide radicals. It should be noted as well that the decrease in
mitochondrial depolarization was less extensive than the anti-apoptotic
nature of Cg-COOH on entire cells (Monti et al., 2000).

Sayes et al. (2004) found that the LD5, of C5 C4-COOH was 10,000 ppb,
which is 500 times less toxic to dermal fibroblasts than nano-Cg,. Also the
sodium salt of carboxyfullerene, Na ™5 5[C¢0O7_o(OH)»_;5], was even less
toxic than Cgo-COOH with an LDsq of 40,000 ppb. Therefore, as hydro-
philicity increases toxicity decreases. Bosi et al. (2004) analyzed cytotoxicity
as a function of structure in a variety of functionalized Cg,. Those fullerenes
functionalized with carboxylate groups or carboxylate derivatives were not
cytotoxic to human MCF7 breast cancer, rat Hep-G?2 liver, or LLC-PK 1
pig renal proximal tubular cells at concentrations up to 80 uM. The full-
erenes with two cationic functional groups did show significant toxicity to
all three cell lines. These cationic functionalized fullerenes demonstrated
LDsq around 20 uM for Hep-G2 and MCF-7 but were highly toxic to the
LLC-PK| cells with an LDsq <1 uM (Bosi et al., 2004). Comparing hemo-
lytic and cytotoxic values reveals that cytotoxic concentrations are lower
than hemolytic concentrations. Therefore, surface also appears to affect
cytotoxicity similar to that seen for dendrimers.

Hemocompatibility

Bis(monosuccinimide) derivative of p,p’-bis(2-amino-ethyl)-diphenyl-Cg,
(15 mg/kg) was iv injected into Sprague-Dawley rats (Rajagopalan et al.,
1996). The blood clearance was found to exhibit bi- or tri-exponential decay.
Also >99% of the bis(monosuccinimide) derivative of p,p’-bis(2-amino-
ethyl)-diphenyl-Cgowas found to be bound to plasma proteins, which
would increase its circulation time in blood. This observation is supported
by computational modeling by Noon et al. (2002) who found that fullerenes
are capable of binding antibody with high-affinity while leaving ~20% of
the fullerene surface available for solvation. The protein bound to the full-
erene typically exhibited a complementary conformation in addition to side
chain moieties capable of pi-stacking interactions. Noon et al. (2002) theo-
rized that these pi-stacking interactions could be a common biological
recognition motif for carbon nanoparticles which are typically rich in
pi-bond electrons.

Bosi et al. (2004) found that Cg, functionalized with bis-carboxy chains
were non-hemolytic to human red blood cells up to 80 uM regardless of the
position of the functional group on the fullerene. One cationic chain
showed similar properties to the carboxylated fullerene; however, those
fullerenes with two cationic chains showed significant hemolysis from
20-60 uM (Bosi et al., 2004). Interestingly, the position of the two cationic
chains appeared critical to hemolytic activity as Cgy with equatorially
positioned cationic chains demonstrated 50% hemolysis at 20 pM while
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the other geometrical configurations only conferred 5-10% hemolysis.
This observation supports previous findings regarding activity and hydro-
phobicity/hydrophilicity. For instance, the difference between C; and D3
scavenger function is due to position of the side chains allowing C; to
penetrate the lipid membrane more efficiently. For the cationic functiona-
lized Cgg, the position of the side chain appears to confer surfactant
properties allowing these molecules to destabilize the membrane allowing
cell death. The hemolytic activity of these compounds was supported by
the calculation of the hydrophobic to hydrophilic surface area ratio.
A linear correlation was obtained for hemolytic activity and hydrophobic
to hydrophilic ratio. The correlation was only > = 0.779 for 30 pM but
increased to > = 0.944 for 80 uM indicating that the hydrophobic nature
of the molecule interacting with red blood cells is critical to hemolysis. This
data also warrants more investigation into the cytotoxicity of C; and D3
Cgs0-COOH to determine if their radical scavenging properties are offset
with inherent toxicity.

DNA Cleavage

The triethylamine salt of C5-COOH tested by Tokuyama et al. (1993) was
found to be highly selective for guanine bases. The mechanism underlying
this selective DNA cleavage was not probed; however, light-induced DNA
cleavage by C4-COOH was enhanced by treatment with base, which is
consistent with DNA damage induced by singlet oxygen.

Ce0-OH Cytotoxicity — Effect of Reactive Oxygen Species
and Lipid Oxidation

Fullerene hydroxylation is one method of overcoming the very low solubi-
lity in aqueous media (Figure 8.7). The hydroxyl groups provide increased
hydrophilicity allowing better dispersion in addition to providing potential
sites for drug conjugation. Sayes et al. (2004) found that as the degree of
functionalization increased, toxicity to HDF cells decreased. The Cgo(OH)o4
molecule was the least toxic of all the compounds tested with an LCs of >
5,000,000 ppb. In contrast to these findings, Co(OH ) 4was toxic to human
umbilical vein endothelial cells at 100 pg/ml but altered cell morphology at
1 or 10 pg/ml (Yamawaki & Iwai, 2006). The dose-dependent morphologi-
cal changes included cytosoloic vacuole formation and lower cell density.
Ceo(OH)4 (100 pg/ml) significantly increased LDH release resulting in
cytotoxic membrane damage. As a result of cytotoxicity, 100 pg/ml
Cs0(OH),4 demonstrated growth inhibition to 30% confluent endothelial
cells as shown by the reduction of MTT into formazan by mitochondrial

Figure 8.7 An example of Cgo-OH derivative
adapted from Sayes et al., 2004.
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dehydrogenases (Yamawaki & Iwai, 2006). C¢o(OH),4 did not induce clea-
vage of caspase-3 or PARP, two common indicators of apoptosis; how-
ever, protein ubiquitination increased in a dose-dependent manner with
Cs0(OH),4 (Yamawaki & Iwai, 2006). In addition, Co(OH),4 was interna-
lized into autophagosomes. Chronic exposure of endothelial cells to 1 pg/ml
Ce0(OH),4 resulted in no toxicity.

Fullerenes functionalized with 18-20 hydroxyl groups (Cgo(OH);g 50)
were tested for their free radical properties in an in vitro system (Chiang,
Lu, & Lin, 1995). Xanthine oxidase converts xanthine into uric acid, which
absorbs at 290 nm allowing its generation to be tracked. No change in uric
acid concentration was seen with increasing concentrations of Cgo(OH )15 0.
This led Chiang et al. (1995) to determine the ability of the fullerenol to
absorb superoxide radicals. The xanthine/xanthine oxidase system was used
again, but the addition of the chemiluminescent lucigenin allowed easy
detection of superoxide production. This experiment revealed a decrease
in chemiluminescence dependent on Cgo(OH) 5 soconcentration. Thus, full-
erenols were shown to act as a radical sponge for superoxide radicals
(Chiang et al., 1995).

Cs0-PEG Cytotoxicity

PEG 5460 was added to Cgy to create a molecule with total molecular
weight of 26,000 (Tabata, Maurakami, & Ikada, 1997). After iv injection
into CDF-1 mice containing Meth A fibrosarcoma cell tumors, the radi-
olabeled Cgy-PEG molecules preferentially located to the tumor with tissue
ratios of 2.7 and 19 for tumor to skin and muscle, respectively. Upon
exposure to visible light, tumor necrosis was present but host healthy tissue
was not damaged (Tabata et al., 1997). A more pronounced effect was seen
with the Cgo-PEG conjugate than with the positive control Photofrin
despite a 10-fold lower dose of Cy)-PEG. Full excretion was observed
after 7 days via renal clearance, and doses up to 1.8 g/kg of Cgy-PEG
were well tolerated with no excessive accumulation in host tissue or mouse
lethality (Tabata et al., 1997). This dose is also reported to be 4,000 times
higher than that needed for light-induced tumor necrosis.

