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Preface

The field of nanoscience has experienced unprecedented growth during the
last few years and as a result has received a great deal of attention from the
public, regulatory agencies, and the science community. However, there are
many challenges that must be overcome before we can apply nano-
technology to the field of nanomedicine or conduct science-based occupa-
tional or environmental exposure risk assessments. This resultant new field
of nanotoxicology will continue to grow and emerge as new products are
produced.

This is the first book to provide basic knowledge relative to
nanomaterial safety and is intended for basic scientists, environmental
scientists, toxicologists, chemists, engineers, risk assessors, federal regula-
tors, and others involved in assessing the safety of manufactured nano-
materials for occupational and environmental health. Nomenclature
standards, physicochemical characteristics of nanoparticles that determine
their toxicity, characterization, and obstacles using in vitro and in vivo
studies are presented. This includes techniques and the importance of
working with well-characterized materials, estimating nanoparticle dose,
agglomeration problems, biodistribution and kinetics and levels of exposure
that could be used for risk assessment analysis. Methods used to assess
nanoparticle toxicity including genomics, proteomics, electron microscopy,
and dispersion of nanoparticles are addressed. Specific target organ systems
that have been utilized to study the adverse effects in the eye, pulmonary,
cardiovascular, integumentary, and nervous systems are covered.

Also, the environmental and ecological impacts regarding nano-
material fate, occurrences, and characterization are presented. Knowledge
of exposure and hazard are needed for understanding risks associated with
nanomaterials. We need to understand the broad concepts that apply to
pathways of dermal, oral, and inhalational exposures so that we can focus
on hazard assessment. The general principles governing the safety of all
particles scenarios need to be evaluated in order to establish specific
nanotoxicology safety and testing guidelines following occupational
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exposure during manufacture, exposure in academic research laboratories,
or environmental exposure, either from manufacturing waste or post-
consumer use.

Nanomaterials are structures with characteristic dimensions between 1
and 100 nm; engineered appropriately, they exhibit a variety of unique and
tunable chemical and physical properties. These characteristics have made
engineered nanoparticles central components in an array of emerging
technologies, and many new companies have been formed to commercialize
products. Although they have widespread potential applications in material
sciences, engineering, and medicine, the toxicology of these materials has not
been thoroughly evaluated under likely environmental, occupational, and
medicinal exposure scenarios. To date, insufficient data has been collected
to allow for full interpretation or thorough understanding of the
toxicological implications of occupational exposure or potential environ-
mental impact of nanomaterials. In order to avoid past mistakes made when
new technological innovations, chemicals, or drugs were released prior to a
broad-based risk assessment, information is needed now regarding the
potential toxicological impact of nanomaterials on human health and the
environment.

Nancy A. Monteiro-Riviere
C. Lang Tran
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Nanotoxicology: Laying a Firm
Foundation for Sustainable
Nanotechnologies

Andrew D. Maynard

Project on Emerging Nanotechnologies, Woodrow Wilson International Center for
Scholars, Washington, D.C., U.S.A.

INTRODUCTION

In 2004, Donaldson and colleagues proposed a new idea to the world of
toxicology—the idea that nanometer-scale particles behave so differently
from their larger counterparts that a new subcategory of the field was needed
(1). They named the new subcategory nanotoxicology—a term which found
further support the following year in the review “Nanotoxicology: An
emerging discipline evolving from studies of ultrafine particles” by
Oberdorster et al. (2). Since Donaldson et al.’s original paper, nanotoxicology
as a field of study has come into its own: Numerous meetings and conferences
have been held around the world on the topic since 2004, and a casual search
of the Web of Science shows the number of papers using the term to be
increasing each year. The collection of chapters in this book is the latest step in
the maturation of nanotoxicology from an idea to a recognized discipline, and
represents a distillation of the knowledge and concepts that are defining the
field. This collection is both an important milestone along the road to
understanding and managing potential risks associated with nanoscale
particles and a signpost to guiding future investigations. But there is still a
long way to go before we can assess or predict the biological impact of
nanoscale particles with confidence.
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BACKGROUND

To understand the challenges being faced and the progress already made, it is
worth stepping back a little. The danger of inhaling microscopically small
fume or smoke particles has been recognized since ancient times (3). But it was
not until the late 1980s that researchers started to systematically study the
effect of particle size in the nanometer range (approximately 1-100 nm) on
health impact (4,5). At about this time, a new form of carbon was
discovered—carbon nanotubes—in which the atoms are arranged into
tubelike structures of graphene sheets, with diameters as small as 1 nm and
lengths that can be in excess of hundreds of nanometers (6). It did not take
long for concerns to be raised over possible health issues associated with
inhaling these nanoscale fibers (7), although only recently have results of
systematic studies been published (8). The 1990s were also a period when
epidemiology was beginning to uncover previously unexpected associations
between fine particle inhalation and diseases of the respiratory and
cardiovascular systems (9), with some speculation that it was the smallest
particles in the nanometer size range that were responsible for some of the
observed outcomes (10). However, it was a small band of toxicologists (many
of them authors of the chapters in this book) that began systematic research to
explore the associations between particle size, structure, and response in the
lungs and thus lay the groundwork for understanding how particle size in the
nanorange uniquely influences behavior in the body (11-14).

In 2004, the U.K. Royal Society and Royal Academy of Engineering
published a seminal report on the opportunities and uncertainties of the
emerging field of nanotechnology (or “nanotechnologies” as the authors
preferred—reflecting the many different ways of exploiting our increasing
ability to engineer matter at the nanoscale) (15). A key concern raised in the
report was that “the lack of evidence about the risk posed by manufactured
nanoparticles and nanotubes is resulting in considerable uncertainty” (15).
Prior to 2004, there was a growing understanding of the size-specific
biological behavior of nanoparticles, whether they arose from natural,
incidental, or intentional processes; the Royal Society and Royal Academy
of Engineering report shone the spotlight of concern clearly on those
particles being developed and engineered as the precursors and components
of nanotechnologies.

SIZE-SPECIFIC BEHAVIOR OF NANOMATERIALS

Nanotechnology depends in part on exploiting the size-specific properties of
nanoscale materials, which in some cases includes an expression of quantum
effects that are unique to nanoparticles. By the same token, these size-
dependent properties also lead to the possibility of size-dependent biological
activity. The concept of uniqueness is often used when discussing what
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makes “nano” different—usually in the context of physical or chemical
properties. Yet research over the past two decades has demonstrated that
nanoparticles may exhibit unique biological behavior, even when physical
and chemical properties remain unaltered from those observed in larger
particles. Perhaps the most striking examples are those in which particle size
enables nanoscale particles to cross or circumvent barriers that are
impenetrable to larger particles. Research showing the potential for
nanoparticles to move up the olfactory nerves to the brain in rodents is a
prime example of this unanticipated and size-unique behavior (16,17). But
given that many biological processes occur at the nanoscale, there are
numerous additional opportunities for precisely sized nanoparticles to
interfere with normal biological functions. Just two recent examples: Zhao et
al. have used computer models to predict that Cgy molecules can damage
DNA if intracellular exposure occurs (18) and Lynch et al. have hypothesized
that adsorption of proteins onto nanoparticles could alter their shape to the
extent that normally hidden amino acid residues are exposed as cryptic
epitopes—triggering an immune response (19). In addition, interactions at
the nanoscale may confound the interpretation of conventional assays, as
was observed by Monteiro-Riviere and Inman in studies to assess the dermal
impact of carbon nanomaterials (20).

It is these increasing indications and predictions of size-specific
biological activity that underlie the special distinction of nanotoxicology
from other branches of toxicology. These “unique” behaviors are requiring
new tools and concepts within the field of toxicology to understand and
predict how emerging engineered nanoparticles will interact with humans
and environmental systems. But they are also fundamentally challenging
established research and test methodologies. At the heart of these challenges
is the role of particle form (or shape) in determining behavior. The properties
of a nanoparticle are critically influenced by its form, and the arrangement of
chemical components within this physical envelope. Both composition and
form are dynamic, and may reflect the history and the local environment of a
particle. This places a high premium on characterizing nanoparticles
accurately in any study—not only before the particles have been prepared
for administration, but also during administration, and after they have been
introduced to the cell culture or animal model being used (see Chapters 2
through 4). In considering the elements of a nanomaterials toxicity screening
strategy, Oberdorster et al. identified 17 particle attributes that should be
considered when evaluating toxicity, including size, shape, surface area,
surface chemistry, crystal structure, and many others (21). In a field where
measured dose-response relationships are typically evaluated on the basis of
chemical composition and mass concentration, this list was a radical
departure from the norm. Moreover, many of the parameters listed can only
be characterized using specialized techniques unfamiliar to toxicologists, and
some are still beyond the capabilities of routine measurement methods.
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NANOTOXICOLOGY CHALLENGES

Nanotoxicology requires its scientists to work with materials that behave in
unconventional ways, and to collaborate with experts in unfamiliar fields.
The challenges are significant, but will hopefully stimulate and energize
researchers to make new advances in our understanding of nanoparticles in
the biological environment. And it is clear that advances are needed, if we
are to manage the tide of new engineered nanomaterials predicted to hit the
market. In a recent paper in Nature, 14 scientists suggested that “the specter
of possible harm—whether real or imagined—is threatening to slow the
development of nanotechnology unless sound, independent and author-
itative information is developed on what the risks are, and how to avoid
them,” and presented five “grand challenges” to the global research
community to develop this information (22). Two of these grand
challenges specifically targeted the need for new nanotoxicity
testing strategies and predictive capabilities. Of the remaining three
challenges, one dealt with exposure monitoring and another with life cycle
assessment.

In meeting these challenges, the state of knowledge set out in the
following chapters will be invaluable. Following a comprehensive ground-
ing in nanotoxicology-relevant physicochemical properties and character-
ization in Chapters 2 through 4, Chapter 5 directly addresses the challenges
of measuring exposure to engineered nanomaterials. Chapters 6 through 21
provide an extensive resource for understanding how nanoparticles behave
in the body. The material presented will inform the development of toxicity
tests that are relevant to target organs and systems—including the skin,
cardiovascular system, pulmonary system, and central nervous system—and
will help ensure that these tests are responsive to the potentially unique
impacts of engineered nanomaterials. But these chapters also provide a
basis on which models to predict the biological impact of existing and
emerging nanomaterials might be developed and validated. Finally,
Chapters 22 through 25 address the behavior and potential impact of
nanoparticles in the environment. And so a compendium of current wisdom
is offered, which addresses the possible impact of engineered nanomaterials
from their generation to their disposal—through their life cycle.

The final grand challenge outlined by Maynard et al. was issued not to
scientists, but to science policy makers. Nanotoxicology—as with other
areas of research into the potential impact of nanotechnology—will not
progress in any relevant way without strategic support that provides both
funding and direction. And so the authors of the paper concluded by
challenging policy makers in government and industry to develop and
support strategic research programs that will result in information critical to
the safe and successful development of nanotechnologies.
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SUMMARY

Although the science of nanotoxicology may be complex, framing the issues
and how to tackle them should not be so difficult. Already there are over 400
consumer products on the market allegedly based on nanotechnology (23),
and the global market for nanotech-based products is projected to be worth
US $2.6 trillion by 2014 (24). To understand the potential impact of the
nanomaterials used in these products, we need to know about exposure
potential, material characteristics, and hazard potential—at each point of
the material and product life cycle. Nanotoxicology—understanding the
size-specific behavior and impact of nanoparticles in particular—is a vital
component of this information chain. The chapters in this book will provide
an invaluable resource for understanding the challenges we face, and
pointing toward the solutions we seek. This is just one step in a long journey
toward understanding how nanoparticles behave in humans and the
environment, but it is an important step. Donaldson et al. concluded their
original nanotoxicology article by noting “A discipline of nanotoxicology
would make an important contribution to the development of a sustainable
and safe nanotechnology” (1). I am pleased to say that this book, and the
research of the scientists contributing to it, demonstrates clearly that the new
discipline of nanotoxicology is indeed making an important contribution to
safe and sustainable nanotechnology. Let us hope that the impetus, support
and enthusiasm for this global research continue, enabling the very real
benefits of nanotechnology to be fully realized.
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Carbon Nanotube Structures and
Compositions: Implications for
Toxicological Studies

Andrew ). Alexander
School of Chemistry, University of Edinburgh, Edinburgh, U.K.

INTRODUCTION

A substantial amount of money and effort has been funneled into research
and development of carbon nanotubes (CNT), and they have been heralded
as novel materials with unique properties and applications. Since 1991, the
number of research papers published on the topic of CNT has increased
exponentially, arriving at a current figure of 21,236 articles at a current rate
of 100 per week (September 2006) (1). Global CNT production estimates
vary, but are suggested to have been ~100 tons in 2004, and ~294 tons in
2005 (2). Underneath such statistics lies a trend that is seeing the Eastern
and Asian markets taking the lead in the CNT research and production
markets, with Korea predicted to be the world leader in CNT production in
2010 (2).

With such unprecedented levels of investment, it is no wonder that
questions of potential toxicity have been raised and must be addressed (3).
It will be important to anticipate outcomes of human exposure during
processing, or from waste generated from consumer products that now
contain these materials. Such consumer products have been slow in coming.
Already, CNT are being used as fillers for plastic panels to dissipate charge
during spray painting, in car manufacture for example. CNT are also being
used in electrodes of lithium ion batteries. On the lighter side, it is possible to
purchase tennis racquet and bicycle frames made from composites
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containing CNT. CNT also push the boundaries of past toxicological
experience, e.g., there is debate as to whether they may be considered as
fibers or as conventional nanoparticles (NP) (3).

At a glance, the structure of CNT looks uncomplicated: it may seem
pedantic to devote more than a couple of lines to the details. Unfortunately,
there are huge variances in the physical and chemical structures of CNT
samples. There are some early indications that such variances are the cause
of large disparities among some of the initial toxicological studies. CNT are
manufactured by different companies and procedures, they contain differing
amounts of impurities, and may have been subsequently processed by a vast
array of possible methods. Homogeneity between batches of samples from
the same source can also vary substantially. We look first at properties that
are intrinsic to the tubes themselves (the “ideal” CNT), and then discuss
features introduced in practice during synthesis, and finally in terms of
postproduction processing.

INTRINSIC STRUCTURE

The simplest type of CNT is the single-walled CNT (SWCNT): this can be
thought of as a single sheet of graphite rolled up to form a seamless cylinder
(4). If a number of sheets are rolled up to form concentric tubes, we obtain
multiwalled CNT (MWCNT) (Fig. 1). The spacing between cylinders in
MWCNT is close to that of graphite (~0.34nm). Double-walled tubes
(DWCNT) are of particular interest recently, because the outer tube may be
functionalized while the inner tube remains to all intents an intact SWCNT
(5). The tube ends may be either uncapped, or capped with a curved shell of
graphite. By contrast, carbon fibers are strands of graphite sheets that are
layered, giving the overall fiber shape. The way that the hexagons tile gives
rise to different structures, called the chirality of the tube.

Like graphite, CNT tend to aggregate to maximize contact between
graphitic layers, and this is particularly the case for SWCNT. The resultant
bundling contributes to the insolubility of CNT. CNT are seen as strongly
resistant to chemical attack: they will burn in air at temperatures ~500°C
(6). SWCNT are weaker, because the graphite of the wall is more highly
curved, and therefore more strained (7). The end caps are also highly curved
and will be weak points for attack, as will any uncapped ends. Along with
the usual graphitic hexagonal rings, the end caps may contain pentagonal or
heptagonal rings: these are chemically active points (Fig. 2) (8). Occasional
defects can occur in the hexagonal tiling in the wall of an otherwise perfect
tube, creating more reactive hotspots. Such defects can be stabilized on the
tube as localized radicals, or by adsorbed oxygen (9). The relative amount of
nongraphitic carbon can be determined by Raman spectroscopy, which has
strong features for CNT. The G band is due to graphitic carbon, the D band
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Figure 1 Schematic models and transmission electron microscope images of single-
walled (top) and multiwalled (bottom) carbon nanotubes. Bundling is seen for the
single-walled tubes, giving a nanotube bundle junction. Scale bars are: inset 10 nm,
others 200 nm.
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Figure 2 Schematic of a tube showing structural features, such as the end cap,
pentagonal defects, and examples of chemical functional groups.

is a measure of nongraphitic carbon (either impurity materials, or defects in
the tubes). So-called radial breathing modes indicate the presence of
SWCNT (8).

CNT IN PRACTICE

The synthesis of CNT is critical in determining the practical features of the
structure, side-products, impurities, and therefore potential toxic activity of
any given sample. Tube widths are dependent on synthesis, but are generally
found in the range 0.7 to 3nm (SWCNT) (10) and 10 to 100 nm (MWNT)
(11). Tube lengths may be anywhere from a few nanometers to tens of
microns, but aggregates and bundles can be significantly longer and wider.