Cusan et al. (2002) previously evaluated C; and D3 CsoCOOH. The
carboxy chains overcame the solubility and aggregation issues; however,
an increase in side chain groups has been shown to decrease the radical
scavenger abilities of fullerenes (Krusic et al., 1991). Therefore, Cusan
et al. designed and synthesized a Cgy molecule with three ethylene glycol
and ammonium groups contained in one side chain (Figure 8.8). However,
this Cgo molecule did not affect the concentration of superoxide radicals
produced by the xanthine/xanthine oxidase cell free system (Cusan et al.,
2002). Its neuroprotective activity was tested against cerebral cortical cells
from Sprague-Dawley rats incubated with 100 pM glutamate. Surpris-
ingly, ethylene glycol/ammonium functionalized Cg( contributed to corti-
cal cell toxicity in a dose-dependent manner. Cusan and coworkers (2002)
theorized that this increased toxicity was likely due to the dipolar nature of
the molecule whereby the intact fullerene was very hydrophobic and the
functionalized side chain was highly hydrophilic conferring surfactant
properties upon the functionalized Cgy molecule allowing it to destabilize
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Figure 8.8 An example of Cgg conjugated with

o] + o]
H R .
N~ MD%HJ\'N Q\J\ﬂ/\/owo/\/”ﬂa triethylene glycol adapted from Bosi et al., 2004.
8]

the cellular plasma membrane. Thus, the number and arrangement of
functional groups added to a Cgq fullerene appear more important for
neuroprotective activity than the nature of the functional group.

Summary

Inconsistent data exists regarding fullerene biocompatibility. For example,
Cgo has been observed to generate free radicals and scavenge them under
different experimental conditions such as cell type and fullerene derivative.
In addition, C¢o has demonstrated significant toxicity toward a variety of
cells (Sayes et al., 2004); however, others claim that Cg is in fact not toxic
(Andrievsky, Klochkov, & Derevyanchenko, 2005). Additional research
into the effects of surface modification on a fullerene’s electronegativity is
needed. Also, resolution of the mechanism underlying fullerenes ability to
scavenge free radicals is needed.

Conclusions

More research into the biocompatibility of SWCNTs has been performed
than for MWCNTSs. Aggregation poses significant toxicity for both
SWCNTs and MWCNTs. Therefore, more research into the effect synth-
esis technique, length, metal content, and surface treatment have on bio-
compatibility and possible free radical generation or scavenging is needed.
No consensus conclusions can be drawn regarding fullerene structure and
biocompatibility. Conflicting data exists indicating that Cgy may act as
both a free radical generator and a scavenger under different conditions.
Various surface modifications such as —-COOH or —OH can improve the
solubility of Cgy. Based on the current experiments, it appears that the
geometry of these surface modifications is critical to toxicity and biocom-
patibility. However, more research is needed to understand the mechanism
related to fullerene-mediated toxicity. Guidelines such as the International
Organization for Standards 10993 and the American Society for Test-
ing Materials Standards F748 will decrease variability between expo-
sure times, cell lines, and animal models for a given material. Therefore,
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adherence to these standards will accelerate our understanding of the
biocompatibility of SWCNTs, MWCNTs, and fullerenes.
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Factors Controlling Pharmacokinetics
of Intravenously Injected
Nanoparticulate Systems

S. Moein Moghimi and Islam Hamad

Introduction

Particulate nanosystems, such as liposomes, polymeric micelles, and
nanospheres have long been used for site-specific delivery of therapeutic
and diagnostic agents following intravenous injection (Moghimi et al.,
2005a). Additionally, there is a catalogue of nanoparticulate entities exhi-
biting unique physical and chemical properties, such as high rigidity, high
thermal and electrical conductivity, and superparamagnetism, which have
applications in experimental imaging, cell ablation, and even drug delivery
following introduction into the vasculature (Moghimi et al., 2005a;
Moghimi & Kissel, 2006). Examples include semiconductive single- and
multi-walled carbon nanotubes (SWNT and MWNT, respectively) and
iron/iron oxide core—shell nanoclusters (Klumpp et al., 2006; Qiang et al.,
2000).

The biological performance of intravenously injected nanoparticles is
controlled by a complex array of physicochemical and physiopathological
factors (Moghimi et al., 2001, 2005a, 2006¢). Physicochemical considera-
tions include nanoparticle size distribution, shape, density, rigidity or
deformability, and surface characteristics (e.g. surface electric charge, sur-
face density, and conformation of adsorbed or grafted synthetic polymers
and biological ligands). These factors not only control the flow properties
of nanoparticles within the blood vessels and at bifurcations in vascular
and capillary systems, but also modulate nanoparticle circulation times,
tissue deposition patterns, mode of entry into cells (as in Rho-dependent
phagocytosis, clathrin-mediated endocytosis, internalization through
membrane rafts, and uptake mechanisms independent of phagocytosis,
clathrin, and caveolae), intracellular trafficking, contents release, and
toxicity (Andresen et al., 2004; Bhatia et al., 2003; Decuzzi & Ferrari,
2006; Harush-Frenkel et al., 2007; Lovric et al., 2005; Moghimi et al.,
2001, 2004, 2005a, 2006c; Patil et al., 2001; Poznansky & Juliano, 1984).
For instance, oblate ellipsoidal particles have been proposed to adhere
more effectively to the biological substrates than their corresponding
classical spherical particles of the same volume (Decuzzi & Ferrari,
20006). In addition, non-spherical nanoparticles can carry more drugs and
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contrast agents than their corresponding spherical particles of the same
adhesive strength, which may improve therapeutic and diagnostic efficacy.

Biological considerations that control nanoparticle circulation times
in the blood and tissue distribution include determinants of phagocytic/
endocytic recognition and ingestion, the “state-of-responsiveness” of the
host immune system, and escape routes from the vasculature (Moghimi,
2003; Moghimi et al., 2001, 2005a).

A clear understanding of the above-mentioned events is crucial for opti-
mization and development of complex multi-functional nanoparticles for
investigative, diagnostic, and therapeutic needs. This article briefly examines
the interplay between physicochemical and biological factors that control
nanoparticle pharmacokinetics following intravenous route of injection.

Protein Adsorption and Opsonization Events

Numerous studies have confirmed that, following contact with the blood,
nanoparticles acquire a coating of plasma proteins (Chonn et al., 1992,
1995; and reviewed in Moghimi et al., 2001; Moghimi & Szebeni, 2003).
This coating differs considerably in amount and in pattern depending on
the dose, the physicochemical characteristics of the nanoparticles, and the
exposure time. The protein coating has a number of important ramifica-
tions for pharmacokinetics and tissue distribution of nanoparticles. One
aspect concerns the extent of nanoparticle aggregation and trapping in
the first capillary bed encountered. Another consequence of nanoparticle—
protein interaction is opsonization that is the adsorption of those plasma
proteins subsequently capable of interacting with their receptors expressed
by macrophages in contact with the blood (Moghimi et al., 2001; Moghimi
& Szebeni, 2003). Examples of opsonic proteins include various subclasses
of immunoglobulins, certain components of the complement system (e.g.
Clq, C3b,iC3Db), fibronectin, C-reactive protein, lipopolysaccharide-binding
protein, and von Willebrand factor. Non-specific protein adsorption may
also play an important role in particle clearance. Following adsorption,
non-specific proteins could undergo conformational changes and expose
chemical structures that could either be recognized directly by macrophage
receptors or could act as a template for subsequent recognition by opsonic
proteins.

The largest population of macrophages in contact with blood is located
in the liver sinuses (Kupffer cells). Therefore, it is not surprising to see that
after intravenous injection opsonized particles are rapidly, and predomi-
nantly, intercepted by Kupffer cells. In addition, nanoparticle clearance
from the blood by splenic marginal zone and red-pulp macrophages,
persinal phagocytes of the bone marrow, and blood monocytes also occurs
to some extent. Thus, following intravenous injection of drug-encapsulated
nanoparticles, drug exposure becomes limited to lysosomal and cytoplas-
mic compartments of macrophages, and is advantageous for treatment
of disease and disorders of the reticuloendothelial system (Moghimi,
2003; Moghimi et al., 2005a). Macrophage recognition and clearance of
nanoparticles from the blood can be further accelerated by surface attach-
ment of substrates/ligands for macrophage scavenger, integrin, dectin,
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galactose/fucose, mannose, and Toll-like receptors. Here, associated sig-
nalling events will be different, depending on the target receptor.

Blood monocytes can also migrate out of the circulation into various
locations such as lungs and the brain, and differentiate into macrophages.
The specific targeting of one or more immunomodulators to monocytes
could, therefore, significantly enhance host resistance against cancer in spe-
cific locations; for instance, the lungs are a major site of disseminated meta-
static disease, and an organ that is not rich in reticuloendothelial activity.

Differential Opsonization and Macrophage Heterogeneity

Of particular interest is the concept of “differential opsonization”, which
may account for the observed differences in clearance rates and phagocyte
sequestration of nanoparticles and vesicles (Moghimi et al., 2001, 2005a;
Moghimi & Hunter, 2001; Yan et al., 2004). For example, certain liposomes
of 200-500 nm in size are more efficient in activating the complement
system, and hence are cleared faster from the blood than their smaller
counterparts (50 nm) (Devine et al., 1994). This is a reflection of the surface
dynamic and geometric effects on the assembly of proteins and proteases
involved in complement activation. The extent and the mode of complement
activation by liposomes also depend on vesicular lipid composition, bilayer
packing, and surface characteristics (Moghimi & Hunter, 2001). For
instance, in the absence of anti-phospholipid and anti-cholesterol antibo-
dies, liposomes containing anionic phospholipids (e.g. cardiolipin and phos-
hpatidylglycerol) in their bilayer interact with Clq, a process that leads to
activation of the classical pathway of the complement system in rats and
humans and fixation of complement opsonic C3 fragments (Marjan et al.,
1994). On the other hand, cationic liposomes tend to activate the human
complement system via the alternative pathway. In contrast to charged
lipids, liposomes composed of zwitterionic egg phosphatidylcholine seem
to activate complement only after prolonged exposure to serum, presumably
via C-reactive protein-binding pathway (Volanakis & Wirtz, 1979). Elevated
levels of plasma lipoproteins can also modulate the extent of comple-
ment activation. For example, we (Moghimi et al., 2006b) have shown
that elevated levels of serum LDL and HDL can significantly suppress
cholesterol-rich liposome-mediated complement activation, Figure 9.1.

Depending on surface characteristics of nanoparticles, non-specific
adsorption of intact C3 may initiate complement activation in the presence
of factors B and D (Moghimi & Szebeni, 2003). Activation of the alter-
native pathway may even involve antibodies via their F(ab) portion
(Moore et al., 1982), the binding of which to C3b is most likely to depend
on a two antigenic subsite-fixed orientation of IgG.

Hydrophobic entities such as carbon nanotubes also activate comple-
ment, but the activation process is dependent on nanotube morophology.
Both hydrophobic SWNTs and MWNTs activate the human complement
system via the classical pathway through surface adsorption of Clq, but
DWNTs further activate complement through the alternative pathway
(Salvador-Morales et al., 2006). In addition, binding of other plasma
proteins to carbon nanotubes is a highly selective process; remarkably,
there is no IgG, IgM, pentraxin, and fibronectin binding, but protein
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Figure 9.1 The effect of elevated levels of HDL and LDL in human serum on liposome-mediated comple-
ment activation. Multilamellar vesicles (MLV) were composed of dimyristoylphosphatidylcholine, dimyr-
istoylphosphatidylglycerol, and cholesterol (50:5:45 mole ratios). The final concentration of liposomes in
serum was 5 mg/mL. The cholesterol and triglyceride levels of the serum were normal, and approximately
180 and 200 mg/dL, respectively. The addition of purified HDL to serum increased cholesterol levels
by 25-30%. The addition of purified LDL doubled serum cholesterol levels, a situation similar to that
encountered in heterozygous familial hypercholesterolemia. Liposome-mediated complement activation,
through both calcium-sensitive and alternative pathways, in undiluted human serum was monitored by
measuring the production of the S-protein-bound form of the terminal complex, SC5b-9, using an enzyme-
linked immunosorbent assay kit (Moghimi et al., 2006b).

adsorption is exclusive to apolipoprotein Al, ATV, C-III, albumin, and
fibrinogen. These observations are also in line with rapid Kupffer cell
deposition of intravenously injected carbon nanotubes of 1 nm diameter
and 300 nm length (Cherukuri et al., 2006). Longer nanotubes (spanning
from several to tens of micrometer in length), however, may be too large to
be phagocytosed, and as a result of complement activation, inflammatory
responses and granuloma formation may follow.

The concept of differential opsonization is also important as macro-
phages are heterogeneous with respect to physiological function and
phenotype, even within the same organ (Moghimi, 2003; Moghimi et al.,
2001). Therefore, some populations of macrophages may utilize one parti-
cular predominant recognition mechanism. In relation to this statement,
a recent study has demonstrated the predominant localization of intrave-
nously injected liposomes, which were surface modified with the anionic
1,5-dihexadecyl-L-glutamate- N-succinic acid, to persinal macrophages of
the rabbit bone marrow (Sou et al., 2006). The dynamic and differential
processes of protein/opsonin binding to nanoparticles could even indicate
an arrangement based on a recognition hierarchy. Thus a specific macro-
phage receptor might recognize the earliest changes associated with a
particle surface, whereas other receptors might recognize particles at a
later stage, ensuring their complete removal from the systemic circulation.

The Role of Protein Adsorption on Particle Binding
to Non-phagocytic Cells

Adsorption of blood proteins on to nanoparticles may even affect nano-
particle binding to and clearance by non-phagocytic cells. For instance,
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following complement activation and binding of C3b, C4b, or C3b break-
down products iC3b and C3d, nanoparticles may further interact with
platelets and erythrocytes. In rats, platelets express type I complement
receptors (CR1) that bind C3b-opsonized liposomes (Loughrey et al.,
1990), whereas in primates erythrocytes express CR1 (Cornacoff et al.,
1983), which could play a critical role in pharmacokinetic of certain C3b-
opsonized nanoparticles. Another example is surface enrichment of poly-
sorbate-80-coated nanospheres within the blood by apolipoproteins-B and
E, resulting in some nanoparticle recognition by the LDL receptors of the
rat blood—brain barrier endothelial cells (Kreuter et al., 2003). Apolipo-
protein-E was also shown to play an exclusive role in recognition of
electrically neutral liposomes by murine hepatocytes (Scherphof &
Kamps, 2001; Yan et al., 2005).