CNT have very high surface areas as a consequence of their structure.
The surface area will also depend on the dimensions of the tubes, and the
degree of bundling, but can be measured using standard adsorption iso-
therm instruments (e.g., BET isotherm). Theoretical values for discrete
SWCNT (~1300 m?/g) and MWCNT (~100-800 m?/g) have been estimated
(12). In practice, bundling will reduce the surface area of SWCNT to
~300m?/g, or less (13).

There are three major methods of CNT synthesis, viz., arc-discharge,
laser ablation, and chemical vapor deposition (CVD) (14). The underlying
principle involves producing fragments of carbon that are then reconstituted
to form the tube, usually with the aid of a metallic catalyst, at quite high temp-
eratures (~500-1200°C). It is possible to produce CNT without metal catal-
ysts, although the yields are exceedingly low and SWCNT will be very rare.

By a mile, the most common method of synthesis is CVD. In addition
to heat (~600 + "C), there are three key ingredients:

1. Carbon source (carbon precursor), e.g., methane, methanol, acetylene,
benzene, or carbon monoxide.

2. Catalyst support: this could be a flat surface (e.g., SiO,) for vertically
aligned growth, a powder of finely divided particles (e.g., MgO, zeolite,
aluminates, or silicates), or no support in the case where the metal
catalyst is formed as an aerosol (e.g., in the high-pressure carbon
monoxide conversion HiPco process) (15).
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3. Metal catalyst: this is usually transition metals, commonly Fe, Co, Ni,
and Mo, and sometimes a mix or alloy, of these. The form of the metal
going in depends on the synthesis method and the type of support:

a. for surfaces, a thin surface layer of metal (e.g., Ni);
b. for powders, metal salts (e.g., iron nitrate) or preformed NP;
c. for aerosol, an organometallic (e.g., iron pentacarbonyl) (16).

In addition to the above, additives may also be included. These
additives might include an inert carrier gas (e.g., argon gas), a reducing
agent (e.g., hydrogen gas), or a growth promoter (e.g., low concentrations of
water vapor).

The basic mechanism for growth relies on the formation of metal NP,
usually aided by the high temperatures (8,17). Carbon is formed by
dissociation of the carbon source, preferentially at the catalyst, to produce
fragments that can recombine to generate the CNT. The size of the nascent
nanotube can be directly related to the size of the metal particle, which thus
acts as a template (18). The support is also believed to play a role, not only
by dispersing the catalyst, but by stabilizing the NP and assisting with
decomposition of the carbon source. Exact details of the growth mechanism
are still under debate, and will likely differ between methods.

What are the net results of the CVD recipe and basic mechanism? This
might be quite a minefield of potential parameters for a toxicologist to deal
with. Not only will there be variability between samples prepared with
different (sometimes proprietary) ingredients, there will be some variability
within and between batches prepared by the same method! The products will
contain a number of non-CNT impurities: these are summarized in Figure 3.
Scanning electron microscopy (SEM) or transmission electron microscopy
(TEM) can indicate the presence of certain residuals, and also give an idea
about dimensions. However, both methods are time intensive, and can look
at only a small amount of the sample material: therefore, caution should be
used when making conclusions. The overall carbon content can be measured
by thermogravimetric analysis (TGA), which is used to detect loss of
materials due to burning (as carbon does). TGA may even distinguish
between CNT and other types of carbon, which will burn at different
temperatures. Support materials typically do not burn at temperatures used
in TGA, whereas the metal catalyst may be seen to oxidize (gaining, rather
than losing mass). There are three main classes of residual impurity, which
we will discuss in more detail.

Residual Support

For some methods of CNT synthesis there may be no support to remove,
e.g., aecrosol methods, or the support may be included as part of the required
product, e.g., the surface of an electronic wafer. Otherwise the support will
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silica. surfaces, e.g., SiO,
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amorphous, graphitic, microstructured
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Figure 3 Summary of the possible components in a carbon nanotube sample.
Abbreviation: CNT, carbon nanotube.

form a large percentage of the produced CNT, and there will normally be
some attempt to remove it. The form of the support is typically as a finely
divided powder: possibly a so-called nanopowder. The large surface area of
the support is exploited to promote the synthesis. The chemical makeup of
the support is usually some type of silicate or oxide: it must survive the harsh
reaction conditions required for CVD, and should not hinder the CVD
process. Removal of the support can be made difficult if carbon is deposited
directly onto the support causing it to become encased and protected to
some extent.

Residual Metal

The most common catalytic metal used is Fe, although a wide range of
transition metals have been shown to catalyze CNT growth. Small
percentages of other metals, e.g., Mo, can be added to promote fine
division of the NP during initial heating: this will tend to promote SWCNT
growth. The amount of residual iron can vary between a few percent to tens
of percent by mass of the CNT, and most of this is in the form of NP,
although larger aggregates can form. Postproduction processing can
remove some—but typically not all—of the residual metal. There can be no
easy rules about the availability, or inertness, of the metal remaining in the
sample even after postproduction processing. This is because processing
may make available some previously inaccessible metal, e.g., by creating
defects in CNT.
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After growth, metal NP can often be seen under TEM as being
encapsulated somewhere inside a tube that has grown (19). Metal NP can
also be seen as spherical encapsulates in carbon (“failed” CNT) (20): this
carbon may be graphitic or amorphous soot. Since most samples are
subsequently exposed to air, any exposed metal NP will oxidize. The speed,
and extent to which oxidation occurs will depend on the environment of the
exposed metal. In some cases a metal oxide shell can protect a metal core.
Also, it can not be assumed that any carbon encapsulated metal NP are not
in fact metal oxides: this will depend on exposure to air via defects in the
carbon coatings, and whether the atmosphere during synthesis was a red-
ucing environment (e.g., containing H,). Transition metals have an ability
to dissolve carbon in small amounts, as in bulk carbon steel, and these
alloys may also be present. Selective area X-ray diffraction might be used
to determine what forms of metal are present: like electron microscopy,
however, this is a very selective analytical method. Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) can be used to accurately
quantify metal content, both of the CNT, and of solutions made to test in
vitro for metal availability. Such tests, however, may still not reveal what
form of metal is present.

Residual Organics

Residual organics could mean almost any carbon-containing species, aside
from the CNT. The sizes and shapes of these can vary from molecular
(residual organic molecules, e.g., benzene) to bulk carbon. The bulk carbon
can be present in a spectrum of forms. Amorphous carbon has no long-
range order, and can be classified as diamond-like or graphite-like
depending on the density of C atoms and how they are bonding to each
other. Microstructured carbon is a generic classification that includes
carbon blacks and carbon fibers, and could include any structures that can
be made out of layers of graphite, e.g., carbon “onions” or “horns” (20).
Postproduction processing generally relies on residual organics being more
easily broken up, dispersed, and removed.

POSTPRODUCTION PROCESSING
Purification

In practice, purification can involve both chemical and high-energy physical
methods. The general premise is to exploit the resistance of CNT to the
harsh processing conditions, so that impurities are more easily broken into
pieces, dispersed, converted (e.g., oxidized), and removed (e.g., by filtration
and washing, or centrifugation). Such treatments might include high
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temperature treatment with oxidizing agents or acids, sometimes for long
periods.

The CNT are not completely infallible, and many will be damaged or
oxidized in a survival of the fittest. The most vulnerable points under attack
are the more highly curved SWCNT, defects, and end caps. The processing
will create defects (e.g., missing C atoms) and other functional groups
(e.g., -COOH carboxylic groups (Fig. 2) on CNT at these vulnerable points.
Creation of a defect causes a nonnative chemical site and therefore potential
vulnerability, possibly enough to split an existing tube at that point: tube
shortening may indeed be a desired result (21). Processing may erode the
protection of residual materials that were previously protected, e.g., metals
or support particles. These residual materials may not be immediately
exposed during processing, but become more liable to exposure during later
handling.

Ultimately, the survival of the fittest will leave a different material
from the prepared sample. The survivors may in some cases be more
vulnerable or chemically active, or conversely they may be more inert having
survived a harsh process. Some further processing may be carried out to
mitigate against damage caused, this can take the form of a long, slow
annealing at high temperature under an inert gas, where the CNT graphite
can retile to repair itself. This will produce the highest grade of CNT
product, and it seems unlikely that a manufacturer would go to such lengths
where a less perfect product would suffice. Even after all efforts to purify
CNT, commercial samples are not usually more than 95% nominal purity.
Much of the remainder will be residual metal, mostly encapsulated in the
tubes themselves, with residual non-CNT carbon.

Functionalization

One of the attractive features of CNT has been as material building blocks
that may be opened-up to the vast array of modern chemical synthetic
methods available. Functionalization (or, derivatization) of CNT is used to
attach chemical groups to modify their properties and handling. Discussion
of the possible routes achieved so far could fill an entire review article:
therefore, we will limit this to giving a brief overview relevant to toxicology.
The reader is directed to two recent reviews that cover the topic in more
detail (22,23).

Functionalization falls into two categories: physical (noncovalent) and
chemical (covalent, or ionic). Physical functionalization includes use of
surfactants, e.g., to exfoliate and disperse tubes. This is distinct from
chemical functionalization in that no direct chemical bonds are made between
the surfactant and CNT, only weak physical (noncovalent) forces are
involved (e.g., van der Waals forces).
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Surfactants greatly increase the usability of CNT, because they are not
generally inclined to disperse in water or other solvents. Pristine CNT can
only be dispersed in small quantities in polarizable solvents such as
dichlorobenzene (0.095 mg/cm) or chloroform (0.031 mg/cm) (24). A wide
range of surfactants have been used, including common surfactants such as
sodium dodecyl sulfate (SDS, 0.1 mg/cm), or—arguably the best—sodium
dodecylbenzenesulfonate (SDBS, 10 mg/cm) (25). Such surfactants have an
inherent toxicity, which may complicate toxicological studies of CNT. Other
surfactants include polymers such as poly(ethyleneglycol) (26), or biopol-
ymers such as single-stranded DNA (27), which are believed to wrap around
the tube.

Dispersal in surfactant is usually assisted by ultrasonication, or other
vigorous action. Sonication can temporarily increase the dispersability of
tubes in surfactant: although the tubes will tend to reaggregate and settle-
out over time. Moreover, it is known that intense sonication can tend to
damage tubes (28).

Besides attachments to the outside of tubes, it is possible to fill the
insides of tubes with various species: including metals (29), Cqy (SWCNT
“peapods”) (30), and a number of proteins (31). It has been shown that the
filling materials are largely protected by the nanotube shell, but are
effectively immobilized. A study of B-lactamase I catalyzed hydrolysis of
penicillin showed that it retained catalytic activity, suggesting that no
significant conformational distortion had occurred (31).

The study of the interactions between CNT and biomolecules has
become especially popular recently, with interest in the use of CNT for
biological sensors and drug delivery (23). Proteins are found to noncovalently
bind very strongly to CNT, with their flexibility allowing them to wrap and
fold over the CNT surface. The optical and electrical properties of SWCNT
are very sensitive to adsorbates, and there is interest in combining adsorbate
recognition with CNT to make nanoscale biosensors (32). CNT show a
notable ability to traverse cell membranes. There has been intense debate
over the mechanism for uptake, with two likely mechanisms being surface
adsorption-mediated endocytosis (33,34) and direct diffusion (35,36).

The array of chemical groups successfully bonded to CNT is
impressive: from halogens to (grafted) polymers (22). In general, the scale
of chemical functionalization is mostly limited to research and development
quantities. Some companies produce and sell functionalized tubes, e.g., with
fluorine (CNT-F) groups, or partially oxidized with carboxylic (CNT-
COOH) groups (Fig. 2). It seems increasingly likely, however, that practical
applications of CNT will involve chemical functionalization. Both the type
and degree of functionalization will likely affect the potential toxic
properties of CNT (37).

There are some functional groups that will be of use to the
toxicologist. SWCNT have been functionalized with fluorescent indicators,
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e.g., fluorescein, enabling the tracing of CNT entry into cells (38). Alter-
natively, it may be useful to label CNT with heavy metals, e.g., as contrast
agents for electron microscopy (39). Carboxyl functionalized SWCNT have
been labeled with radioactive '*°I nuclei, allowing researchers to follow the
distribution of CNT with the bodies of mice (40).

SUMMARY AND OUTLOOK

CNT represent a fashionable icon of nanotechnology, whose popularity has
grown out of massive investment and not just a little hype. In this short
review, we hope to have given a flavor of the complicated variety of material
that could be found in a supplier’s catalog nominally labeled as CNT.
A sample of CNT may contain many things besides the ideal SWCNT. There
are many—possibly too many—parameters to be considered by the
toxicologist. It is perhaps not surprising, therefore, that some of the first
toxicological studies are at variance with each other over the potential risk of
CNT to health and the environment. Many of the materials studied will have
been obtained commercially, with limited data on their unique chemical and
physical characteristics. The reproducibility of synthesis of CNT can be low,
as synthesis parameters change, and manufacturers further develop their
processes. It may help to define and narrow the source of different effects of
these materials, perhaps targeting carbon materials other than CNT. Careful
sample analysis and characterization will also be critical. The development of
toxicological tests on CNT, and the analysis of the outcomes, would be
significantly enhanced by collaborations with researchers who are expert in
dealing with nanotubes or similar materials. Only with joint efforts from
toxicologists and material scientists/chemists, may hold the key.
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BACKGROUND

It is well established (from which the general interest arises!) that nanomaterials
(NM) display properties and behavior that can be very different compared to
the corresponding bulk materials of the same chemical composition. Size,
shape, and surface state are properties accounting for most of their differences
(1,2). The physical and chemical characterization of NM are important steps in
toxicological and ecotoxicological studies in order to correctly evaluate and
assess their potential exposure routes, toxicity, and related risk.

Although little data are currently available on the ecotoxicological and
toxicological effects associated with NM (3), their physicochemical proper-
ties are expected to influence their biological response (4). Recent toxicity
studies on engineered nanoparticles (NP) such as carbon nanotubes (CNT),
fullerenes, metal oxides (e.g., titanium dioxide, iron oxide), silica and
quantum dots (QD), have highlighted the need to carefully and thoroughly
characterize NM when investigating their potential biological effects (5—12).
Ideally, each toxicological assay should be accompanied by a detailed
characterization of all the physicochemical properties of the investigated
material that could have biological relevance.

NM exhibit peculiar characterization challenges because of their divers-
ity, in comparison to traditional materials and chemicals. Both physical
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(e.g., particle size and morphology, water solubility) and chemical (e.g.,
chemical composition and structure, type of coating) properties are
important, but other parameters, such as surface/volume ratio, phase
transfer, chemical stability, tendency to aggregation, may be important as
well. No individual characterization technique can provide adequate
information to completely support the potential risk assessment for a given
NM. In addition, information about supplied and as-produced batches are
very important to understand the product composition variability, the
technical performance and most appropriate application procedures and the
optimal storage condition. Even the synthesis route is a key aspect, since a
given NM can be produced by different processes yielding formally the same
composition, but with quite different exhibited properties: CNT, for example,
can be produced by a variety of synthesis methods that can also generate
(in percentages as high as 50% or more) amorphous and graphitic nano-
particulate by-products, metallic catalyst residues both in complex association
with nanotube cavities or as particles encapsulated by carbonaceous shells,
and, consequently, with different toxicological properties (13).

The most noticeable example is probably that of fullerenes. Recent
studies have shown that significant differences exist between the conven-
tional, hydrophobic, and not water-soluble fullerene (Cgp) and the stable,
“aqueous” nCgy suspension prepared by solvent dispersion and stirring
procedures. The latter, which is not soluble in organic solvents but readily
soluble in water, is thought to contain residual solvent molecules inside the
fullerene aggregates, so strongly modifying their physical aggregation state
and, in all probability, influencing their biological behavior (14). In the case
of metal and metal oxide NP synthesized in a liquid phase, size and shape
are often controlled by addition of organic stabilizers such as thiols,
phosphanes, phosphines, amines, carboxylates, polymers, and/or surfac-
tants (15), which are in some cases actually chemically bonded to the particle
and not simply sorbed to its surface. Such molecules may affect the cellular
internalization of NP in living organisms and their diffusion through tissues,
as well as their biological behavior (16).

The various synthetic routes developed for NM may be very important
in influencing their biological activity, but are often overlooked by
researchers interested in this field, especially biologists and toxicologists,
as demonstrated by the currently reported scientific literature. It is indeed
necessary to measure or derive not only the NM characteristics but also to
assess and document the NM involved synthetic methods and its related
properties (e.g., dispersion media, dispersion procedure, solution pH,
stabilization procedures) in order to understand the associations between
NM features and observed biological responses. Although the interpretation
of conventionally applied biological markers of toxicity are well developed,
a series of issues related to the characterization and detection of NM in
toxicity studies still need to be addressed.
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This chapter aims to identify and describe the major characterization
parameters that should be investigated before, during and after a toxicity
test is performed, and evaluate whether currently available analytical
techniques, methods, and procedures are capable of detecting and
quantifying NM during in vivo/in vitro studies in order to generate
scientifically meaningful dose-response relationships. The essential physico-
chemical properties of NM are considered from a toxicological perspective,
as well as their properties that can better describe the behavior as mediators
of the toxicity. In this context, the needed characterization of NM has been
divided into three topics:

m Characterization of NM “as-produced” or provided by the manufac-

turer before being tested.
m Characterization of NM during the dosing formulation (administrated

NM).
m Characterization of NM after administration.
These topics provide a comprehensive review of more adequate character-
ization techniques, methods, and procedures.

PHYSICOCHEMICAL PROPERTIES OF NANOMATERIALS
AS MEDIATORS OF TOXICITY

The interaction of NM with biological systems is affected by several factors.
A tentatively comprehensive list of physicochemical properties of NM that
can influence the toxicity is described here below. All these parameters
should be characterized and determined during in vivo/in vitro experimenta-
tion as a preliminary activity included in the adopted experimental protocol.

Size

Size in NM matters. It plays a key role in determining the final properties
of NM. The size can modify the physicochemical properties of the material
as well as create the opportunity for increased uptake and interaction with
biological tissues. Particle size is, actually, the most investigated factor
(17). The biological activity of NM is already known to increase as the
particle size decreases: nanometer-sized particles are being discovered to be
more biologically active (more toxic) than the same material of larger (even
in the microrange) size (4,18), since they can reach places not accessible to
larger particles, as when they are inhaled (19). Unfortunately, in the
literature the size is often taken from the nominal size declared by the
supplier, or determined only in the supplied/synthesized material.
Moreover, the size refers very often to the individual particle, not to the
potential aggregates that can be formed during handling, storage, and
synthesis.
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Surface Area

In addition to the size, also the surface area is an important feature from a
toxicological perspective. Reduction in size to the nanoscale level causes a
steady increase of the surface/volume ratio, and therefore a greater
percentage of atoms to be displayed on the surface rather than in the inner
bulk lattice. The increase in surface area boosts exponentially the number of
potentially active groups per mass unit, thus enhancing the overall material
reactivity. One simple example is gold, which is known to be very stable to
oxidation, while at sizes below a few nm it can burn spontanecously (20).
Moreover, smaller particles mean a much larger number per mass unit, with
an increased potential for biological interaction (21). As an example, during
inhalation experiments on rats with TiO, and BaSQy, the first was shown to
induce a greater lung inflammation than the second, but the effects were
actually similar when related to the overall surface area exhibited (22).

Shape

NM can exhibit various shape and structures, such as spheres, needles,
tubes, rods, platelets, etc. The shape can have two main effects: one, in
solution and under aerosol form, is the variation of the hydrodynamic
radius between spherical particles and oblong ones (larger for the latter)
with the same mass, which triggers a variation in their mobility and
diffusion in both gas and liquid phases. The second effect is that the shape
influences the deposition and adsorption kinetics in biological media, since
the blocking mechanisms of ion channels in cell walls appear to be
dependent on the shape of tested NP (23,24). Some results from reported in
vitro toxicity studies pointed out that CNT stimulate platelet aggregation,
while fullerene do not (25). Indeed, the particular shape of cylindric, rolled-
up graphene layers in CNT may influence their biological activity, since
single-walled carbon nanotubes (SWNT) seem to be more toxic than
multiwalled carbon nanotubes (MWNT) with the same length (26). The
long, thin geometry and practical water insolubility of CNT may have the
potential to cause effects similar to those arising from inhalation of asbestos
fibres, even if the chemical composition is completely different (27).
Currently, no detailed investigations have been carried out on inorganic
NP of similar chemical composition but different shape, and shape/
composition relationships remain largely unexplored.

Chemical Composition

The chemical composition, in terms of elemental composition and chemical
structure, is an intrinsic property of all materials and it is consequently an
important parameter for the comprehension of NM biological behavior.
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NM can have very different chemical compositions, from completely
inorganic, e.g., metals (iron, nickel, zinc, titanium, gold, silver, palladium,
iridium, and platinum), and metal oxides (titanium oxide, zinc oxide, silica,
iron oxide, etc.), to entirely organic (fullerenes, CNT, nanopolymers,
biomolecules). Some NM can exhibit a hybrid, “core-shell” structure, as
the semiconductor nanocrystal QD: they consist of a metalloid cryst-
alline “core” and an inorganic shell that shields and stabilizes the QD core
for specific applications, such as biomedical imaging and electronic
applications. QD may be biocompatible, but the physical (thermal) and
chemical (photochemical, oxidative) degradation of the coating can
reveal the inner core (often composed by elements such as Cd, Zn, Te, Se,
In, As), which may exhibit toxic effects as NP or upon dissolution of the
core itself into elemental constituents (28). Even the chemical purity is an
important chemical parameter to be taken into consideration, since some
NM (i.e., CNT, metal NP) can contain metal impurities, such as Fe, Ni, Co,
which could affect the biological response by masking the NP behavior with
their intrinsic toxicity (29,30). As example, manganese doping on micro-
nized sunscreen titania particles, has been shown to reduce free radical
generation rates and to enhance the photostability to ultraviolet A (UVA)
radiation, in comparison with undoped titania (31). The cytotoxicity caused
by SWNT, MWNT, and fullerenes on alveolar macrophages has been
recently investigated (32). In some experiments, the purity of the selected
CNT seemed to be the main factor responsible for the exhibited differences
in cytotoxic effects (33).

Lattice Structure

Many materials with the same chemical composition can have different
lattice structures, and exhibit different physical and chemical properties, as
it is well known for quartz, made of silicon and oxygen atoms with the same
ratio Si:O 1:2 that can be arranged into different lattice structures depending
on the synthetic route and temperature conditions involved. Several
structural investigations on inorganic NM indicate that also the crystal
lattice type may have an important role on the overall structure of NP,
because of the very high portion of surface atoms with respect to the bulk
lattice. The size reduction may create discontinuous crystal planes that
increase the number of structural defects, as well as disrupt the electronic
configuration of the material, with possible toxicological consequences
(22,34). As example, the rutile and anatase phases of TiO, are known to be
stable and metastable, respectively, but when the particle size is reduced
below 20 nm their stability is reversed (35). This is a critical aspect, since
rutile and anatase react very differently as oxidation catalyst when exposed
to light (36).
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Surface Chemistry

NP exhibit an high tendency to aggregate. This is a typical behavior of
ultrafine particles, because of largely increased specific surface/volume
ratios that enhance their interparticle attraction by London and van der
Waals forces, as well as electrostatic interactions (37). Engineered NP,
especially those for biomedical applications, are often “stabilized” with
specific coatings also to avoid the formation of aggregates. Surface-
functionalized NP are usually coated with organic molecules containing
hydrophilic (in some cases biocompatible) terminal functional groups such
as —SH, —-CN, -OH, —-COOH, —-NH,, etc., bonded to the surface atoms
through covalent bonds (38). These surface groups can transform insoluble
and/or unstable NP into highly soluble (in the desired solvent, usually water)
depending on the specific application. The cytotoxic response of CNT in
cultured cells has been revealed to depend on surface functionalization
(39,40). Surface modifications of quartz affect the cytotoxicity, inflammo-
genicity and fibrogenicity of silica (41), and DNA damage in lung epithelial
cells (42,43). Therefore, the coating and chemical nature of a NM surface
should be known before starting an experiment (44). Suppliers sometimes
report limited information (often for patent reasons) about the coating, if
any, in the specification sheet, and the researchers should be aware of its
presence and physicochemical behavior.

Surface Charge

NP, when dispersed in liquid media, may carry an electric charge on their
surface. This charge can depend upon the particle nature and the
surrounding medium (45). Their size and surface charge are major factors
affecting the NM dispersion characteristics. Also, size and charge can
influence the adsorption of ions, contaminants, and biomolecules, and the
way cells react when exposed to them (46). Surface charge is also known to
influence the biological response to NM, including phagocytosis, genotox-
icity, and inflammation (47). Not only the coating type but also the surface
charge resulting from the density and spatial arrangement of the coating
itself on the surface particles is a factor that can affect the administration
pathway, as diffusion within the organs, cellular uptake mechanisms, and
cytotoxicity (48). Particle surface charge has been shown to alter blood—
brain barrier integrity in rats after exposure to emulsifying wax, which NP
are prepared from warm oil-in-water microemulsion precursors in the
presence of surfactants (49). The decrease of surface charge have been
shown to reduce their toxicity of amine-terminated poly(amidoamine)
dendrimers for drug delivery applications (50-52).
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Aggregation State

As discussed above, NP can form aggregates in both solution and powder
form, as well as in the gas phase, depending on the size, chemical com-
position, surface charge, and chemical composition. The aggregation can
depend also from storage and handling conditions, and it can occur even in
freshly prepared NM. It can be also a function of the synthesis procedure:
CNT can be present as complex aggregates of ropes and bundles even just
after their synthesis by gas-phase reaction (53,54). The aggregation affects
the stability of NM suspensions that are usually prepared for toxicological
experiments. Even if the toxicological consequences of aggregation are
currently largely unknown, some evidences indicate that the type and the
aggregation degree of NP may influence the inflammation and oxidative
stress after administration (55-57). Also, the extent of aggregation should be
taken into account during the characterization of NM.

CHARACTERIZATION OF AS-PRODUCED OR
SUPPLIED NANOMATERIALS

The characterization of NM freshly prepared or provided by the manu-
facturer is usually the main approach applied during toxicity test planning in
order to obtain useful physicochemical information for the explanation of
the exhibited biological behavior. A very broad range of analytical methods
and procedures can be used to perform a detailed characterization, including
microscopic, spectroscopic, chromatographic, and nuclear techniques. The
selection of the most adequate techniques is not simple, since it depends
mainly on the type of NM to be tested, on the test to be performed and on
the data quality required. Current toxicological research does not take into
enough consideration the characterization of investigated NM. As a matter
of fact, only a very few of the currently available techniques are employed,
and in some cases researchers discuss their results and deductions simply
relying on data provided by the supplier in the technical specification sheet,
which are usually limited to average size and purity. In some cases the
declared characterization is insufficient since improper techniques, deriving
from bulk or macrosize analysis, are employed. It has to be stressed out that
the combination of more than one technique is fundamental to adequately
characterize a selected NM and avoid the misinterpreting of the obtained
toxicological results. Due to the current lack of standardized character-
ization procedures for NM, it is strongly suggested to carry out an
independent characterization of each tested NM. The researcher should also
keep in mind that most NM exhibit an high product variability, since the
usually small production amount involved and the reaction types. As a
consequence, the characterization should be performed on a larger than
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planned amount of material, in order to create a small “bank” of NM useful
for confirmatory or later experiments (provided that the selected NM are
stable enough to be stored for the entire experimental activity period,
otherwise the characterization should be repeated with a new batch for more
safety). Table 1 shows the more widely applied characterization techniques.
They have been classified on the basis of their applicability to acquire
physicochemical information of as-produced or supplied NM, as dosed NM
during experiments, and finally after their administration in biological
(in vivo, in vitro) matrices.

Determination of Size, Shape, and Aggregation State

Size and shape of NM are usually measured by electron microscopy, which
include many qualitative and semiquantitative techniques widely used to
investigate the morphology (size and shape) and also the aggregation state
of NP (58-62). Scanning clectron microscopy (SEM) spatial resolution is
theoretically below 5nm, with magnification up to x 100,000, even if the
resolution and image depth of field are actually determined by the beam
current and the final spot size. In contrast, Transmission Electron
Microscopy (TEM) resolution is in the 0.5-3 nanometers, and it is the
most useful and appropriate technique for the direct investigation of NM
(63). In particular, TEM resolution is nominally below 1nm for high-
resolution transmission electron microscopy (HRTEM) (64). SEM and
TEM observations must be performed in a vacuum environment, and can be
applied only to solid samples. Very recently, accessories for the investigation
of liquid dispersions with SEM have been commercially available.
Moreover, SEM provides information only for conductive materials.
Nonconductive materials can be observed as well, but the sample needs to
be coated with a several-nanometer layer of conductive material, such as
gold; this process may potentially modify the sample. The sample
preparation is usually a long, laborious, and critical step that can affect
the ultimate resolution and the ability to get the required information on a
given sample. Size distribution may be obtained by TEM simply counting
(performed through a software feature) the number of particles as a function
of size, but it is made only on a small portion of the sample, with no high
statistical reliability (65,66). The TEM technique can provide additional
crystallographic information, such as the surface atoms arrangement,
defects at atomic scale: if the energy dispersive spectrometry (EDS) option
is applied, detailed information on the chemical composition of the sample
surface can be obtained. Figure 1 is a TEM image of a commercial CNT
sample showing the high complexity of such organic NM.

Other microscopy techniques are also available for the determination
of size and shape, as well as the aggregation state, such as scanning probe
microscopy (SPM). SPM includes both atomic force microscopy (AFM) and
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Figure 1 Transmission electron microscopy (TEM) image of a commercial carbon
nanotube (CNT) sample. Note the high complexity of this specific nanomaterial,
including individual tubes (both linear and bended), as well as nanotube muddles
and elemental carbon impurities.

scanning tunneling microscopy (STM), which are all based, with some
minor modifications, on a scanning probe (called the tip), which is moved
above a grate where particles have been firmly deposited, and feels the
height variation due to the presence of particles similarly to a pickup on a
turntable for vinyl records (67). By applying these techniques, individual NP
and aggregates can be easily recorded along the three dimensions, while
SEM and TEM can measure only two dimensions. Similarly to SEM and
TEM, AFM data can provide quantitative information about the size
distribution with a software-based image processing, even if limited to a
small sample surface (usually 10 x 10 um). An advantage over TEM is that
both liquids and solids can be analyzed and the images can be measured in
all environments (68,69). STM images give directly the three-dimensional
morphology of complex samples such as CNT and can resolve simulta-
neously both their atomic structure and the electronic density (70,71). As for
TEM and SEM, the deposition process is mainly responsible for the overall
result, and many fluctuations can occur in the obtained size distribution.
In some specific cases, as for QD, a simple fluorescence spectrum
determination combined with quantomechanic equations, can give reliable
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size distribution data, which are commonly supplied by producers of these
NM (72).

Photon correlation spectroscopy (PCS), in its subtechniques dynamic
light scattering (DLS) and quasielastic light scattering (QELS), can measure
the particle size of NM in liquid dispersions, with the great advantage of
being a nondestructive technique (73—77). The obtained dimension is actually
the “hydrodynamic radius,” since it describes the radius of a spherical
particle moving as an individual unit in a fluid, surrounded by the solvation
layer. It is derived from the intensity of scattered light, usually coherent light
generated by a multiangle laser unit, and it can provide distributions in terms
of number (i.e., number of particles and agglomerates), volume (i.e., volume
of particles and agglomerates), and intensity distribution (of the light
scattered by examined particles) as function of size. A correct laser
diffraction measurement requires the knowledge of the solution viscosity
and refractive index, which for some samples could be difficult to obtain. In
addition, the overall sensitivity is highly dependent on the investigated size
range (78). The accuracy and precision are very good provided that the
exhibited size distribution is very narrow, due to the physical approach
applied. If the size distribution is broad, or aggregates are present, the
autocorrelation function applied to derive the intensity fluctuation of the
scattered light will be dominated by their signals, so the interpretation of
obtained data requires high care. It assumes spherical particles, so the shape
effects on the size distribution are unknown (46,78). Other different
scattering techniques (including DLS), or a combination of other techniques,
such as small angle X-ray scattering (SAXS), wide angle X-ray diffraction
(WAXD), and small angle neutron scanning (SANS) may be also used. The
theory governing the scattering process (by light in DLS and SLS, X-ray in
SAXS and WAXD, and neutrons in SANS) is the same, while the difference
stays in the mechanism of interaction between the incident radiation and the
sample, and the structural (i.e., size, shape, and internal structure as well as
interparticle interactions) information that can be obtained (79).

Field flow fractionation (FFF) is a very powerful technique (with both
analytical and preparative capabilities), although its potential is currently
underestimated. Although not recent (it was developed in the 1960s), this
chromatographic technique can in principle separate particles from <1 nm
to several um size with no regard to their chemical composition according to
different mobility induced by a force (electric, thermal, gravitational, or
flow, depending on the instrumental configuration) orthogonal to a main
laminar flow where the particle is injected in (80). This nondestructive
technique, when coupled with PCS detectors, can easily overtake their
drawbacks and increase significantly the quality of the size distribution
data, especially for very complex mixtures, permitting also the collection of
the injected sample for further chemical and physical characterization of the
separated fractions (81-83).
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For some specific NP, such as gold, ultraviolet-visible spectroscopy
(UV-Vis) spectra can also give very accurate information on the size
distribution and their aggregation (84).