Suppression of Opsonization Events

The surface of nanoparticles, nanotubes, and even viruses can be manipu-
lated with a wide range of polymeric materials that are capable of generating
a hydrophilic steric barrier (Liu et al., 2006; reviewed in Moghimi, 2006;
Moghimi et al., 2001, 2005a; Moghimi & Szebeni, 2003; Romberg et al.,
2007). In principle, the engineered steric barrier should combat surface
opsonization events, and hence minimize nanoparticle clearance by macro-
phages in contact with the blood (Moghimi et al., 1993b). As a result, the
circulation time of nanoparticles in the blood is expected to be prolonged,
and nanoparticles may be targeted “passively” or “actively” to accessible
non-macrophage elements. The pharmacokinetics of such engineered enti-
ties, however, depends on density and conformation of surface-projected
hydrophilic polymers, Figure 9.2 (Al-Hanbali et al., 2006; Gbadamosi et al.,
2002). For example, the tetrafunctional polyethylene oxide/polypropylene
oxide ethylenediamine block copolymer poloxamine 908 can adsorb on to
the surface of hydrophobic nanoparticles via its central polypropylene oxide
chains, which leaves the relatively hydrophilic polyethylene oxide segments
to extend outwards from the nanoparticle surface (Moghimi et al., 1993b).
We (Al-Hanbali et al., 2006) recently demonstrated that accommodation of
at least 11,500 poloxamine molecules on the surface of a polystyrene nano-
particle of 230 nm diameter was necessary for suppressing nanoparticle-
mediated complement consumption (but not totally inhibiting the process)
and conferring longevity in the blood when compared with a naked nano-
particle. These conditions generated a sufficient density of polyethylene
oxide on nanoparticle surface, where projected chains assumed a brush-
like configuration to combat rapid complement activation and particle
clearance by the hepatic macrophages. At a lower surface density, while
maintaining the brush configuration of the projected polyethylene oxide
chains, complement consumption was increased and nanoparticles were
more prone to phagocytic clearance. At a critical surface density of 3,700
poloxamine 908 molecules per nanoparticle, polyethylene oxide chains
assumed a mushroom-like configuration as supported by biophysical char-
acterization. Here, complement consumption proceeded rapidly in a man-
ner comparable to uncoated nanoparticles, and the engineered particles
circulated in the blood for considerably shorter periods of time.
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Figure 9.2 The effect of poloxamine 908 surface coverage on polystyrene nano-
particle circulation profile in rats. The core size of polg/styrene nanoparticles was
60 nm in diameter. Particles were surface labelled with ['**I]Na prior to poloxamine
coverage. Surface modification was achieved by incubating nanoparticles with polox-
amine 908 at room temperature overnight. The equilibrium poloxamine concentration
was either 50 or 200 pg/ml, respectively. At the lower equilibrium poloxamine con-
centration, the surface-projected poly(ethylene oxide) chains are spread laterally with
portions in close contact with the surface of nanoparticles (mushroom configuration)
and correspond to the first plateau region on the adsorption isotherm (Al-Hanbali
et al., 2006). At an equilibrium poloxamine 908 concentration of 200 pg/ml, which
corresponds to the top plateau region of the adsorption isotherm, poly(ethylene
oxide) chains assume a laterally compressed elongated random coil conformation in
a direction perpendicular to the plane of particle surface. Particles (3.5 mg polystyrene/
kg body weight) were injected intravenously via tail vein and the blood concentration
of nanoparticles was evaluated at various intervals.

Methoxy(polyethylene glycol),ggo-grafted liposomes (PEGylated lipo-
somes) are also known to exhibit prolonged circulation time in the blood
(reviewed in Moghimi et al., 2001; Moghimi & Szebeni, 2003). For example,
a clinical formulation of PEGylated liposomes (Doxil®) shows a biphasic
circulation half-life of 84 min and 46 h in humans. Contrary to the view that
poly(ethylene glycol) grafting should suppress opsonization processes, we
have (Moghimi et al., 2006a) shown that PEGylated liposomes can effi-
ciently activate the human complement system via both classical and alter-
native pathways and fix complement proteins (Figure 9.3). Our studies
indicated that complement activation was due to the expression of the net
anionic charge on the oxygen phosphate moiety of phospholipid-methoxy
(polyethylene glycol) conjugate; methylation of the phosphate oxygen, and
hence the removal of the negative charge, totally prevented generation of
complement activation products (e.g. SC5b-9 complexes), anaphylatoxins,
and complement split products (e.g. Bb and C4d) in human serum
(Moghimi et al., 2006a). Remarkably, complement fixation by PEGylated
liposomes seemed to play a minor role in macrophage clearance via comple-
ment receptors; the surface-projected methoxy(polyethylene glycol) chains
sterically interfered with the binding of surface-bound iC3b to the macro-
phage complement receptor. This process seems to explain the prolonged
circulation times of “stealth” liposomes.
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Long-circulating entities are further amenable to surface modification
with biological ligands for targeting to blood elements (e.g. lymphocytes or
blood clots) and vascular endothelial cells (Moghimi, 2006; Moghimi et al.,
2005a; Allen, 2002; Murray & Moghimi, 2003). Pharmacokinetics and
biodistribution of these entities will be modulated by their size and stability
in the blood as well as surface density, location (direct attachment to the
particle surface, or to distal end of surface-projected polymer chains, or
both), and conformation of the attached ligands (Bendas et al., 2003).

Nanoparticle Escape from the Vasculature

Splenic Red-Pulp

If confinement of long-circulating nanoparticles to the vascular system is
necessary (e.g. for slow and controlled drug release), then splenic filtration
processes in the red-pulp regions must be considered. In sinusoidal spleen
(as in rat and human) blood flow is mainly through the open route of
circulation (little or no endothelial continuity from arterial capillaries to
venous vessels, resulting in direct blood contact with the reticular mesh-
work of marginal zone and the red-pulp), where particulate filtration at
inter-endothelial cell slits of venous sinuses become predominant. Splenic
filtration is frequently observed for non-deformable entitiecs whose size
exceeds the width of cell slits (200-250 nm) (Moghimi et al., 1991). Thus,
long-circulating “rigid” nanoparticles will be cleared efficiently by the
splenic filter, providing that their size exceeds 200 nm. Otherwise, oppor-
tunities are there for gaining access to the splenic red-pulp regions, which
are rich in macrophages. Indeed, we (Moghimi et al., 1991, 1993a) have
shown that within a few hours of intravenous injection, poloxamine 908-
coated polystyrene nanoparticles of 230 nm size predominantly localize to
the splenic red-pulp compartments. Remarkably, resident macrophages of
the red-pulp phagocytosed filtered nanoparticles (Moghimi et al., 1993a).
This was a surprising observation, since poloxamine-coated nanoparticles
were expected to resist ingestion by quiescent macrophages. The phagocytic
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process, presumably had occurred after intrasplenic loss of some surface-
adsorbed poloxamine molecules (as a result of inter-endothelial cell slit
resistance to blood flow through the reticular meshwork and altered
dynamic flow properties of red blood cells and plasma), thus triggering
local opsonization events at the nanoparticle surface. This notion is in
agreement with significant levels of complement activation and fixation
with nanoparticles bearing a critical number of poloxamine molecules (see
above) (Al-Hanbali et al., 20006).

The meshwork of the red-pulp also expresses an enormous contact
surface area for particulate matters; its large cross-sectional area for flow
can slow down red blood cell and particle velocity and facilitate their
trapping. Here, factors influencing particulate retention are principally
physicochemical and are related to surface properties such as surface
charge and adhesiveness.