Surface Area and Porosity

A porosity measurement can supply information on the specific surface area
of investigated NM and on the pore presence, distribution, average size and
shape, indicating possible biochemical interactions with proteins and
enzymes during administration. Specific surface area (total surface per
mass unit) and porosity of NM can be easily obtained using the
Brunauer—-Emmett-Teller (BET) method. The determination is based on
the measurement of the adsorption isotherm of an inert gas (usually N,) into
a dry, solid material (85). Although the BET is a standard measurement for
solid NP characterization, such as nano-sized catalysts (86,87), the obtained
results depend on the employed instrumentation and on the operator ability.
In some cases, depending on the preanalysis procedures employed (vacuum,
samples drying, temperature gradients), some degradation and/or contam-
ination of the material can occur. Moreover, the technique cannot be
applied to liquid suspensions. Porosity can be also measured by using
mercury, although special techniques and higher vacuum conditions are
needed for analysis (46,88). The typical purification of commercial CNT,
based on strong oxidation followed by acid treatment, has been already
shown to modify their porosity and specific surface area (89).

Chemical Stability and Surface Charge in Solution

NM characteristics such as aggregation, dispersion, surface charge, may be
altered if the sample is prepared in solution for in vivo (e.g., intradermal
injection, intratracheal instillation) or in vitro (e.g., cell uptake) tests, or even
if the sample is aerosolized during an inhalation study. The stability of NP
dispersions has been definitely little investigated. In fact, it is well established
that NP dispersions, both in water or in organic solvents, tend to aggregate
with time. The aggregation state and the kinetic of this phenomenon depend
on many factors, such as NP type, concentration, coating, solvent, temp-
erature, pH, salt concentration, ionic strength, presence of surfactant and/or
dispersants, etc. Many of the commercially available NP dispersions (the
typical solvent being water) are actually composed of both individual NP and
their aggregates, in variable percentages. Some NP dispersions can be stable
for months, others only for minutes, and often suppliers do not provide time-
life values, as well as proper storage conditions and handling precautions. All
these features need to be preliminarily investigated in order to avoid to get
misleading toxicological results. The determination of the dispersion stability
is fundamental prior to any biological experiment, especially if solid NP have
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to be dispersed in a medium prior to dosing. DLS with zeta potential ({-pot)
option is usually applied for this purpose, by measuring the charge carried by
the suspended NP. The zeta potential is a function of the particle surface
charge and of any adsorbed solvent or stabilizer layer at the interface, and
it depends also on the nature and composition of the surrounding
medium where the particles are suspended in (90). If the dispersion exhibits
a sufficient negative (i.e., < —30mV) or positive (i.e., > +30mV) zeta
potential, particles repel enough each other, giving a stable dispersion. Vice
versa, if the zeta potential values are within this range, there are not sufficient
interparticle repulsive forces to prevent aggregation with time. Small changes
of pH, concentration of ions and ligands can lead to dramatic changes in the
zeta potential, and as a consequence, the aggregation tendency of dispersed
particles. It is strongly advisable to measure the zeta potential as function of
pH, and also calculate the isoelectric point (IEP), the pH value at which the
zeta potential is equal to zero (91-93). A correct evaluation of the time
stability of dispersed NP would require the development of standardized
experimental protocols, which are currently lacking.

Chemical Composition, Purity, and Crystal Structure

The chemical composition of NM requires the concurrent application of
several spectroscopic techniques such as inductively coupled plasma (ICP),
X-ray diffraction (XRD), nuclear magnetic resonance (NMR), UV-Vis
and fluorescence, which are widely used to measure the atomic structure and
composition of pure NM. According to the carbon content, organic and
inorganic NM should be distinguished.

The ICP is a well-suited technique for a detailed chemical composition
analysis, since it benefits of its destructive ability to simultaneously produce
individual ions of theoretically each atomic element, which can be combined
with the selectivity and sensitivity of optical emission spectrophotometry
(OES) and mass spectrometry (MS), so permitting to qualitative identify
and quantify the main components, as well as trace impurities, in all NM.
The fundamental prerequisite is a complete mineralization of the sample
prior to analysis, which can be a critical and laborious step for very stable
NM, both of organic and inorganic nature. It cannot provide information
about the chemical structure of the investigated material, and it offers a
relatively low sensitivity with regard to some lighter elements, such as H, O,
N, C, S. Elemental analysis is in principle more appropriate for organic NM,
but the high carbon content and the relatively high thermal stability of some
NP, such as fullerenes and CNT, could be over the instrumental oxidation
capabilities. A very recently commercially available technique, the aerosol
time of flight-mass spectrometry (ATOF-MS), allows to get a detailed
chemical analysis of NP under aerosol form, also subdividing the analyzed
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particles into size, with results similar to those attainable by FFF coupled
with TOF-MS (94).

In comparison to inorganic NM, much less investigation has been
performed on the presence of potentially bioavailable organic chemicals in
NM. High performance liquid chromatography coupled with fluorescence
detection (HPLC-FL) has been applied to the determination of polycyclic
aromatic hydrocarbons (PAHs) in carbon-based NP such as carbon black
(CB) (95,906).

XRD is a powerful technique to investigate the surface atomic
structure (e.g., crystal structure, lattice defects, charge distribution) of NM.
It has been already applied to QD (97) and metal Fe, Ni, and Co NP (98,99).
The chiral distribution in Ag and Pt NP, as well as the sample purity
(residual catalyst, functional groups) in MWNT, can be examined by
XRD (62,100).

The electron paramagnetic resonance (EPR) and electron spin
resonance (ESR) are versatile, nondestructive, analytical qualitative and
quantitative techniques that can provide very valuable structural infor-
mation of investigated material, such as defects in crystals and magnetic
properties, but it is mainly applied for the determination of paramagnetic
elements and free radicals. They have been applied to the characterization
of metallic NM such as Au, Pd, Ni, and Fe (101,102), ZnO (103), and
TiO; (104).

Fourier transform infrared spectroscopy (FTIR) and Raman spectro-
scopy (RS) are two simple qualitative techniques that can give qualitative
information about organic structures by means of the analysis their bond
vibrational energies. FTIR is widely used for the characterization of
fullerene and CNT (105,106), CdS nanocrystal (107), metal and metal oxide
NP such as gold and zinc oxide (108,109). The Raman scattering (RS) can
also provide a fast and nondestructive method to investigate the phase
changes (amorphous or crystalline), the size variations, and the lattice stress.
For example, dimension and periodicity of nanocrystal QD may be obtained
(110), as well as information on structural organization and interfacial
characteristics of CNT (111,112).

NMR is another sophisticated, nondestructive technique used to
investigate the surface and bulk chemical features of chemicals, eliciting the
electronic structure and the surrounding electronic environment of
contained elements, so allowing the accurate identification of individual
atom position in a given chemical structure, with the only limitation that
some elements exhibit too low or no signal. It can be used with both organic
and inorganic NM, either in solid state or solvent dispersion, and its
applicability in this field is steadily increasing (113-116).

In some cases, the Auger electron spectroscopy (AES) can also be used
to examine elemental compositions of surface, providing compositional
information for NM such as CNT (70) and Si and TiO, NP (117,118).
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Conventional UV-Vis and fluorescence measurements can also
provide valuable information, as about the optical property of core-shell
NP (119). Absorption spectra are used to investigate the size quantization
effects as well as to estimate the electron band gap of QD, as well as their
surface functionalization (120).

Surface Chemistry and Contamination

X-ray photon spectroscopy (XPS) is a nondestructive technique well suited
for the investigation of surface elemental composition of NM. It is currently
the most widely used surface-analysis technique, and it supplies detailed,
qualitative only, information about chemical elements on the surface and
their chemical environment, such as coating type and coverage extent,
binding states, oxidation states, etc. (121). XPS requires vacuum conditions
to maintain the surface free from contamination, so it cannot be directly
applied to liquid samples. It is usually applied to the surface characterization
of metallic NP, such as aluminum, nickel, and gold NP, as well as CdS
(122-125), CNT (126), and core-shell structures (127,128).

Differential scanning calorimetry (DSC) technique can give qualitative
and quantitative information about physical and chemical changes that
involve endothermic and exothermic processes, while thermogravimetric
analysis (TGA) can provide information regarding the presence of volatile
contaminants or labile components in the NM measuring changes in weight
of a sample with increasing temperature (129-131). The coating degree of
functional groups such as carbonyl, phenols, lactones, and carboxyl can be
quantitatively measured also by simple procedures such as Boehm’s titration
(132), while the content of dextran (DEX) at the poly (e-caprolactone)
(PCL) NP surface was measured by a enzymatic degradation of NP with
endodextranase (133). In some cases, the ESR technique can be successfully
applied to the characterization of magnetic NP surface, such as Fe;O4 (134).

The surface contamination of provided NM is another parameter
rarely investigated during their characterization. The presence of CO,
impurities in ZnO NP was studied by infrared (IR) absorption spectroscopy
(135). More advanced surface chemistry characterization should be welcome
in order to correctly ascertain the coverage degree by coating reactions and
to measure the thickness of mono/multilayer coating, because these features
are rarely reported by suppliers.

CHARACTERIZATION OF ADMINISTERED NANOMATERIALS

The characterization of administered NM during toxicity studies is essential
to ascertain the interaction pathways and the physicochemical properties
modification that occur in the NM during the experiment (4). In order to
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correctly determine the dose of NM that might cause physiological response
in vivo/in vitro assays, it is moreover necessary, in addition to discerning
their physicochemical properties, to set the correct exposure conditions and
correctly quantify the administered NM. The ways NM are placed in
contact with biological systems (e.g., dermal penetration, intradermal
injection, intratracheal instillation, inhalation of aerosol, cells uptake
pathways, etc.) require special consideration, because there are several
issues associated with the selected exposure conditions. NP aggregate
naturally in aqueous medium (136) and some are even theoretically insoluble
(e.g., fullerene) (137,138). Some procedures proposed to avoid aggregation
of dispersed NP such as pH alteration or addition of surfactants may change
the surface chemistry of the investigated materials during their admin-
istration and affect their interaction with cells, and, consequently, their
biological effects (139,140). Moreover, often experimental conditions
reported in the literature do not mimic realistic exposure conditions.

As described in the previous paragraph, physiological response to NM
depends on their physicochemical properties, but it can depend also on the
adopted administration conditions. Selected biological culture media and
dispersion procedures, such as stirring and sonication, as well as the
addition of stabilizers, salts, might potentially influence the biological effects
of NM. The characterization at this stage is very important to understand
the relationship between NM physicochemical features and the exposure,
uptake, effect response, in order to establish a correct exposure—dose
relationship. Unfortunately, very few reports include a detailed characteri-
zation at this stage. The most suitable characterization techniques and
procedures depend strongly on the adopted experimental design, exposure
route (e.g., in vitro such as cells uptake, or in vivo, such as inhalation,
instillation, dermal uptake) and conditions in which cell culture (in vitro
assay) systems or animals (in vivo assay) are exposed to NP. It is firstly
essential to assess the behavior of the investigated NM in the medium
(water, air, cell culture) of destination. Several in vivo inhalation toxicity
studies are conducted by intratracheal instillation (6,8), or by aecrosol
generation (10,141). In the first case, particles need to be suspended in a
suitable exposure medium prior to application, and then need to be
characterized as liquid suspensions, while in the second case NP are
dispersed by a jet airstream through a mixing chamber, and thus a generated
aerosol, not a water dispersion, needs to be characterized.

Nanomaterial Characterization in Liquid Media

Currently, no standardized methods for the dispersion of NM during in vitro
and in vivo toxicological studies have been proposed, because of the high
variety of investigated NM and adopted testing protocols. In addition to a
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detailed characterization of the supplied NM, a well-designed experiment
should include also their characterization during the dispersion procedure to
obtain at least, size distribution, actual concentration, surface charge, and
suspension stability of the administered NM. All tested NM should be
subjected to standardized storage and application procedures and explicit
handling instructions should be reported. Unfortunately, NM are currently
administered according to very qualitative criteria. Many literature reports
include a simple suspension of the selected NP in a suitable biological
medium (e.g., cell culture medium, sterile saline solution), or even in water.
The obtained suspension is often sonicated or stirred prior to incubation
with cell or to administration to animals, in order to avoid aggregation
(142,143). Many different sonication and stirring conditions have been
proposed, often without explanation, although it should be known that the
resulting dispersion can vary depending on the adopted experimental
conditions: stirring time and speed can modify the aggregation state of NM,
while too high sonication power, such as that attainable by probe
sonicators, can even partially modify the NM structure and conformation,
as highlighted for CNT (136). Only in few cases, the aggregation state of NP,
as well as their stability over time when suspended, have been checked in
toxicity studies. Often, the description of the adopted dispersion procedure
is even not described in detail, or not reported at all, so experiments cannot
be easily reproduced by others. The lack of standardized procedures is
probably the main reason of so many debates about the reported
toxicological results. Fullerene, as example, is sometimes dissolved in
toluene (144,145), tetrahydrofuran (THF) (76) or other organic solvents,
and then transferred into water by extracting the organic phase with water,
in order to obtain a “water-soluble Cgy,” as already reported. It has been
suggested that this “aqueous” Cgq is toxic to cultured cells (39,146,147),
while more recent studies reported that Cgy prepared with a different
method appears vice versa to be not toxic (148—-151). It derives that the
preparation method requires attention and has to be documented, because
Ceo dispersion seems to undergo modifications during the preparation of
water-soluble aggregates that are responsible for the exhibited cytotoxic
effects (152,153). Similarly, in vitro cytotoxicity testing of SWCNT typically
involves their preliminary dispersion within a cell culture medium, followed
by their subsequent addition to a cell line of interest. However, the degree of
interaction between the SWCNT and the medium in which they are
dispersed and the influence of such interactions on cell viability remains
currently unexplored (154).

Various sonication procedures have been found to change the NP
chemistry and they have been also applied for synthesis purposes (155). The
sonication procedure, including time, frequency, and energy of the applied
ultrasound conditions, as well as type of sonication and probe, and time
interval between dispersion and administration, should be investigated,
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optimized and validated before starting an experiment, and then detailed in
the analytical report. The same conditions should be adopted along a quite
large set of experiments, in order to produce reproducible results. Also the
selection of vehicle and media, pH solution, addition of surfactants and/or
other stabilizers should be investigated in terms of potential side effects and
described.

There are many available techniques for detecting and accurately
characterizing the size, the aggregation state, and the stability of NP in
liquid media. The most commonly used method is, as described previously,
DLS, or a combination of SAXS, WAXD, and SANS. Also, electron
microscopy (TEM, SEM) may provide valuable information on size, shape,
and aggregation state, provided the solvent evaporation step does not
induce structural modifications.

Methods for NP characterization in solution include flow FFF
(FIFFF) coupled online with multiangle light scattering (MALS) and UV-
Vis spectrophotometry to measure respectively the size and concentration of
NP (156). ICP can also be used for concentration determination of TiO, and
Au NP in solutions (157,158).

Nanomaterial Characterization in Aerosol

Several toxicological studies are based on a deliberate in vivo inhalation of
aerosol containing NP (159-162). Depending on the experiment, aerosoli-
zation is obtained by nebulization of NP liquid suspensions or powders
(163-165). Inhaled NP may deposit in each of the three regions of the
human respiratory tract (nasopharyngeal, tracheobronchial, and alveolar
regions) on the basis of their size, while their aggregation may change the
preferential deposition site (19). In the same way, size distribution,
morphology, density, and composition of the generated aerosolized
particles, can influence the location of deposition during inhalation
toxicological studies, which in turn control the potential rate and route of
entry into the circulatory system (166). The characterization of these
generated aerosols is therefore a key aspect. It can include parameters such
as concentration measurements (e.g., particle number per unit volume), size
distribution, surface area, morphology, and composition.

The condensation particle counter (CPC) technique is often used to
determine the particle number concentration (167,168). This technique is
based on the principle of growing the particles in a saturated vapor
atmosphere so that they become large enough to be detected by optical
counters, and can reveal particles in the 3 to 1000 nm size range (169). The
scanning mobility particle sizers (SMPS) and electrical low pressure
impactors (ELPI) can also be applied (170). A nanometer aerosol differ-
ential mobility analyzer (DMA) is placed before the CPC in order to analyze
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the size distribution of particles, covering currently an approx. size range
from 3 to 50 nm (171). However, since the passage of the aerosol flow in the
DMA is relatively slow, a significant loss of smaller (<5nm) particles by
Brownian diffusive deposition can occur (172). Recently, a low pressure
DMA (LPDMA) has been developed for the in situ measurement of
nanosized aerosol particles under subatmospheric (i.e., 65-760 Torr)
pressure (173,174). However, mass measurements methods for aerosol are
not sufficiently sensitive to NP, because of losses and decreasing counting
efficiency with decreasing particle size (175).

DLS may be used to measure the diffusion particle size weighted by
light scattering intensity, with a measuring size range between 50 and
1000 nm (167). As for suspended particles in liquid, DLS can measure the
scattered light by generated aerosol, but the sampling equipment and
instruments are different between those cited above. The major limitation of
these techniques is that they cannot discriminate agglomerates of NP from
individual, larger particles (176).

A recently developed technique, the time of flight mobility (TOFM)
spectrometer, is able to determine the elemental distribution of aerosolized
NP. Depending on sampling inlet configuration, size separation method,
vaporization method, and type of mass spectrometer coupled to it, is it
possible to obtain a size-resolved chemical composition of NP in gas
suspension. The TOFM is currently limited by its sampling capabilities and
its requirement for a relatively high concentration (167,177,178). A simu-
Itaneous system has been developed to measure the size-dependent
concentration and chemical composition of particles smaller than 40 nm
using an ICP-MS combined with a DMA (179).

The availability of NP standards is a key aspect for the measurement
of aerosol. There is an urgent need for appropriate particle size standards
for instrument calibration. There is only one calibration standard in the
nanometer size range, the NIST SRMr 1963, a water suspension of poly-
styrene nanospheres with a mean size of 100.7nm (180). Standards are
needed for verifying and improving the accuracy and precision of the
obtained measure. In addition, other problems still need to be solved, such
as adequate sampling protocols to ensure reproducibility and accuracy in
aerosol size analysis, and portable instruments.

Relatively few techniques are available to monitor exposures with
respect to aerosol surface area (181,182). Available techniques to measure
aerosol surface area are the epiphaniometer (EPI), diffusion charging (DC),
and scanning mobility particle sizer (SMPS) (183-186). However, instru-
ments capable of measuring the total NP surface area fractions are currently
not commercially available (175).

Particles may be also collected on surface (e.g., filters, baffles) and
later analyzed in order to obtain their size, shape, structure, aggregation
state, and in some case compositional information by specific analysis of the
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collected fractions, by applying the same techniques mentioned above.
Sample collection can also be performed by an electrostatic precipitator
(ESP) (170). In the ESP, the charged particles are transported by the electric
field of the instrument, and, finally, deposited on the sampling surface (169).
A homogeneous deposition of NP on a sampling surface can be obtained by
adjusting the flow conditions and the electric field. Assuming that NP are
collected and homogenously distributed on the surface, they can be analyzed
in different ways to determine their size, shape, and aggregation state by
SEM, TEM and scanning transmission electron microscopy (STEM)
(187,188).

NANOMATERIAL CHARACTERIZATION AFTER
THE ADMINISTRATION EXPERIMENT

The characterization of NM in biological media after their administration is
probably the most demanding task in nanotoxicology research. Such
characterization is fundamental for correctly evaluating the interaction with
biological tissues and explaining the observed biological effects and the
involved mechanisms. In principle, almost all the techniques described
above can be applied to NM after administration, but the concentration
levels are usually very low, and the complex biological matrices renders this
task most demanding for both qualitative (presence, distribution) and
quantitative (actual concentration in specific tissues or cell components)
information requirements. Currently, the determination of internal doses of
NM after toxicological experiments, as well their final fate, are actually
limited by methodological capabilities (4). Some analytical methods are
already available to detect and quantify specific NM in biological media,
while procedures to evaluate modifications in NM physical and chemical
properties due to interactions with the biological matrix are not commonly
applied (46,189). Moreover, studies on the identification of fate of
administered NM in blood circulation and as well as their accumulation,
renal excretions and organ distribution, and the determination of clearance
half-life, have been little investigated (190).

Qualitative Characterization of Nanomaterials in Biological Matrices

The NP internalization (uptake) in cell, may be monitored by common cell
and molecular biology methods, such as fluorescence microscopy (FLM),
TEM, SEM, differential interference contrast microscopy (DIC), and
confocal laser scanning microscopy (CLSM) (142,191-197). By these
microscopy techniques, the presence and distribution of individual particles
and their aggregates with components at the cellular level can be observed,
but it is impossible to ascertain if the aggregation took place before or after
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particle uptake by the cells (46). Whatever the situation, sample preparation
may be very time consuming and complex, since it includes different steps
such as fixation, dehydration, staining, sectioning, stabilization, etc.
Cryogenic SEM and TEM, as well as scanning transmission ion microscopy
(STIM), are microscopy techniques specifically modified to be applied to
unfixed, unstained vitrified biological samples as diagnostic tools in
structural cell biology. The percutaneous penetration of TiO, of cross-
sections of pig skin has been recently investigated by STIM (198), while
cryo-TEM has been used to detect the dermal penetration of TiO, contained
in sunscreen formulation into the underlying living tissue by a cryosection-
ing of biological material (199,200). While conventional SEM and TEM
analysis require a chemical fixation of the investigated sample, which may
induce structural modifications, a quick freezing permit to observe the
biological samples in their native state. One of the important factors of the
cryo-TEM or cryo-SEM success is the sample thickness that can be
analyzed: the vitreous sample must be sectioned with a cryomicrotome to a
thickness suitable for high-quality cryoimaging, and this is often a laborious
task to obtain (201).

Fluorescence detection has been also shown to be applicable to NM.
Nanometer-sized luminescent materials, such as QD (202,203), silver NP
(204), gold dye-doped silica NP (205,206), are used as luminescence probes
for their detection in biological media. Compared with conventional organic
dyes, such as fluorescein, cyanine, amino dyes, and carboxylic acids,
luminescent NP exhibit higher photostability and stronger luminescence.
The luminescence is often affected by scattering phenomena, such as
Tyndall, Rayleigh, and Raman scattering (207). In some cases fluorescent
groups can be bonded to the NM as markers, but it is an open issue whether
these added fluorophores can alter NM surface chemistry and their
biochemical activity and fate in organisms, or be released by the particles
during the experiment (13).

CLSM can be applied to a wide range of investigations in the biological
and medical sciences for imaging thin (up to 100 um) optical sections in living
and fixed cells and tissues. Current instruments are equipped with a laser
source and filters that allow very precise regulation of wavelength and
excitation intensity. When coupled with dedicated photomultipliers these
microscopes are capable of examining fluorescence emission ranging generally
from 400 to 750nm. A CLSM image of cells after administration of
fluorescent polystyrene nanobeads is shown in Figure 2.

Also, AFM is an emerging diagnostic tool for biological studies, and it
has been successfully applied to investigate the interaction between the NP,
such as QD, and cell systems (208,209).

Radioactivity measurements can be applied to ascertain the adsorption
and distribution of specific radiolabeled (such as those containing '*C) NM
administrated in vivo, with the great advantage of accurately identifying and
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Figure 2 Confocal laser scanning microscopy (CLSM) image of HepG2 cell after
administration of 20 nm fluorescent carboxylate-modified microsphere polystyrene
beads. Source: Courtesy of Prof. V. Stone, Napier University, Edinburgh, U.K.

quantifying presence and distribution even in living organisms (“whole body
measurements”), so permitting to follow their administration into the
biological system (210-213). The main limitations are the applicability to
only some specific NM types (mainly carbon based), the specific, and often
very expensive, synthetic route involved, and the safety precautions to be
followed. Radioactive elements can be included in the surface coating of the
investigated NM. Special care should be spent to check the chemical
stability of the coating when dispersed in the biological matrix to avoid
misleading results due to coating release and diffusion into other tissues.

Characterization of Inorganic NM in Biological Matrices

Elemental analysis has been already successfully applied to both qualitative
and quantitative determination of inorganic NM in biological media
because of its high selectivity and sensibility (in the ppt to ppq range), by
analyzing their distinctive elements (generally the heavier ones), such as
titanium for TiO,, Cd for CdSe QD, etc. Atomic absorption spectroscopy
(AAS) or ICP (with OES and MS detectors) can be used, depending on the
element, on its concentration level and on the matrix to be investigated
(214-216). It cannot be applied to organic NM or to lighter elements, such
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as O, N, S, or to biological oligoelements such as Fe or Zn, being naturally
contained in living materials. In this case, elemental analysis can be applied
if the investigated NM are specifically enriched with not naturally occurring
isotopes or elements, which can be used as “tracers” for their identification
and quantification. The potential release of such elements by the NP core
must be investigated in advance. In addition to the same procedure adopted
for their determination in pure NM, a digestion step of the biological sample
is additionally required prior to analysis. The digestion procedure is the
most critical aspect and it needs to be specifically developed and validated
for both the selected NM and the investigated matrix. An accurate
separation of specific tissues can permit to get a more detailed distribution
pathway of the adsorbed particles. It should be noted that this procedure
can not distinguish the adsorbed NM from the dissolved forms due to
biochemical degradation of the administered material: in this case a
preliminary size-based separation of the extracted components, for instance
by gel permeation chromatography (GPC) or FFF, is suggested. Some
analytical methods are already available for selected elements and matrices.
ICP determination after pressurized acid digestion of the tissue samples has
been used to quantify the systemic distribution of inhaled silver NP in rats
(214), of intravenous injected cobalt-ferrite NP in mice (215), and to
measure oxides (Fe>O;, Y-,O;, and ZnO) NP uptake by cells (216).
Magnetite NP internalization into mouse macrophage and human breast
cancer cells was visualized using both fluorescence and confocal microscopy,
and quantified by ICP-MS (217).

Characterization of Organic Nanomaterials in Biological Matrices

The determination of organic NM in biological media is probably the most
demanding analytical task in nanotoxicology. Their chemical structure is
often very similar to those of many other synthetic organic molecules (e.g.,
polystyrene beads and polystyrene), while the size is much larger, or similar
to those of biomolecules already existing in the examined medium. It follows
that conventional techniques developed for organics can be only partially
applied to their determination. In some cases, such as for nano-CB and
CNT, the high variability in their chemical structure and size distribution
renders very difficult the correct identification and quantification of these
NM in such complex environments at the administrated concentration
level applied, even if the most sensitive detectors, such as MS, are used.
Moreover, current purification procedures, developed for small (i.e.,
<2000 Da) molecules, cannot be easily applied. In principle, separation
techniques such as GPC, FIFFF, HPLC, and capillary electrophoresis (CE)
can be applied, but the separation/detection method need to be specifically
developed for each investigated NM and biological matrix. Among these,
FIFFF seems the most promising technique, although very few applications
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have been proposed so far (218). As above underlined, the extraction and
purification procedures are the most critical steps, because of the chemical
similarity between administered NM and the surrounding environment.
Currently, a very limited number of methods have been proposed: fullerenes
have been successfully determined in biological media, by means of solvent
extraction followed by HPLC coupled with UV and MS detection (219,220),
while FIFFF has been proposed for the determination of CNT (221). The
quantitative uptake by endothelial cells of biodegradable poly-DL-lactide-
co-glycolide (PLGA) containing 6-coumarin as a fluorescent marker has
been measured by centrifugation of biological sample and subsequent
analysis by HPLC coupled with fluorescence detection (207).

LIST OF ABBREVIATIONS

AAS atomic absorption spectroscopy

AES Auger electron spectroscopy

AFM atomic force microscopy

ATOF-MS acrosol time of flight-mass spectrometry
BET Brunauer—Emmett—Teller adsorption measurement method
CB carbon black

CE capillary electrophoresis

CLSM confocal laser scanning microscopy

CNT carbon nanotubes

CPC condensation particle counter

DC diffusion charging

DIC differential interference contrast microscopy
DLS dynamic light scattering

DMA differential mobility analyzer

DSC differential scanning calorimetry

EDS energy dispersive X-ray spectroscopy

ELPI electrical low pressure impactors

EPI epiphaniometer

EPR electron paramagnetic resonance

ESP electrostatic precipitator

ESR electron spin resonance

FL fluorescence

FFF field flow fractionation

FIFFF flow field flow fractionation

FLM fluorescence microscopy

FTIR Fourier transform infrared spectroscopy
GC gas chromatography

GPC gel permeation chromatography

HPLC high performance liquid chromatography
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HRTEM high resolution transmission electron microscopy
ICP-OES inductively coupled plasma—optical emission spectroscopy
ICP-MS inductively coupled plasma-mass spectroscopy
MALS multiangle light scattering

MWNT multiwalled carbon nanotubes

NM nanomaterial(s)

NMR nuclear magnetic resonance

NP nanoparticle(s)

PCS photon correlation spectroscopy

QD quantum dots

QELS quasielastic light scattering

RS Raman spectroscopy

SANS small angle neutron scanning

SAXS small-angle X-ray scattering

SEM scanning electron microscopy

SLS static light scattering

SMPS scanning mobility particle sizer

SPM scanning probe microscopy

STEM scanning transmission electron microscopy
STIM scanning transmission ion microscopy

STM scanning tunneling microscopy

SWNT single-walled carbon nanotubes

TEM transmission electron microscopy

TGA thermogravimetric analysis

UVA Ultraviolet A radiation

UV-Vis ultraviolet—visible spectroscopy

WAXD wide-angle X-ray diffraction

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

{-pot zeta potential analysis
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INTRODUCTION

Nanoparticles (NPs) are not, as media report, a toxic entity per se, for
example, just because of their size. Some NPs, because of their physicochem-
ical features, including size, may constitute a serious hazard to human health.
NPs are not only a product of the new nanotechnologies. NPs are present in
the environment, and nanoscale phenomena permeate and often control
natural processes. Humans have always experienced exposure to some
nanosized particles in nature, which could thus be an important source of
information on how to make harmless NPs. With the advent of the industrial
revolution, “anthropogenic” sources of NPs appeared (e.g., internal
combustion engines, power plants, etc.), which are now scattered worldwide.
Whether the smallest particle fraction in polluted air is the most responsible
one for adverse health effects is still a matter of debate, which could be solved
by a systematic approach on what makes an NP toxic.

Because of their peculiar physical and chemical features, the study of
NPs as potential toxic agents requires an interdisciplinary approach,
involving multiple aspects ranging from physics and chemistry to biology
and medicine. In the past, it was assumed that ultrafine particles would be
easily exhaled, as opposed to those that are micron-sized, which would be
retained in the lung. Conversely to this hypothesis, an enhanced toxicity to
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experimental animals and cell cultures, which has been reported in some
cases when passing from micron- to nanosized particles of the same
composition (e.g., titania, carbon particles, etc.), has raised a serious alarm
in the past few years. Was this due to small size, to the high amount of
surface exposed, or to a specific reactivity toward biomolecules and cells? In
all cases the different behavior was linked to some physicochemical features,
which need to be elucidated and clarified in order to identify any hazard
from manufactured NP as well as to identify a safe method for the
production of NP to be used in biomedicine. Nanosized particles in fact
constitute a double-edged sword for human health: on the one hand, as
previously outlined, NPs may turn out to be a serious hazard, while on the
other they also hold great potential as drug delivery system, diagnostic tool,
and therapeutic to well-defined targets in the body.

PHYSICOCHEMICAL DETERMINANTS IN PARTICLE TOXICOLOGY

The widely accepted physicochemical determinants in traditional particle
toxicology are:

m the form of the particle (e.g., fibers more potent toxicant than isometric
particles, spiky fractured crystals more potent than smooth roundish
particles);

m the chemical composition and related surface reactivity (free radical-
generating surface sites, poorly coordinated and easily removable metal
ions, strong adsorption and modification of endogenous antioxidants or
of proteins);

m the time of residence in a given body compartment generally defined as
biopersistence (a property related both to chemical factors, such as solu-
bility, adsorption potential, and to the cellular and tissue response to it).

At what extent and in which direction such properties are modified when
particles are ground or prepared down to the nanolevel? The data so far
available are not sufficient to give any general indication on this point. Con-
trasting results in toxicological tests on titania isometric particles and nanorods
(1,2) or on quartz NPs (3) mainly suggest that many factors, beside nanosize,
regulate toxicity, e.g., preparation route, crystallinity, origin of the dust, etc.

NANOPARTICLES VS. MICRON-SIZE PARTICLES: WHAT ARE THE
RELEVANT PHYSICAL AND CHEMICAL DIFFERENCES
RELATABLE TO TOXICITY?

The physicochemical features that make NPs different from their larger
counterparts, may be summarized as follows:

1. Nanosize
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2. Extremely large specific surface (surface exposed per unit mass)

3. High ratio of surface to bulk atoms with consequently higher surface
reactivity

4. Specific reactivity arising at the nanolevel

5. Chemical structure linked to nanosize: absence of any larger
counterpart

6. Strong interparticle forces

Nanosize

Mobility within the body and various penetration routes due to the small
size of NP have been largely described in exhaustive reviews (4,5) and in
other chapters of this book.