Bone Marrow Sinuses

The medullary sinuses in the bone marrow are formed from an uninter-
rupted layer of spindle-shaped endothelial cells, an outer discontinuous
layer of supporting adventitial cells, and a discontinuous basal lamina.
Macrophages abound in the vicinity of marrow sinuses, and in some
species they are considered as a component of the marrow—blood barrier.
Systemic nanoparticles, however, may reach the bone marrow compart-
ment through transport mechanisms across the blood—bone marrow bar-
rier, which includes transcellular and intracellular routes. The former
route is through diaphragmed fenestrae of endothelial walls, whereas the
intracellular route is associated with the formation of bristle-coated pits on
the luminal surface of the endothelium (Moghimi, 1995).

A remarkable case, however, was reported with poloxamer 407-coated
polystyrene particles of 60 nm size after intravenous injection into rabbits
(Porter et al., 1992). These particles were resistant to clearance by scaven-
gers of the liver and the spleen, but within 12 h of injection predominant
nanoparticle localization to sinus endothelial cells of the bone marrow was
notable without evidence of transcytosis. Thus exquisite levels of recogni-
tion and specificity are achievable with surface modification, either directly
or through a time-dependent differential protein-binding phenomenon.

Open Fenestrations in the Liver and Pathological Vessels

Nanoparticle escape from the circulation may further occur at sites where
the blood capillaries have open fenestrations, or when the integrity of the
endothelial barrier is perturbed by inflammatory processes, or dysregu-
lated angiogenesis. For example, open fenestrations are found in the sinus
endothelium of the liver, where the size of fenestrae can be as large as
150 nm. A significant fraction of some deformable particles and vesicles
(even larger than 150 nm) may get access to the hepatic parenchyma
through the space of Disse, between the lining cells and the hepatocyte
surface, by “endothelial massaging” (Romero et al., 1999). Although this
may provide an opportunity for targeting of particles to hepatocytes and
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hepatic stellate cells, the number and frequency of endothelial fenestrae is
significantly decreased in chronic liver diseases.

Hyper-permeability of tumour microvessels to macromolecules as well
as to nanoparticles is long established (reviewed in Moghimi, 2007a;
Munn, 2003). Detailed morphological investigations have demonstrated
heterogeneity in pore sizes along a typical tumour blood vessel; tumours
that were grown subcutaneously exhibited a characteristic pore cut-off size
ranging from 200 to 1200 nm with the majority ranging between 380 and
780 nm (Hobbs et al., 1998). The pore cut-off size in tumours is also
modulated by microenvironmental factors such as hormones and growth
factors. For instance, the pore cut-off size is reduced when tumours are
grown in the cranium (Hobbs et al., 1998). In androgen-dependent mouse
mammary tumour, testosterone withdrawal also reduced the pore cut-off
size from 200 nm to less than 7 nm within 48 h (Hobbs et al., 1998).
Nevertheless, the idea of exploiting the vascular abnormalities of the
tumours, restricting penetration into normal tissue interstitium while
allowing better access to that of the tumour with long-circulatory and
multi-functional nanoparticles and vesicles of different shape, size, and
composition, is an attractive one, and has received considerable attention
(reviewed in Moghimi et al., 2001, 2005a; Moghimi, 2006, 2007a). These
approaches should, therefore, be used before hormone ablation therapies
or other therapies that may reduce transvascular transport. In the case of
macromolecules, transport across tumour blood vessels may further occur
via caveolae and vesicular vacuolar organelles.

Following extravasation into tumour interstitium, nanoparticulate
carrier systems must be able to release its cargo at a rate that maintains
free drug levels in the therapeutic range; a process also amenable to
modulation by nanoengineering (Andresen et al., 2004). While passively
targeted long-circulating carriers can show anti-tumour activity, higher
and more selective anticancer activity is achievable by surface decoration
of long-circulating nanoparticles with a plethora of tumour-specific
ligands, such as monoclonal antibodies (e.g. anti-HER2 antibodies),
folate, transferrin, vasoactive intestinal peptide, and sigma-1 selective
substrates (Allen, 2002; Sudimack & Lee, 2000).

Lymph Nodes

Small fractions of particles of 1-20 nm size range may slowly extravasate
from the vasculature into the interstitial spaces, from which they are
transported to the regional lymph nodes by way of patent junctions of
the lymphatic vessels (Moghimi & Bonnemain, 1999). Also, depending on
the species type, some nanoparticles may leave the vascular compartment
through post-capillary venules and adjoining capillaries, where blood flow
is sluggish and endothelial permeability is controlled by a number of
mediators, and reach the lymph nodes. Indeed, these modes of particle
extravasation from the vascular system have been exploited in medical
imaging using dextran-coated superparamagnetic iron oxide nanocrystals.
For instance, such nanocrystals have aided visualization of micrometas-
tases in lymph nodes by magnetic resonance imaging (Harisinghani et al.,
2003).
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The Glomerular Filter

The capillary endothelium of glomerular filter contains large round fenes-
trations of 50-100 nm diameter, which occupies approximately 20% of the
endothelial surface. These fenestrations do not exhibit diaphragms. How-
ever, nanoparticle passage across these fenestrations is hampered by the
presence of a continuous and thick (240-340 nm) basement membrane as
well as by the primary processes of podocytes, which embrace the capil-
laries, giving rise to pedicels, which interdigitate with those of the primary
processes. The openings between the pedicels, or the filtration slits, are
approximately 25 nm in width and bridged by a delicate electron-dense
diaphragm of 4 nm thick. Podocytes also possess phagocytic function, that
is to ensure the removal of large molecules and small particles that may
have been trapped in the outer layers of the filter. Macromolecules and
particles trapped on the endothelial side are cleared by mesangial cells.

In spite of these barriers, a recent study involving carbon nanotubes has
claimed that following intravenous injection into mice, water-soluble func-
tionalized SWNTs (2040 nm in width and variable long lengths) are cleared
rapidly intact from the systemic circulation through the renal excretion route
(Singh et al., 2006). These observations presumably indicate that carbon
nanotubes are capable of damaging the endothelial barrier of the glomerular
capillaries (primarily the filtration slits) following insertion through their
hydrophilic termini. The damage may even extend to fenestrated capillaries
of proximal- and distal-convoluted tubule regions. Unfortunately, kidney
function tests and morphological studies were not conducted to assess the
integrity of glomerular filter following nanotube administration. In the
absence of such studies, the proposed therapeutic applications of intrave-
nously injected carbon nanotubes cannot be perceived safe.

The capillary endothelium of glomerular filter and the outer surface of
the podocytes, including the filtration slits, exhibit a strong negative
electric charge. These sites may play a role in binding to small entities
that exhibit cationic charge in plasma. For example, efficient kidney
accumulation of generation 3 poly(amidoamine) Starburst dendrimers
was reported by Roberts et al. (1996).

Dosing Regimen

It is now apparent that particulate nanocarriers exert substantial effects on
pharmacokinetics and body distribution of their entrapped cargo. How-
ever, limited information is available for differing dose schedules and dose
intensities. This is of particular importance where patients are expected to
receive multiple injections, as in delivery of anticancer agents with long-
circulating nanoparticles. Here, one should ensure that the first dose has
had time to clear before subsequent doses.

A recent study (Charrois & Allen, 2003) has evaluated the effect of
dosing schedule on the pharmacokinetics of doxorubicin entrapped in
long-circulating liposomes (Doxil®) following multiple intravenous injec-
tions into mice (four injections of liposomes at a dose of 9 mg/kg and dose
intervals of either 1, 2, or 4 weeks). Interestingly, plasma pharmacokinetics
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of doxorubicin in each injection cycle was independent of the next cycle.
Initially, these observations, however, would appear to contradict those
of Ishida et al. (2003, 2006b) who demonstrated that an injection of
PEGylated liposomes in rats could elicit the production of a poly(ethylene
glycol)-specific IgM in the spleen (independent of T-cells), resulting in
opsonization (complement activation) and rapid hepatic elimination of a
subsequent liposome dose given 5 days later. Increasing the time interval
between the two injections, however, weakened the effect and by third dose,
hardly any effect on pharmacokinetics relative to the first injection was
seen. In addition, the altered pharmacokinetics was dose dependent (Ishida
et al., 2006a). For instance, no rapid clearance of the second liposome dose
occurred when the first liposome dose exceeded 5 pmol phospholipid/kg
body weight. Further, it was shown that doxorubicin encapsulation could
also control pharmacokinetics of subsequent liposome injections (Ishida
et al., 2006a). The first dose of doxorubicin-encapsulated liposomes failed
to dramatically increase plasma levels of poly(ethylene glycol)-specific IgM
antibodies, presumably as a consequence of doxorubicin-mediated macro-
phage death and inhibition of B cell-proliferation and/or killing of prolif-
erating B cells, resulting in prolonged circulation times of subsequent
liposome doses. Altered pharmacokinetics of long-circulating liposomes
following repeated administration has also been reported by other investi-
gators (Dams et al., 2000; Romberg et al., 7007).

The most notable dose-limiting toxicity associated with continuous and
repeated infusion of Doxil® is doxorubicin accumulation in the skin,
resulting in palmar—plantar erythrodysesthesis (PPE) (Lyass et al., 2000).
The incidence of PPE can be lowered substantially by reducing the dose
intensity as well as the interval between subsequent dosing. For example,
recent studies in mice have demonstrated that skin pharmacokinetics of
one injection cycle of Doxil® was independent of the next injection cycle
when the dose interval was 4 weeks, with little evidence of symptoms of
PPE (Charrois & Allen, 2003).

In contrast to liposomes, repeated intravenous injection of long-
circulating polymeric nanospheres generates different responses. For
instance, a single intravenous dose of poloxamine 908-coated polystyrene
nanospheres of 60 nm size dramatically affected the circulation half-life
and body distribution of a second subsequent dose in a time-dependent,
but opsonic-independent, manner (Moghimi & Gray, 1997). At 3 days
after a single intravenous dose, Kupffer cells and splenic macrophages
could clear a second dose of long-circulating nanospheres from the blood.
When the interval between the two injections was increased to 14 days, the
second dose behaved as long circulatory. Remarkably, the coating mate-
rial (poloxamine 908) was shown to trigger nanosphere clearance by
resident Kupffer cells and certain sub-populations of splenic macrophages,
since a single intravenous injection of an endotoxin-free solution of polox-
amine 3 days before the administration of long-circulating nanospheres
induced similar effects (Moghimi & Gray, 1997). The observations may be
due to altered macrophage functions through gene activation and signal-
ling pathways, leading to increased mobility of some plasma membrane
receptors or expression of new receptors capable of directly recognizing
surface characteristics of long-circulating nanospheres.
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The State of Macrophage Responsiveness

Macrophage priming and activation can be induced experimentally (e.g.
by lipopolysaccharide or zymosan challenge), and is also known to occur
in certain physiopathological conditions. Such macrophages can proceed
with recognition and internalization of long-circulating nanoparticles via
both opsonic-dependent and opsonic-independent modes (reviewed in
Moghimi et al., 2001). These observations are of importance in thera-
peutic protocols that utilize long-circulating carriers for targeting to non-
macrophage sites in clinical conditions associated with globally or
regionally enhanced macrophage activity.

Conclusions

The biomedical applications of nanoparticle carriers for site-specific deliv-
ery of therapeutic and contrast agents are well established. This trend will
surely continue with the advent of nanotechnology and parallel develop-
ments in design of functional entities (e.g. metal and rod nanoshells,
porous silicon nanoparticles) as well as multi-functional nanomedicines
for simultaneous sensing, signalling, and drug release. Such innovations
and novel approaches are already the focus of the US National Institute
of Health’s Nanomedicine Roadmap Initiative as well as the European
Science Foundation. Nanoparticles, however, do not behave similarly
when injected intravenously. Their pharmacokinetics is controlled by
complex and inter-related physicochemical, anatomical, pathophysiologi-
cal, and immunobiological factors, as well as the dosing regimen. These
parameters must be studied individually for each specific nanoparticle. In
the case of intravenous gene therapy with polyplexes and cationic nano-
particles, issues such as poor transfection efficiency, polycation-mediated
cell death, and insufficient distribution to target cells are substantial and
need to be resolved (Moghimi, 2007b; Moghimi et al., 2005b). A clear
understanding of these issues could lead to design and engineering of
multi-functional nanomedicines with optimal biological performances in
relation to specific clinical conditions.
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Controlled Release and Nanotechnology

Tania Betancourt, Amber Doiron, Kimberly A. Homan,
and Lisa Brannon-Peppas

Introduction

Nanosized controlled release systems for drug delivery are segregated into
several categories including polymeric nanoparticles, liposomes, solid lipid
nanoparticles, polymeric micelles, and dendrimers. This topic is extensive
and as such is only briefly reviewed here. More detailed information may
be found in more focused chapters of this book. With this in mind, this
chapter will provide an overview of nanoparticulate systems, followed by
some of the more interesting opportunities and applications of nanotech-
nology in controlled release: metal-organic systems, nanotubes, respon-
sive systems, and personal care products.

The use of a drug as a therapeutic agent is often a delicate balance
between therapeutic efficacy and detrimental side effects including toxi-
city. The control of the amount of drug delivered over time and the spatial
localization of that delivery are paramount in overcoming the challenges
of providing optimal therapy. This challenge drives the design of various
drug delivery strategies that strive to revolutionize the way drugs exert
their actions. Much of this attention has focused on nanoparticles due to
their small size, relatively high surface area, influence on biodistribution,
ability to make drugs available for intravascular delivery, their stabilizing
effect on therapeutic agents, and the capability of sustaining release of the
agent (Mainardes and Silva 2004). All these elements ultimately lead to
more effective delivery of the active agent to a desired physiological or
pathophysiological location.

Modification of the nanocarrier composition largely controls the
release of the active agent from the carrier. This can be accomplished
by using various types of polymers or lipids, changing the molecular
weight of those components, or changing the surface characteristics
such as by crosslinking or adding a separate component like poly
(ethylene glycol). In addition, more specific modifications can be made
in order to achieve the optimal controlled drug release from the nanode-
vice. The following reviews the major classes of nanoscale drug delivery
devices.
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Types of Nanoscale Drug Delivery Devices

Structure and Behavior of Polymeric Nanoparticles

Polymeric nanoparticles have been investigated as drug delivery devices
for several decades due to their ability to carry a wide variety of drugs or
genes and sustain delivery for an extended period of time. Nanoparticles
are submicron-sized polymeric colloidal spheres that can entrap an active
agent within the polymer matrix, or the active agent can be adsorbed or
conjugated to the outside of the particle. The term nanoparticle encom-
passes both nanocapsules and nanospheres. Nanocapsules have a core—
shell morphology with the active agent trapped within the core by the
polymeric shell. The matrix structure of a nanosphere serves to entrap the
drug molecules, or alternatively, the drug is conjugated at the surface of
the particle (Brannon-Peppas 1995; Soppimath and Aminabhavi 2002;
Mainardes and Silva 2004).

Many techniques have been used successfully to prepare nanoparticles
and are generally stratified into (i) methods that use preformed polymer
and (ii) methods involving the polymerization of monomers. These meth-
ods include but are not limited to the following: emulsion—solvent eva-
poration, salting out, production using supercritical fluid technology,
phase separation, and in situ polymerization (Jain 2000; Soppimath,
Aminabhavi et al. 2001).