Two things should be pointed out when considering the molecular
mechanisms of interaction of inhaled NPs: the comparable size of NP with
cell membrane receptors, and the lower uptake of NP compared with larger
particles by alveolar macrophages (6). Figure 1 depicts the expected scenario
in the alveoli when NPs are inhaled: while most of the effects of larger
particles are explained by a persistent inflammatory effect, a lower
macrophage uptake of NPs involves reduced clearance (step 2) and reduced
inflammatory response (step 3). However a longer residence of free NP in the
alveolar space may imply a major direct challenge to target cells e.g., through
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Figure 1 Expected scenario in the alveoli when nanoparticles are inhaled.
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particle-generated free radical release (step 4), strong and prolonged
interaction with endogenous molecules (antioxidants, phospholipids, mem-
brane receptors) (step 1), and finally endocytosis and migration to circulation
vessels (step 5).

Extremely Large Specific Surface

The much larger surface area exposed by any NP, with respect to the same
mass of bigger particles, is a direct consequence of the small size of NPs, not
a new property per se. This apparently obvious fact, however, highlights a
crucial question, which was already put forward in “traditional” particle
toxicology, i.e., which dose metric should be used when comparing the
adverse effects of particles of different sizes and nature (7)? Expression of
exposures (human data) and doses (animal and mechanistic data) could be
given in different dose units but are commonly given per weight, which is the
easiest one to measure, even if it is the least appropriate with poorly
insoluble solid particles. When inhaled, particles usually act through their
surface, which comes in contact with fluids and tissues, or as solid
xenobiotics, whose biological activity is related to their form or number of
particles. Thus, both surface area exposed and number of particles should be
employed as dose units instead of weight (8—10).

Pulmonary toxicology studies in rats have reported that nanoscale
particles, when administered to the lung of experimental animals, cause a
greater inflammatory response when compared to micron-scale particles of
identical composition at equivalent mass concentrations. In many of these
studies, however, the experimental points did fit the same trend when doses
were expressed per exposed surface instead than per weight (5). Thus it is
questionable whether the nanosized particles are always intrinsically more
toxic than their larger counterparts, or that the amount in weight which
determines a given surface-dependent toxic effect, is much lower with nano
than with micron-sized particles. Thus when comparing nano- versus
micron-sized particles, the use of units of exposed surface is the most
appropriate if there is evidence that the inflammatory response and mediators
are surface dependent. In this context, the concept of overload—excess dusts
in the lung, which causes cancer irrespective of the nature of the particles—
should also be revisited, as carcinogenicity with NPs may originate in
experimental animals as a consequence at weights below the overload values
for micron-sized particles, but at surface areas exposed exceeding those
corresponding to overload with micron-sized particles. In such cases, the
overload registered with micron-sized particles should be converted into
exposed surface area and the expected overload with corresponding NPs
should be defined as the weight in NPs, which corresponds to the overload
exposed surface area in the larger particle counterparts. Interestingly the
International Agency for Research on Cancer, IARC, has recently classified
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TiO, as 2B (possible animal carcinogen) mainly on the basis of positive
results in experimental studies on TiO, NPs. Perhaps, once revisited on the
basis of the newly defined overload, those studies would no longer indicate
titania as a possible specific carcinogen.

Another consequence of the large exposed surface is the possibility
that some of the products of a cellular reaction, and particularly those which
are used to evaluate a biological activity might be simply adsorbed at the
particle surface, thus inhibiting the correct evaluation of the test performed.
Considerable amounts of the cytosolic enzyme lactate dehydrogenase
(LDH), employed as a reflection of cytotoxicity, and the two most used
cytokines to monitor inflammation, were adsorbed on carbon black NPs,
suggesting that cytotoxicity and inflammatory responses to NPs could be
underestimated because of such artifacts (11).

High Ratio of Surface to Bulk Atoms with Consequently
Higher Surface Reactivity

Beside the extent of the surface area, which, as discussed above, is a quan-
titative measure, when approaching the smallest size, surface reactivity, even
if measured per unit surface, is enhanced. Surface reactivity is usually linked
to defective position of atoms or ions at the surface, with unsatisfied valencies
or vacancies in the coordination sphere. Such sites, as illustrated in Figure 2,
are often relatable to steps, kinks, and edges, or otherwise irregular atoms/
ions positions at the surface of the particles. Such sites are likely to be more
abundant at the surface of small particles. Poorly coordinated transition
metal ions or dangling bonds, caused by homolytic rupture of covalent bonds
at the surface, are the catalytic sites where free radical generation, yielding
formation of reactive oxygen species (ROS), takes place (12-14).

Specific Reactivity Arising at the Nanolevel

In the past few decades, the standard elementary school definition of the
difference between atoms and molecules was: the molecule is the tiniest part
of a substance, which keeps its properties unchanged. This, as is now clear to
any chemist, is incorrect. How many molecules (or atoms or ions) do we
need to obtain a piece of material, which bears the same properties of the
bulk of it? Or conversely, until what point will a reduction in size not yield a
marked variation in some physicochemical properties? Such variation may
also reflect different biological activity of the NP with respect to the bulk.
TiO; NPs and quantum dots (e.g., CdSe) belong to this category.

Titania has been employed in a large spectrum of products, including
pharmaceutics and cosmetics. TiO, NPs are produced and largely employed
in sunscreens, as they are powerful absorbent of UV radiations. Titania is
a very white powder, but when the particle size becomes of the order of
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Figure 2 Enhanced surface reactivity: defective position of atoms or ions, with
unsatisfied valencies or vacancies in the coordination sphere, at the surface.

magnitude of the visible wavelength it becomes transparent, thus much
appropriate for its cosmetic usage. Unfortunately, in these circumstances the
particles also exhibit a marked photocatalytic activity, which yields ROS
release and which may damage the skin. In order to prepare safe powders to
be used in sunscreen products, researchers have to look for conditions in
which the transparency is maintained but the photocatalytic activity is
inhibited. A major role is played by the crystal structure, rutile being much
less photoactive than anatase (2), and by appropriate coating procedures.

CdSe nanocrystals are cytotoxic. When coated with a ZnS (CdSe/ZnS)
the critical concentration, up to which no toxic effect is observed, is
increased by a factor of 10 (15). Cytotoxicity also decreases when a ligand
shell of mercaptopropionic acid coats the particles, even if such shell is
not stable enough to prevent the release of Cd>" ions from the particle
surface, suggesting a role of surface phenomena. Moreover cytotoxicity
correlated with the internalization of the particle and not only with the
release of toxic Cd*>" ions. Thus, if such material is to be employed, research
on the most appropriate coatings will be urgently required.

Chemical Structure Linked to Nanosize: Absence of Any
Larger Counterpart

There are specific NP products that have no real larger equivalent, but exist
in only a small number of nanoscale dimensions. This is the typical case for
all the large known varieties of carbon nanotubes (singlewall, multiwall), all
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very biopersistent and made up of filaments a few microns long, with
diameters of about 6 to 20nm. Such compounds fall into the category of
fibers because of their extremely high aspect ratio, and for this reasons they
have been suspected to act on human health similar to asbestos (Fig. 3).
Their chemical nature is complicated because they invariably contain a
variety of residual impurities, mainly metals, organics, and support
materials (16). The most commonly used metals for their growth are Fe,
Co, Ni, and Mo. A large part of these impurities may be eliminated by
chemical purification procedures, but traces often remain, and may be
reactive. A few reviews have appeared reporting respiratory toxicity in
experimental animals (17,18) and damage to cells in culture. The results are
somewhat controversial, but there is a general consensus on the variability in
the health effect caused by various kinds of CNTs, most likely related to the
different preparation and purification routes. Those deprived of metals,
particularly iron appear, similarly to asbestos, far less toxic (19). However,
in contrast to asbestos, CNTs are hydrophobic, and in some cases do not
generate free radicals, and rather act as quenchers (20). Thus their toxicity
has to be ascribed to features different from those involved in asbestos
toxicity.

Figure 3 Scanning electron microscopy (SEM) images of (A) carbon nanotubes
and (B) chrysotile asbestos fibers. Source: Courtesy of (A) Domenica Scarano and
Federico Cesano and (B) Francesco Turci.
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Strong Interparticle Forces

The smaller the particle, the stronger are the interparticle forces that attract
NPs, with consequent aggregation and agglomeration. This is very
important because aggregated particles behave in a different way from
those that are isolated. When aggregation (van der Waals forces) evolves
toward agglomeration (chemical bonds between the particles), what results
is a nanostructured material, which can no longer be considered as NP.
Surface charges, hydrophobicity, and adsorption of biomolecules from the
media are the major determinants of such processes.

Interparticle forces act as strongly as intermolecular forces when
particle size is very small. Is there a great difference between clustered
carbon nanotubes and the graphite layers in graphite or chrysotile fibrils in a
real fiber? Obviously such forces vary in different media, e.g., NPs,
particularly when they are very hydrophobic, like CNTs, may be separated
in air but clustered in water. Indeed this is great inconvenient when planning
in vitro cellular tests or in vivo experiments, in which they should be
administered to animal in a way close to the hypothesized exposure in
humans. In some cases, clumping immediately killed the rats! Note that in
water, individual NPs can seldom stay separated from those around them.

Hydrophobicity plays a major role in agglomeration in water via
“hydrophobic interparticle forces,” which means that one way to disperse
some NPs, typically carbon nanotubes, is to oxidize them, in order to
increase hydrophilicity due to formation of oxygen—carbon surface
functionalities.

It is noteworthy that in the case of the above-mentioned CdSe and
CdSe/ZnS surface modified nanodots their stability, with regard to
aggregation, played an important role for cytotoxicity (15).

NANOPARTICLES: HIGHER OR LOWER TOXICITY THAN THEIR
LARGER COUNTERPARTS? A POSSIBLE CLASSIFICATION

The alarm over the possible health effects caused by NPs began when several
pulmonary toxicology studies in rats and mice revealed that many nanoscale
particles, when administered to the lung of experimental animals, caused a
large and persistent inflammatory response. NPs could be classified on the
basis of such findings into three categories.

Greater Effect than Larger Particles per Unit Mass,
but Same per Unit Surface

This mainly shows that the effect elicited is driven by the exposed surface
area, thus bound to increase in intensity when particle size decreases and
consequently the specific surface increases; e.g., intratracheal installation in
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rats and mice of 20 and 250 nm TiO, NPs induces a higher inflammatory
response (measured as percentages of neutrophils) when compared per unit
mass, while the effects were comparable when expressed at equal surface
exposed.

Effect Similar to or Less than with Larger Particles

This indicates that other factors, besides exposed surface, play a role, which
might play a greater role in larger particles than in those that are nanosized;
e.g., the inflammatory effects of nanoscale TiO» rods as well as nano-TiO,
dots (20nm) were not significantly different from larger TiO, particles
(300nm) at equivalent weight doses (1). Thus, as inflammatory effects
mainly depend on the exposed surface area, this suggests that features such
as form (dots, rods) or the preparation route followed to obtain such forms
involve a lowering and not an increase in toxicity. Crystalline silica NPs
(quartz) have been prepared with the aim to detect whether nanosize would
increase the toxicity of a highly toxic and inflammatory material, such as
quartz. Unexpectedly, such material was less toxic than the commercial dust
specimen usually employed as a reference (Min-U-Sil) even when simply
compared at equal mass (3). We believe that in such case much has to
be ascribed to the preparation route and not to the size of the examined
particles. In order to prepare quartz in nanocrystalline form a hydrothermal
preparation route was followed. This is the only known way for such pre-
paration as grinding larger particle of quartz, in our experience, does create
a small fraction in the nanosize range but the majority of the particles
remain in the micron size range. The hydrothermal procedure, however,
yields rather smooth particles with all valencies satisfied by the surrounding
medium, i.e., fully hydrated. Such particles are quite different from the
sharp ones generated by abrasion and grinding.

Higher Effect Even When Compared per Unit Surface

Only in such cases a true adverse surface reactivity appears specifically at the
nanoscale; e.g., in Lison et al. (21) it was shown that the lung inflammatory
response (LDH release), after intratracheal instillation in mice, of various MnO,
dusts, with different size, increases when particle dimension decreases and
regularly depends on the total surface area. But when the particles were ground,
an enhanced cytotoxic activity was shown, indicating that new undefined
reactive sites were produced at the particle surface by mechanical cleavage. The
iron oxide hematite in nanosize released free radicals in different free radical
generation models, while micron-sized particles of the same composition did not
(22). This has to be ascribed to the much larger amount of surface iron atoms
with free coordination positions at the surface. Accordingly, when tested on cell
culture the nanosized samples showed a much higher toxicity (23).
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THE REQUIREMENT FOR APPROPRIATE MODEL PARTICLES
AND FOR THE ESTABLISHMENT OF A REPOSITORY OF
PARTICLES FOR TESTING

One of the reasons of the relative insuccess in finding out the mechanisms of
action at the molecular level of most pathogenic fibers and particles (even the
most renown e.g., asbestos or silica) is, in our opinion, the lack of model solids
in experimental studies. All real dusts have surface properties much linked to
the history of the sample, the comminution routes, the presence of contami-
nants acquired during processing, etc. In order to know the role played by such
factors a set of pure samples, only differing one from the other for a single
property, should have been used. Instead, the employment of real dusts in
virtually all experimental studies has brought up to what is called “The
variability of quartz hazard” (24) in the case of the pathogenity of crystalline
silica. A variability mainly linked to the variability in surface properties from
one to the other sample (25). Similarly other toxic dusts e.g., asbestos, artificial
mineral fibers, have also been tested without proper reference materials, e.g., a
pure specimen of the mineral/material under study. This obviously reflects the
whole history of particle toxicology in the past century. The awareness of the
toxicity of some particles/fibers was mainly raised by large numbers of
morbidity and death followed by epidemiological studies. The hypothesis on
the mineral particle as causative agents was put forward and, only at the end,
the interest was addressed to the possible mechanisms of action. With NP we
need to follow the opposite way: i.e., identify adverse physicochemical
properties before any toxic material has been largely produced and people is
consequently exposed. This requires the accurate preparation of model solids
to be employed in experimental studies along the following lines:

m Particles of different sizes, but prepared with the same procedure, thus
with the same surface properties, in order to evaluate the effect of
enhanced surface reactivity at the nanolevel. The test should be
performed both in order to compare exposures to the same surface or
to the same number of particles.

m Particles prepared via different routes, but with the same dimensions in
order to evaluate the effect of different preparation procedures.

m Particles prepared in the different forms; e.g., rods, whiskers, etc., in
which they are bound to be proposed for the market.

m Particles doped with the possible contaminants, which are likely to be
adsorbed during usage.
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INTRODUCTION

Engineered nanoparticles are increasingly being developed and used for
myriad electronic, pharmaceutical, automotive, aerospace, and other product
applications. During handling of nanoparticles throughout their lifecycle, the
potential exists for inhalation, dermal, and possibly ingestion exposures of
people to nanoparticles, as well as potential environmental impact. The
exposures can involve a wide range of nanoparticle sizes, shapes, function-
alities, concentrations and exposure frequencies and durations. Anticipating,
recognizing, evaluating, and controlling those exposures is key to protecting
the health of researchers, production workers, users, and members of the
public. This chapter describes key issues for understanding, applying, and
expanding the concepts of exposure assessment to make safe management of
nanomaterials a reality. Focus is on measurement and exposure assessment in
research and occupational settings, which provide early opportunities for
prevention of potential illness and injury and for development and sharing of
realistic experience and understanding of nanoparticle behavior. In con-
junction with other chapters in this book, principles of exposure assessment
can be combined with information on the characteristics, characterization
methods, physicochemical properties, and biological behavior and associated
toxicity of engineered nanoparticles to manage the development and use of
nanotechnology in a safe manner.
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EXPOSURE PATHWAYS AND THEIR SIGNIFICANCE

In an ideal world, a comprehensive exposure pathway model (Fig. 1) for
transport of particles from a source such as a nanomaterial production or
handling operation to air, to surfaces, and to workers or other individuals
would be identified and understood. The pathway model would be
accompanied by a comprehensive job-exposure matrix (Fig. 1) describing
the temporal history of work jobs and associated exposure conditions for each
potentially exposed individual. There would be an understanding of the
particle size distribution of any potentially airborne nanoparticles or
nanomaterial-containing particles and the likelihood that such particles
might deposit in the various regions of the respiratory tract (Fig. 2). There
would also be a scheme for selecting an appropriate level of control based on
information about “determinants of exposure” such as the amount of material
handled, its dustiness, flammability, reactivity, etc., and its potential toxicity
due to particle size, mass, number, surface area, functionality, or other
biologically relevant properties. To support decision making about measure-
ment, exposure and control, there would be straightforward equations (see
below) or comprehensive algorithms that would relate the conditions of work
activities and worker exposure to estimated health effects from individual
work tasks as well as throughout a nanoproduct life cycle and supply chain.
There would also be an understanding of the inherent uncertainty or
variability associated with key aspects of exposure situations (Figs. 2 and 3)
and of how the various possible measures of exposure (e.g., average,
cumulative, peak, or temporal patterns) relate to potential acute or chronic
health effects such as irritation, sensitization, carcinogenicity, or toxicity to
the skin or eyes, respiratory tract, central nervous system, or other target
organs. Prospectively, the pathway model, job-exposure matrix, and relational
equation approach would be used to design safe work facilities and practices.
Contemporaneously, the modeling and exposure assessment approach would
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Figure 1 Comprehensive pathway model for use in task-specific assessment and
control of exposures to nanoparticles and conceptual design of a comprehensive job-
exposure matrix to document temporal work activities and exposure characteristics
for each worker. Source: From Ref. 12.
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Figure 2 Illustration of particle size-dependent deposition of airborne particles in the
human respiratory tract based on the ICRP 66 Human Respiratory Tract Model relation-
ships for an adult, nose-breathing male during light exercise. Abbreviation: ICRP,
International Commission on Radiological Protection. Source: From Ref. 1.

be used to monitor and verify that exposures are under control.
Retrospectively, the approach could be used in health surveillance to reevaluate
and understand any dose-response relationships between exposures to
nanoparticles and unexpected health effects, if sufficient information about
the material characteristics and behavior were available.