Various classes of polymers have been used in drug delivery applica-
tions and are stratified into biodegradable polymers and non-biodegradable
polymers. Biodegradable nanoparticles have received much attention
because they do not require further intervention, i.e., removal, after
being placed into the body. Depending on the formulation type, the drug
is released by one or a combination of several mechanisms: desorption of
adsorbed drug, diffusion through the polymer matrix, diffusion through
the polymeric membrane shell in the case of nanocapsules, and polymer
degradation and erosion (Uhrich et al. 1999; Jain 2000; Soppimath,
Aminabhavi et al. 2001; Mainardes and Silva 2004). These mechanisms
are influenced by the rate of degradation of the material, and the choice of
polymer largely dictates the controlled release properties of the system
(Uhrich Cannizzaro et al. 1999; Jain 2000; Soppimath, Aminabhavi et al.
2001). Many factors outside of the kinetics of degradation must be con-
sidered for a polymer used in a drug delivery device including the difficulty
of preparation, biocompatibility, favorable interactions with the active
agent, and mechanical properties (Uhrich, Cannizzaro et al. 1999; Jain
2000).

Nanocapsules and nanospheres differ in their release profiles due to the
nature of the containment of the active agent. Nanospheres encapsulate
the drug molecules within the matrix of polymer in a uniform distribution.
The release of the drug from the matrix occurs through diffusion as well as
erosion of the matrix itself. If diffusion occurs more quickly than degrada-
tion, then the process is diffusion dependent, otherwise the process of
degradation is highly influential (Niwa, Takeuchi et al. 1993). An initial
burst release is observed due to the presence of drug near or adsorbed to
the large surface area of the nanoparticle. After the burst effect, diffusion
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largely controls the release leading to an exponential delayed release
rate. Matrix-type nanoparticles usually exhibit first-order kinetics (Fresta,
Puglisi et al. 1995; Radwan 1995).

Conversely, nanocapsules have a reservoir-like morphology and exhibit
release profiles as such. The drug is contained in the core and must diffuse
through the polymer shell in order to be released. This morphology theo-
retically leads to zero-order kinetics of release. It has been shown experi-
mentally that drug release from nanocapsules can occur by either
partitioning of the drug or diffusion across the polymer coating (Calvo,
VilaJato et al. 1996; Lu, Bei et al. 1999). Additionally, it has been shown
that the method of drug incorporation, conjugation or adsorption, greatly
affects the release profile with adsorption leading to higher burst release
and a quicker overall release (Soppimath, Aminabhavi et al. 2001).

Polymers Used in Nanoscale Release Systems

Various synthetic polymers have been used in drug delivery devices includ-
ing poly(esters), poly(ortho esters), poly(anhydrides), poly(amides), and
phosphorus-containing polymers, and many naturally derived polymers
such as chitosan, dextran, and gelatin have also been extensively
researched. Several of the most common polymers used in nanoscale
devices are reviewed here.

Poly(esters)

The most studied and best characterized class of polymers for controlled
release is the poly(esters). One of the most common polymers used in
nanoparticle drug delivery approaches is poly(lactic-co-glycolic acid)
(PLGA) due to its degradation properties, biocompatibility, and the fact
that it is very well characterized (Jain 2000). PLGA degrades in an aqueous
environment through the hydrolysis of the backbone ester linkages
(Brannon-Peppas 1995; Uhrich, Cannizzaro et al. 1999; Jain 2000). The
polymeric device based on PLGA degrades through bulk erosion at a
uniform rate throughout the matrix (Jain 2000). The degradation process
is self-catalyzed as the number of terminal carboxylic acid groups rises
with increasing chain scission, and the acids catalyze the hydrolysis. The
degradation is highly dependent on the ratio of lactide to glycolide moi-
eties as lactide is more hydrophobic and reduces the rate of degradation
(Jain 2000; Mainardes and Silva 2004). Also, important factors in the
degradation process are the degree of crystallinity, the molecular weight,
and the glass transition temperature of the polymer (Jain 2000).

PLGA has been used to encapsulate a myriad of drugs and genes for
controlled delivery applications for many diseases or other applications,
and only a few are mentioned here. One popular area for the application of
PLGA nanoparticles is in the treatment of cancer. Paclitaxel is a drug used
in cancer treatment that causes cell death by inhibiting cell division
(Brannon-Peppas and Blanchette 2004). Fonseca et al. loaded paclitaxel
into nanoparticles (< 200 nm) with near 100% efficiency using an inter-
facial deposition method. The loaded PLGA nanoparticles released
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approximately half of their payload within the first 24 hours and had a
slowing release rate over the subsequent 4 days. Significant losses in
viability were shown in the human small lung cancer cell line NCI-H69
with exposure to as little as 0.025 pg/ml paclitaxel-loaded nanoparticles
(Fonseca, Simdes et al. 2002). Doxorubicin is a widely used cancer drug
that impedes nucleic acid synthesis, yet is also known to have various
systemic side effects (Brannon-Peppas and Blanchette 2004). Nanoparti-
cles prepared from PLGA-doxorubicin conjugates of about 200 nm in
diameter suppressed tumor growth for 12 days after a single administra-
tion (Yoo, Lee et al. 2000). The hydrophilic cancer drug 5-fluorouracil
has been encapsulated in PLGA/O-CMC (O-carboxmethyl-chitosan)
nanoparticles along with antisense EGFR (epidermal growth factor recep-
tor) plasmids by Hu and colleagues in a novel approach to combine
chemotherapy and gene therapy for the treatment of cancer. Encapsula-
tion efficiencies of both agents in the 90th percentile were achieved, and
release of 5-fluorouracil was prolonged for up to 3 weeks. In glioma cells,
the nanoparticles caused cytotoxicity upward of 90%, and decreased
EGFR expression confirmed transfection of the cells (Hu, Chang et al.
2005).

Polymeric PLGA nanoparticles have also been used as a method
to prolong release of and control distribution of antiproliferative drugs
at the sight of balloon injury in a dog atherosclerosis model (Guzman,
Labhasetwar et al. 1996; Labhasetwar, Song et al. 1998). Nanoparticles
containing dexamethasone were delivered to the arterial wall and observed
to penetrate the wall without additional modification. Within several days,
systemic levels of the drug were undetectable, but nanoparticles were
detected in the artery wall for up to 14 days. This is indicative of the ability
of PLGA nanoparticles to control the release of drugs and be useful in
sustaining release in a stent-like treatment without inducing systemic
toxicity of these powerful drugs. Additional work has been accomplished
in this area showing the promise of active targeting and the further utility
of nanoparticles to prevent restenosis (Labhasetwar, Song et al. 1998;
Lanza, Yu et al. 2002). These studies show the utility of nanoparticles to
sustain and spatially concentrate the delivery of an active agent in treat-
ment of restenosis (Caves and Chaikof 2006).

Poly(ortho esters)

Devices degrading through bulk erosion have an undesirable release pro-
file for many applications, and the need for a device controlling release
solely through hydrolysis of chains at the surface of the device effected the
design of poly(ortho esters) (Uhrich, Cannizzaro et al. 1999). The release
rates from devices composed of poly(ortho esters) can be controlled by
including acidic or basic excipients into the matrix as its hydrolysis is acid
catalyzed. This has been used in the release of 5-fluorouracil (Seymour,
Duncan et al. 1994), tetracycline (Roskos, Fritzinger et al. 1995), and
others (Uhrich, Cannizzaro et al. 1999). Additionally, the mechanical
properties of these polymers can be tailored by choosing from the various
diols available (Mainardes and Silva 2004).
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Poly(anhydrides)

Poly(anhydrides) degrade by hydrolysis yet the polymer itself is hydropho-
bic in nature. These properties lead to surface erosion of the polymeric
device and nearly zero-order release. The hydrolytic bond cleavage of
poly(anhydrides) produces water-soluble products that in many cases are
considered biocompatible. Poly(anhydrides) are most commonly produced
through a melt-condensation polymerization. The most common polymers
in this class are based on sebacic acid, p-(carboxyphenoxy)propane, and
p—(carboxyphenoxy)hexane. Variations in monomer composition, such as
hydrophobicity, influence the degradation rate of the polymeric device.
The degradation can last from days to years depending on the composition
(Uhrich, Cannizzaro et al. 1999).