Relating Key Exposure Assessment Parameters

The following simple linear equation provides useful insights into key
considerations for an effective exposure assessment:
Risk of Health Effect = (MAR * DR * ARF * RF * CF* BR*T*DCF)/ V.

m MAR is the material-at-risk (nanograms, milligrams, grams, kilograms, or
megagrams).

m DR is the damage ratio (what fraction of the material is disrupted or subject to
dispersion during the work activity). This term takes into account the fact that not
all of the material that may be present in a process is subject to disruption. A
consistent approach must be used to associate a DR with a corresponding MAR.
For example, material in storage would not have the same DR factor for
mechanical disruption and dispersion as material being processed in a
manufacturing step.

m AREF is the Airborne Release Fraction (or rate for a continuous release). This
term takes into account the fact that only a small fraction of the disrupted
material may be actually dispersed into the air by the process or event of
interest, and that the airborne release fraction will depend on the physical
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Figure 3 Illustration of the temporal variability (leff) and cumulative exposure
profile (ug/m>-weeks) (right) that may be encountered during assessment of
occupational exposures to airborne nanoparticles. Population of values is
lognormally distributed with a median geometric standard deviation for total
exposure variability of 2.4, as observed by Kromhout et al. for a wide range of
exposures to chemical agents. The individual values were obtained using the Crystal
Ball Monte Carlo simulation tool. The median concentration value of 1 pg/m> and
the sampling frequency of once per week were arbitrarily selected for the illustration.
Estimates of the cumulative amounts of airborne material (ug) actually deposited in
the alveolar region of the respiratory tract are shown for assumed particle diameters
of 10 nm and 100 nm, based on the alveolar lung deposition efficiency values of 0.49
and 0.11, respectively, presented 3 for the ICRP 66 Human Respiratory Tract
Model. Sources: From Refs. 1, 22, and 23.

form of the material (perhaps 0.00002 for a vitrified source material in a
closed metal container, 0.0001 for a solid, 0.001 for a liquid, and 0.01 for a
powder). If a variation of this equation is being used for assessment of
dermal exposure, the release fraction would be associated with those
particles that could present themselves for skin exposure.

m RF is the Respirable Fraction (particles smaller than 10 um aerodynamic
diameter, if concern is only for particles that may deposit in the alveolar region
of'the respiratory tract). There may be opportunities to reduce the magnitude of
the ARF and RF values by controlling environmental factors such as humidity,
temperature, conditions of material aging or storage, and methods of
equipment or facility operation and housekeeping. Figure 3 uses the particle-
size dependent relationships of the International Commission on Radiological
Protection (ICRP) Human Respiratory Tract Model (1) to illustrate how
regional deposition in the respiratory tract varies with particle size. For health
concerns related to exposure to nanoparticles, deposition in all regions of the
respiratory tract may be of concern. Other chapters in this book can be
consulted regarding the concerns for direct actions of nanoparticles in the
human body or the effects following translocation from the point of exposure to
other organs. In a variation of this equation for assessing dermal exposure,
considerations might be given to particles that have diameter smaller than
1 um, which is a size that the studies of Tinkle et al. (2) have demonstrated are,
in conjunction with motion, as at the wrist, capable of penetrating the stratum



Exposure Assessment Considerations for Nanoparticles in the Workplace 75

corneum of human skin and reaching the epidermis and, occasionally, the
dermis. Different considerations might be given to larger diameter particles that
may only have potential to enter damaged skin.

m CF is the control factor (0.05 for a control system that captures 95% of the
airborne particles). This factor would preferentially be used to characterize
the engineered control practices put in place to reduce potential exposures to
a safe level, and where ever possible to levels that are as low as practicable.

m  BRis the Breathing Rate (0.025 m*/min for the ICRP standard reference man (3)
involved in light work activity). Note that some work activities may involve
greater levels of exertion than the standard assumption of light exercise, and
other activities may require less.

m T is the time duration of exposure (minutes or other time units consistent
with anticipating or documenting the exposure). Time periods can be used
that are consistent with the job-exposure matrix, or when statutory or
administrative occupational exposure limits are available, the time periods
can be consistent with determining compliance with those limits (8 hour
time-weighted averages or 15 minute short-term exposure limits).

m  DCF is the dose conversion factor (e.g., injury or illness per unit of delivered dose
of nanoparticles to the body or affected organ of the exposed individual). This
parameter is likely to be the most problematic factor in the equation. Note that in
the case of radiation exposure assessment and control, the unifying DCF approach
of “latent cancer fatalities per unit of radioactivity inhaled” and the associated
extensive understanding of the relationships between the physicochemical
properties and biological behavior of inhaled radioactive materials has provided
a harmonized basis for the development and implementation of material-specific
radiation protection programs. In the myriad potential health outcomes that may
need to be addressed for exposures to nanoparticles, it will be necessary to seek
unifying bases for relating the probability of potential health effects to the various
potential measures of exposure. It is likely that an entire scheme of DCF
relationships and values will be needed to address the full range of general and
organ-specific health outcomes that may result from biological exposures to
nanoparticles. Thus, multiple applications or summations of the equation may be
needed to address the range of health effects that might be associated with
exposures to a given material. This is particularly true in light of the fact that the
effects may vary by intensity and duration of exposure, physical form of the
toxicant, environmental conditions and other considerations. As noted in the other
chapters of this book, work is still underway to adequately understand the dose-
response relationships between exposures to nanoparticles and health effects.

m Vs the effective volume in which the nanoparticles are dispersed (m® or
other volume units, and with appropriate considerations for the rate of air
exchange or exhaust).

Note that the equation described above is based on historical decision
analysis techniques and methods for estimating potential associated health
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effects to humans from accidental releases of radioactive materials (4,5).
Because DCF values (latent cancer fatalities per unit of radioactivity
inhaled) for materials of known radiation type, biological solubility, and
aerodynamic particle size have been provided in guidance by authoritative
bodies such as the ICRP, the equation can provide an actual numerical
value. As noted below, the equation can also be used to build an
understanding of the relative magnitudes and importance of the variability
and uncertainties associated with each of the parameters. In situations where
not all parameters are known, the equation can still function as a useful
heuristic device to guide occupational health and environmental protection
strategies, especially in conjunction with a checklist and ranking system for
relative values of the equation parameters.

Although more complicated equations and models can be used, the use
of this relatively straightforward equation in the present discussion
illustrates that managing potential health risks in nanotechnology can take
advantage of proven approaches and good practices from traditional
industrial hygiene experience. For example, application of a variation of this
equation in the U.S. Department of Energy Safety Notice on Decision
Analysis Techniques (4) was to estimate the inhalation dose to a worker
from a fire involving plutonium-contaminated rags in a glovebox enclosure.
Concerns exist for pyrophoricity of nanoparticles and for potential
dispersion of nanoparticles during fires. Similarly, application of the
calculation approach in the U.S. Department of Energy handbook on
Airborne Release Fractions/Rates and Respirable Fractions for Nonreactor
Nuclear Facilities (5) documents a wide range of experimental results from
spilling, pouring, ignition, and other disruption and handling activities
involving uranium, plutonium and other nuclear materials.

Ramachandran (6) has summarized a number of exposure modeling
approaches based on their level of sophistication regarding details of the
determinants of exposure and the degree and uniformity of mixing
phenomena between the source and the exposed individuals. He notes that,
although a number of studies over the last several decades (e.g., see
references 7; 8; 9; 10) have identified and modeled important determinants
of exposure such as throughput rate in a production facility, local exhaust
ventilation, etc., the field of exposure modeling is still relatively new. Nicas
and Jayjock (11) have described the value of mathematical modeling for
exposure assessment when the availability of actual exposure data is limited.

A Source-receptor Model for Assessing Exposures to Nanoparticles

Figure 1 illustrates a multiple pathways model to describe the manners in which
workers and others may be exposed to nanoparticles. Day et al. (12) recently
applied this model to assess workplace exposures to beryllium. The model
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incorporates the comprehensive source-receptor relationships developed by
Schneider et al. (13) to describe the multiple compartments (air, surfaces,
clothing, skin) and the mass transport processes (emission, deposition,
resuspension/evaporation, transfer, removal, redistribution, decontamination,
penetration/permeation) that contribute to exposures of the skin. Sources
(research and development or production processes in nanotechnology) can
result in transfer of nanoparticles directly to skin, clothing, or other objects, and
can generate airborne nanomaterial-containing particles, some of which may be
removed by ventilation systems, some of which may settle onto surfaces, and a
smaller fraction that may be inhaled. Contaminated surfaces can include
equipment, tools, floors and stairs, clothing, and areas of exposed skin. Some
settled nanoparticles may become resuspended, and subsequently may settle
onto other surfaces, may be inhaled, or may be removed by ventilation systems.
Settled particles may also be transferred to clothing or hands through direct
contact with contaminated surfaces.

According to Fenske (14), surface sampling can be considered a first
approximation of personal dermal exposure, and the dynamics of surface-to-skin
transfer is a complex process involving factors including contact pressure and
motion, work practices, and hygienic behavior. Day et al. (12) observed strong
relationships between the levels of beryllium on cotton gloves and on necks and
faces. The potential for skin exposure can be assessed through a variety of
techniques, including the use of interception (cotton gloves) and removal
techniques (surface wipes and skin wipes) (15,16). Maynard et al. (17) used a
cotton glove interception technique to assess dermal contact with carbon
nanotubes during handling and pouring operations. The major assumption
underlying all interception techniques is that the collection medium captures and
retains chemicals in a relative manner to that of the skin.

Brouwer et al. (18) investigated the transfer of particles from
contaminated surfaces to uncontaminated hands and to cotton gloves
through a set of controlled laboratory experiments. Their results indicated
that the mass of particles transferred from contaminated surfaces to cotton
gloves was approximately 70-fold higher than was transferred to uncovered
hands. Thus, the analytical results from cotton glove samples may
considerably overestimate exposure. In contrast, the major assumption
underlying all removal techniques is that the majority of the contamination
residing on a surface is captured by the collection medium. In a dermal
contamination and assessment study involving lead-containing dust, Que Hee
et al. (19) observed experimentally that serial wipe sampling is insufficient to
remove all lead-containing dust from the hands of study subjects. Thus, results
from surface and skin wipe samples may underestimate total mass exposure,
and may best be considered an index of exposure and be used as an assessment
guide to improve the effectiveness of nanoparticle migration control.

In regard to skin sampling, interception and removal techniques
consider only the level of contaminant deposited on the skin surface over a
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given period of time. According to Cherrie and Robertson (20), a biologically
relevant measure of dermal exposure includes consideration not only for the
level of contamination and duration of exposure, but also the area of exposed
skin. When a permeability coefficient is available for the contaminant of
interest, then it may be possible to estimate total mass uptake through the skin.
Given the lack of a permeability coefficient or a validated biological
monitoring technique for nanoparticle-containing particles, the results of
cotton glove and skin wipe samples may provide an estimate of relative skin
exposure, but not uptake, among workers assigned to various processes in a
facility. Additional discussion of issues and concerns for dermal exposure and
effects of nanoparticles can be found in Chapter 19.

DOCUMENTING THE OCCURRENCE AND NATURE OF EXPOSURES

Itisdesirable to document and record the details of the material characteristics
and transfer rates to the exposed individual in a job-exposure matrix (Fig. 1).
In practice, it is seldom possible to measure all exposure characteristics for all
workers at all times. Whenever possible, it is desirable to reduce the costs and
time requirements for exposure sampling and characterization and improve
the statistical value of results by identifying groups of individuals who may be
similarly exposed. A similar exposure group (SEQG) is defined as a group of
workers likely to have the same general exposure profile because of the tasks
they perform, the similarity of the way tasks are performed, and the materials
and processes with which they work (21). Table 1 illustrates a manner in which
SEGs might be established to classify workers at a nanotechnology research or
production facility. In the Table 1 example, the administrative group,
production group, and production support group have different potential
pathways for nanoparticle exposure and different exposure protection
practices to mitigate those potential exposures. Note that many groups may
need to be established in some facilities. In anticipating potential exposures or
evaluating actual exposures it should be recognized that there can be
significant differences between exposures over time for an individual worker
(within worker variation) and significant differences between exposures over
time for workers who are ostensibly exposed under “the same” work
conditions (between worker variation). Between-worker variations can result
from individual differences in how workers carry out specific work tasks.
Within-worker variation can result from inherent day-to-day differences in
factors such as the material at risk, damage ratio, airborne release fraction, etc.

In a comprehensive evaluation of within- and between-worker compo-
nents of occupational exposure to chemical agents, Kromhout et al. (22) found
that the median geometric standard deviation for total exposure variability was
2.4. Asillustrated in Figure 3 using a statistical simulation model (23), that level
of variability translates into temporal exposure concentration differences of



Exposure Assessment Considerations for Nanoparticles in the Workplace 79

Table 1

Nanotechnology Research or Production Facility

Illustration of Similar Exposure Groups (SEGs) to Classify Workers at a

Similar exposure groups
(SEGs)

Potential nanoparticle
exposure pathways

Exposure protection work

practices

Administrative

Production (with
task-specific SEG
designations)

Production support,
including janitorial and
maintenance staff (may
also require
task-specific SEG
designations)

Skin contact with
nanoparticles carried
from the facility into
office areas

Inhalation of nanopar-
ticles resuspended
from contaminated
surfaces in office areas
Inhalation of nanopar-
ticles released from the
facility

Skin contact with
nanoparticles during
production

Inhalation of nanopar-
ticles released from
processes

Inhalation of nanopar-
ticles resuspended
from contaminated
surfaces

Skin contact with
nanoparticles during
time spent in the
facility

Inhalation of released
or resuspended nano-
particles during time
spent in the facility

No use of gloves,
respiratory protection,
or other personal
protective clothing or
equipment while in
office areas

Possible use of personal
protective equipment
while in production
areas

Incidental exposure pro-
tection from gloves or
special clothing that
may be worn in some
circumstances to protect
against cuts, abrasions,
chemicals, and thermal
injuries

Task-specific use of
respiratory protection
and other personal
protective clothing or
equipment for
nanotechnology
processes

No use of gloves,
respiratory protection,
or other personal
protective clothing or
equipment while in
office areas

Possible use of personal
protective equipment
while conducting certain
operations in produc-
tion areas

more than a factor of 10. The cumulative exposure profile (Fig. 3) resulting from
such a concentration distribution will increase monotonically with time, and the
amount actually deposited in a region of interest in the respiratory tract (e.g., the
alveolar region, in this example) will depend on the actual particle size deposition
efficiency (Fig. 2) of the inhaled material. Because the health consequences of
inhalation exposures depend on both the mechanism of biological interaction
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and the extent to which deposited material is retained in the lung, the biological
solubility and lung-retention properties of the inhaled particles should also be
evaluated. If the particles of interest are rapidly cleared from the lung, then the
temporal profile of particle lung burden will have a shape that mirrors the
original exposure profile as shown in Figure 3. If the particles of interest are
retained with little clearance, then the temporal profile of particle lung burden
will have a shape that mirrors the cumulative exposure profile as shown in
Figure 3. For particles of intermediate clearance (e.g., weeks instead of hours or
years), then the temporal profile of particle lung burden will have the shape
illustrated in Figure 4. Thus, sufficient measurements of both concentration and
relevant particle properties such as size must be made using statistical
approaches such as those described in Bullock and Ignacio (21) to support a
meaningful assessment of the exposure profile and its potential health
consequences.