The photosensitizer phthalocyanine was chemically incorporated into
nanoparticles based on biodegradable poly(sebacic anhydride) by Fu and
colleagues (Fu, Li et al. 2002) for cancer treatment through photodynamic
therapy. The attachment of the phthalocyanines to the polymer in the nano-
particles impedes the tendency of the agent to aggregate and become less
useful for photodynamic therapy. The average hydrodynamic radius of the
nanoparticles was found to be 166 nm. The release of photosensitizer from the
particles was degradation dependent, and the rate of degradation increased
with pH and temperature. This colloidal system has the potential to be useful
for the delivery and controlled release of photosensitizer for photodynamic
therapy (Fu, Li et al. 2002). Many other types of poly(anhydrides) have been
used in drug delivery applications in the nanoscale size range.

Chitosan

As opposed to the other materials mentioned above, chitosan is a naturally
derived polysaccharide created by the deacetylation of chitin (Mainardes
and Silva 2004). The advantageous properties of chitosan include its bio-
compatibility, positive charge, the abundance of amine groups available for
crosslinking, ease of processing, mucoadhesiveness, and its degradation into
amino sugars, which are all attractive for drug delivery applications
(Agnihotri, Mallikarjuna et al. 2004; Mainardes and Silva 2004). Chitosan
nanoparticles have been formulated by a variety of techniques including
emulsion crosslinking, complex coacervation, emulsion droplet coalescence
method, ionic gelation, ionotropic gelation, and the reverse micellar
method. The molecular weight of the chitosan, its degree of deacetylation,
the extent of crosslinking, and its interactions with the encapsulated mole-
cule play a role in controlling the release of the therapeutic agent from the
particle. Due to its charge, the pH of the release media also influences release
from chitosan particles. Release from chitosan particles occurs through
similar mechanisms as mentioned for other particles: desorption of sur-
face-adhered drug, diffusion through a swollen rubbery polymer matrix,
and release due to erosion. Release of drugs from surface layers of the matrix
involves a large burst effect, but increasing the crosslinking density can
reduce this effect (Agnihotri, Mallikarjuna et al. 2004). Diffusion out of
the matrix occurs through a three-step process: diffusion of water into the
matrix causing swelling, transition from glassy to rubbery polymer, and
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diffusion of drug out of the matrix. The release follows a typical hydrogel
release profile (Agnihotri, Mallikarjuna et al. 2004).

Chitosan nanoparticles of approximately 100 nm in diameter prepared
by a microemulsion method have been used to encapsulate a doxorubi-
cin—dextran conjugate. In a mouse model, tumor volume was reduced after
four weekly injections of the nanoparticle formulation 40% more than in
mice treated with the conjugate alone, and injection of drug alone had no
effect over control conditions (Mitra, Gaur et al. 2001). As an adjuvant
to another cancer therapy—neutron-capture therapy—gadopentetic acid
(Gd-DTPA) has been loaded in chitosan nanoparticles formed by an
emulsion droplet coalescence technique. Less than 2% of the Gd-DTPA
was released over 7 days in PBS, but over 90% was released in plasma over
1 day. After an intratumoral injection in a mouse melanoma model, 92% of
the Gd-DTPA was contained within the tumor site compared to only 1.2%
of the Gd-DTPA injected in a non-nanoparticle formulation (Tokumitsu,
Ichikawa et al. 1999). The Gd-DTPA chitosan nanoparticles have been
shown to have a high affinity for uptake in several cell types, suggesting the
mechanism for high retention in tumor (Shikata, Tokumitsu et al. 2002).

Gelatin

Gelatin is a naturally occurring biopolymer that is biocompatible and
biodegradable. The polymer is obtained through heat-dissolution and
partial hydrolysis of collagen obtained from animal connective tissues. It
has been used for many years in pharmaceutical applications such as
capsules and ointments as well as early nanoformulations (Zwiorek,
Kloeckner et al. 2004; Verma, Sachin et al. 2005). Recently, gelatin nano-
particles made by a two-step desolvation process involving crosslinking of
the polymer using gluteraldehyde have been used to entrap cycloheximide,
a protein synthesis inhibitor used in cancer treatment. Cycloheximide was
entrapped with 26% efficiency in nanoparticles of 168 nm diameter. The
particles were stable in whole blood, and they showed anti-tumor activity
in two breast cancer cell lines over a period of time. The release kinetics
curve was interestingly biphasic, and release was relatively slow. The
gelatin nanoparticles are reportedly a good candidate for biopharmaceu-
tical delivery (Verma, Sachin et al. 2005). Zwiorek et al. produced gelatin
nanoparticles by the same desolvation method as a carrier for plasmid
DNA (Zwiorek, Kloeckner et al. 2004). The particles were cationized in
order to have an electrostatic interaction with the DNA which bounds
onto the surface of the particles. The nanoparticles showed little cytotoxic
effect, and efficient gene transfection was exhibited by an exponential
increase in gene expression in B16 F10 cells (Zwiorek, Kloeckner et al.
2004).

Other Structures for Nanoparticle Delivery Systems

Polymeric Micelles

Block copolymers have been used as the basis for drug delivery carriers due
to their ampiphilic nature and ability to organize into concentric regions.
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A polymeric micelle consists of a dense core region comprised of hydro-
phobic blocks and a region of more loosely packed hydrophilic blocks.
Polymeric micelles are typically 20-100 nm in diameter, and polyethylene
oxide (PEO) is often used as the hydrophilic block. Polymeric micelles have
a low critical micelle concentration and as such have higher stability than
low molecular weight surfactants and many liposome formulations.
Micelles have a small size and small polydispersity due to their molecular
organization. The hydrophilic shell has been shown to prevent immune
recognition and increase circulation time in vivo, and many groups have
investigated polymeric micelles for drug and gene delivery (Mainardes and
Silva 2004). The stability has been increased even more by incorporating
crosslinking into the preparation scheme. This additional step also affects
the release of active agent from the carrier in a system-specific manner
(O’Reilly, Hawker et al. 2000).

One polymer class popular for use as the dense core in polymer micelles
is poly(ortho esters) due to their hydrophobic nature and favorable inter-
actions with poorly soluble hydrophobic drugs. The value for the critical
micelle concentration for these types of polymers is in the range of 10 g/1,
which is low enough to insure stability upon injection in vivo. The entrap-
ment efficiency of taxol has been shown to be approximately 40% using a
PEG-poly(ortho ester)-PEG block copolymer micelle (Heller, Barr et al.
2002).

Liposomes and Lipid-Based Systems

Liposomes

Lipids are organic molecules that contain a hydrophilic head group and a
hydrophobic chain region. Much like polymer micelles, lipids organize in
water into aggregates called liposomes with the hydrophobic regions
packed in a core and the hydrophilic heads freely interacting with the
surrounding water. Although cationic lipids are the most predominant,
anionic and neutral lipids are also investigated for use in drug and gene
delivery. Lipid design is an increasingly important avenue of research as
the controlled release applications of lip