The work of Kromhout and Vermeulen (24) can be consulted for
additional information about assessing temporal, personal, and spatial
variations for dermal exposures. Nieuwenhuijsen (26) can be consulted for a
wide range of aspects for exposure assessment in occupational and environ-
mental epidemiology, including the use of questionnaires, source dispersion
modeling, geographical information systems, collection and modeling of
personal exposure data, use of exposure surrogates such as self-reports and
expert evaluations, use of physiologically based pharmacokinetic modeling,
biological monitoring for indicators of exposure, and sources and consequences
of exposure measurement errors, including how errors can be avoided by proper
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Figure 4 Temporal variability of particle lung burden for the exposure profile
illustrated in Figure 3, assuming a particle diameter of 10 nm and a relatively
insoluble particle clearance halftime of 350 days. The shape of this profile can be
compared to the original exposure profile which would apply if the particles of
interest were rapidly cleared from the lung and the cumulative exposure profile which
would apply if the particles were retained with little clearance.
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study design. Checkoway, Pearce, and Kriebel (26) provide a useful text on
research methods in occupational epidemiology, including a dedicated chapter
on exposure and dose modeling. Smith (27) addresses issues in exposure and
dose assessment for epidemiology and risk assessment, especially related to the
lack of clear specification of exposure and dose. These questions for traditional
occupational exposure assessment and epidemiology for chemical exposures are
directly relevant to exposure assessment for engineered nanoparticles.

CONCLUSION

Many of the exposure assessment issues presented in this chapter indicate that
most nanomaterial can be approached as a logical subset of traditional
exposure assessment for chemical hazards in the workplace and environment.
In a manner similar to concerns for special formulations of chemicals, the
challenge for providing effective exposure assessment and protection of
human and environmental health rests in recognition of when the unique size,
surface, and compositional properties of nanomaterials may alter their ability
to interact with biological systems. The question of what aspects of exposure
should be assessed will continue to challenge heath protection professionals. A
goal of the nanotechnology community should be to develop a nanomaterial-
specific compendium of information on materials at risk, damage ratios,
airborne release fractions, respirable fractions, and biologically relevant
particle characteristics for representative research, development, and manu-
facturing processes, handling and disposal situations, and potential accident
scenarios. This will require a large number of site-specific studies. Not
everything can be measured at all times, but intelligent approaches to exposure
assessment can reduce risks from the outset and enable rapid learning of
lessons with minimal risks to workers and members of the public.

DISCLAIMER

The findings and conclusions in this report are those of the authors and do
not necessarily represent the views of the National Institute for
Occupational Safety and Health.
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Biodistribution of Nanoparticles: Insights
from Drug Delivery
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INTRODUCTION

Medical scientists have long dreamt of drugs that would accumulate
specifically in target tissues; either disease targets, or particular tissues in
order to increase the specificity of their medicines. In the last 20 to 25 years,
a number of groups have pursued this objective using a variety of materials
formulated into “drug delivery systems” (1,2). Drug delivery systems is a
catch-all term used to describe any formulation in which drugs are
encapsulated or attached to various materials, which may modify the
properties of the drug in terms of its localization in the body, its
pharmacokinetics, or its uptake into particular cells or tissues. Drug
delivery systems relevant to nanotoxicology may comprise macromolecules
such as proteins, DNA, natural or synthetic polymers or constructs of
nanoparticulate size such as micelles, polymeric micelles, polyelectrolyte
complexes, liposomes, or nanoparticles prepared from polymers or lipids.
These delivery systems have now been brought together under the heading
nanomedicines (3). A significant amount of in vivo work has been done to
determine how such systems behave and to understand why these constructs
behave in a particular way to exploit delivery systems more effectively. This
understanding is clearly the inverse of nanotoxicology where we wish to
know where nanoparticles go to so we can assess their toxicity at that site.

In this chapter a number of aspects of drug delivery are examined,
which may offer insights into where nanoparticles could conceivably get to
in the body and whether this is a place where small or large amounts of
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material may accumulate. This chapter assumes as a starting point that
material has already entered the body and accessed the bloodstream, and
considers where it can get to from there. This chapter is divided into two
areas. First, a consideration of physiology and anatomy that may help us to
understand the possible routes by which materials are distributed or
prevented from being distributed in the body. Second, a look at where
materials have been successfully delivered to (or accumulated in) particular
tissues or organs. The final part a discusses what this may mean for
nanotoxicology.

BARRIERS TO NANOPARTICLE DISTRIBUTION

Small hydrophobic molecules can be carried around the body by the
bloodstream, and can reach most tissues in the body fairly readily by
processes of partitioning and diffusion, these processes largely being
dependent on the physicochemical properties of the molecule. However,
for larger molecules and particles, biodistribution is dependent more on the
physiology and anatomy of the body, which presents a range of barriers and
restricts the distribution in a number of different ways, dependent partly on
the size of the particle. In view of this we should briefly consider the size and
homogeneity of particles, which may be encountered as toxic threats.

Typically many of the particles which are being considered in
industrial nanoparticles are found to be in the range of 5 to 50nm in
diameter when considered at the level of the individual particles. However,
due to their properties many of these particles tend to aggregate and form
particles with a much larger effective diameter. Particles found in airborne
pollutants may have a route into the body via the lungs, due to the filtering
effects of the airways, which have sizes from 2 to 4 um downward. Because
of this large possible range of sizes, this chapter will consider not just the
very small nanometer sizes, which fall within the usual definition of
nanotechnology, but the definition usually adopted in drug delivery where
materials less than 1 um in diameter are considered to be nanoparticles.

The first barrier to consider in the biodistribution of nanoparticles is a
physiological one, that of clearance of particulate materials from the
bloodstream.

Physiological Barriers: Opsonization and Clearance to the Liver

The body has evolved a series of complex processes to protect it against
invading microorganisms, typically fungal spores, bacteria, and viruses,
which are in the size range from about 50 nm up to a few micrometers.
Particulates in the bloodstream are rapidly coated in a cocktail of serum
proteins. In some cases this may be due to the recognition of common
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antigens by antibodies, but such specific binding events are unnecessary. In
general particulate materials tend to have relatively hydrophobic surfaces,
and an array of blood proteins will bind quite strongly to such surfaces in a
random and nonspecific manner (4). It is very likely that among the bound
proteins will be particular proteins such as antibodies and complement
factors, which are then recognized by macrophages or other phagocytic cells
in the body. These factors are known as opsonins and greatly facilitate the
uptake of particulate material by phagocytic cells. Opsonins are not essential
for phagocytosis to take place, as the phagocytic cells themselves can also
interact with particle surfaces triggering uptake, however, these processes
are significantly slower in the absence of opsonins (5,6).

Phagocytic cells are typically neutrophils or macrophages, of which the
latter are most common. Macrophages are found in various guises in all
tissues of the body, so they can take up particles from anywhere they may
accumulate. However, the principal organs in which they are found are the
spleen, liver, and lymph nodes. Because of the architecture of these tissues,
spleen tends to be involved in the clearance of larger particles (>250 nm
diameter), which become trapped, while liver is more involved in clearance
of smaller particles. In the liver, structure is again important. The liver is
designed as a filtration unit. It is built in hexagonal blocks called lobules in
which blood enters from the outer corners of the units and flow along large
vessels called sinusoids to the central vein that drains the lobule. Lying in
wait along the sinusoids are the macrophages, known in the liver as Kupffer
cells, to trap any particles passing by. The endothelial cells lining the
sinusoids have holes called fenestrae, which are typically about 100 to
150 nm in diameter, which lead to the underlying liver parenchymal cells.
The surface of the parenchymal cells is covered with microvilli and the
parenchymal cell surface is thought to be responsible for uptake of smaller
particulates by endocytic processes (7).

The blood flow to the liver is from two sources, the hepatic artery from
the heart and the hepatic portal vein, from the gut. From these two sources
about 25% of the blood flow around the body passes through the liver from
each pump of the heart. This clearly makes for a very efficient filtration
system. The liver is well known for its role in metabolism of small molecules
and rendering them harmless, but this architecture is clearly designed to trap
and metabolize a range of nanoparticulate materials as well.

Anatomical Barriers

Assuming that particles avoid uptake by the liver and spleen, they continue
to circulate in the bloodstream, where can they get to? Blood vessels are
lined by a layer of cells, the endothelium, which controls what materials can
enter and leave the bloodstream and consequently what tissues the particles
can get to.
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Endothelium

In most tissues, the endothelium has a set of characteristics designed to
prevent egress of materials. There are two possible routes by which materials
could pass through the endothelium, either by passage through the gaps
between the cells, the paracellular route, or by passage through the cells
themselves. Most endothelium is continuous, that is, the cells are fixed
together by tight junctions, a band around the top edges of the cells act like
rivets pinning the membranes together. The tight junctions hold the
membranes close together structurally and effectively prevent materials
greater than 2nm in diameter passing through the paracellular route. In
general, larger molecules and particles do not readily pass through
membranes, because they cannot partition in the same way as smaller
molecules. However, there are mechanisms for materials to pass through the
endothelium. Endothelial cells are very active at their membrane surfaces,
being active in pinocytic uptake of materials. In this process, a miniature
version of phagocytosis, materials are enveloped and incorporated into a
spherical intracellular compartment. The size of the vesicles entrapping
material is mainly in the region of 70 to 150 nm, although some larger
vesicles are formed. In the endothelium, it appears that most of the material
entrapped in this way has passed across the thin endothelial cells, and
deposited on the other side of the cell in a process called transcytosis. The
vesicle size would suggest that quite large particles should be able to
participate in this process of transcytosis; however, there are other
limitations. Under most epithelial and endothelial tissues is another feature,
the basement membrane, part of the connective tissue. The basement
membrane consists of fibrils of biological polymers composed of type IV
collagen, laminin, entactin, nidogen, and heparan sulfate proteoglycans.
These fibrils form a dense network attaching the endothelial cells to the
underlying connective tissue (8). Examination of the basement membrane by
transmission electron microscopy suggests that the interfibril network has a
mesh size of about 13 to 15 nm, which would be expected to restrict passage
of particles through this layer to this size range.

Fluid passes through the endothelial layer to form the lymph, which
bathes all cells in the tissues. Analysis of lymph from various tissues should
give us a good idea of what can pass through the endothelium. Analysis of
proteins in lymph shows that as proteins get bigger, the relative proportions
of those molecules in lymph gets smaller, and the largest protein molecules
cannot pass through the endothelium in significant amounts.

Not all endothelium is the same in terms of its permeability properties.
Brain endothelia have particularly effective tight junctions, which effectively
eliminate the paracellular route of transport and also have minimal
pinocytosis greatly reducing the transcellular route (9). However, in other
conditions such as inflammation, the endothelium can become leaky allowing
the accumulation of nanoparticulate material into inflamed tissues (10).
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Cellular Uptake Processes

Once particles have reached the extracellular fluid we need to consider how
they can get into cells. There are a number of mechanisms designed to
facilitate uptake of macromolecules and small particles into cells for
physiological reasons (11). One of the earliest to be described was
pinocytosis, believed to be a nonspecific uptake mechanism related to cell
nutrition. In this mechanism a cup-shaped invagination forms at the cell
membrane, which encloses material in the extracellular fluid. From this
mechanism either material bound to the membrane (adsorptive pinocytosis)
or material contained in the fluid (fluid-phase pinocytosis) can be taken up.
This was believed to be a nonspecific uptake mechanism. Two types of
pinocytosis were described, a micropinocytosis involving vesicles up to
about 150nm in diameter, and macropinocytosis involving vesicles up to
300nm in diameter. Uptake by pinocytosis results in formation of an
endosome that eventually becomes converted to a lysosome. Lysosomes are
an acidic compartment of about pH 4.5 to 5.0 containing a wide variety of
degradative enzymes. Recently, a process known as membrane ruffling has
been described, which results in particle uptake in a similar size to that of
macropinocytosis and it has been suggested that these processes may be
equivalent.

There are also endocytic processes by which molecules are taken up
after specific recognition processes. The best described of these processes is
clathrin dependent receptor-mediated uptake. In this process a receptor on
the cell surface, is associated with coated pits (11). Interaction of a
physiologically important molecule with the receptor triggers the formation
of a vesicle which entraps the ligand and internalizes it into the cell to form an
endosome. The vesicles generated in this process are a very strictly defined
size of around 100 nm. Once the endosome has formed the receptor and
ligand can be treated in a number of different ways depending on the
receptor. These include recycling to the cell surface, being taken to the
lysosomes for degradation, or in a few cases an alternative form of
transcytosis for transport across the cell. Another form of endocytosis has
also been described involving flask-shaped structures on membranes known
as caveolae (12). These structures are about 70 nm in diameter, but their exact
mechanisms of action are unclear. These structures have also been implicated
in uptake of nanomaterials, and it is believed that they are responsible for the
transcytosis seen across endothelia and some epithelia. These are also
believed to mediate a form of receptor-mediated uptake into cells.

Recently, a further uptake process has been described in macrophages
termed patocytosis, which applies to particles not larger than 500 nm (13). In
this report, hydrophobic particles become trapped in membrane folds open
to the extracellular space.

All the above mechanisms are natural physiological mechanisms
designed to allow the cells to take up important physiological molecules and
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particles, and all end up in an intracellular vesicles surrounded by a
membrane. In addition, there appear to be some other mechanisms that may
depend on the physicochemical properties of particles. It has been reported
that small hydrophobic particles can be taken up into macrophages and a
range of other cell types including red blood corpuscles. In this mechanism
the particles taken up were in the cytoplasm in direct contact with
intracellular proteins and organelles (14). A similar uptake may also occur
with positively charged particles. It is well known that positively charged
polymers and particles interact with cell surfaces and can cause toxicity
mediated by membrane effects. Work with positively charged dendrimers
has shown the appearance of membrane defects 15 to 40 nm in diameter,
which can allow egress of cellular proteins and ingress of small particles (15).

LOCALIZATION OF PARTICLES IN SPECIFIC TISSUES
Lung

Very large particles or particle masses of 5 to 7 um in diameter or greater can
become trapped in capillary beds, and these typically appear in the lung, but
it seems unlikely that nanoparticles would accumulate in the body to a
significant enough extent for aggregates of this size to occur (16).

Spleen and Liver

The role of the liver and spleen in the very efficient removal of particulates
from the bloodstream was demonstrated in the early 1980s using model
polystyrene nanoparticles. Hydrophobic 150 nm model polystyrene par-
ticles were removed from the bloodstream within about S5min, and
experiments using gamma scintigraphy and counting of radioactively
labeled particles demonstrated that the majority of these particles
accumulated in the liver (17). This behavior is typical of particulate
materials injected into the bloodstream. It was found however, that coating
of the particulates with poly(ethylene glycol) (PEG) containing surfactants
such as poloxamers could greatly modify the behavior of nanoparticulates
in vivo. The PEG polymer chains are very mobile and highly hydrated,
forming a sterically stabilizing surface layer (18), which reduces serum
protein binding and allowing a longer circulation time for particulates in
the bloodstream (19). However, the biodistribution of the coated particles
is greatly affected by particle size. Model poloxamer coated nanoparticles
of 60nm avoided the spleen completely, 150nm particles showed some
spleen uptake, but 250nm particles were taken up significantly by the
spleen, and this was due initially to mechanical trapping by the
interendothelial cell slits (Table 1) (20).
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Table 1 Effect of Nanoparticle Size on Spleen Uptake in the Rat after 24 h.
Labeled Polystyrene Particles Uncoated or Coated with Poloxamer 407.

% of injected dose

Nanoparticle Uncoated Poloxamer 407
size (nm) nanoparticles coated nanoparticles

60 0.3 +0.00 1.1+£0.2

150 2.6£0.5 15+£6.3

250 63112 39.5+ 1.7

Note: Values taken from the literature showing accumulation of nanoparticles in the brain with
various surfactant coatings. Source: From Ref. 20.

Particles remaining in the circulation are usually eventually taken up
by the liver. Nanoparticles and liposomes which are very small-coated
particles of less than 60 to 70 nm in diameter can become taken up by the
liver (7). In this case, uptake is by the liver parenchymal cells because smaller
particles come into contact with these cells and are small enough to pass
through the fenestrae in the endothelium.

Changing the amount or characteristics of the PEG surface layer can
result in different biodistribution effects. A less dense PEG layer will usually
result in a less effective protection against uptake of particles by the liver
and therefore a shorter circulation half-life in the blood. Different
surfactants have a different effect on biodistribution. In the following
examples of localization to different tissues, these have been found by
coating particles with a range of surfactants either with different anchoring
moieties or with different PEG lengths. It is thought that these different
localizations are the results of a preferential binding of particular serum
components recognized by specific tissue endothelia.

Bone Marrow

The exact properties of the coating are very important in determining the final
location and biodistribution of nanoparticles. Early studies with poloxamer
407 coated nanoparticles showed that long circulating nanoparticles could
reach other destinations. Coated 60 or 100 nm polystyrene particles injected
into rabbits showed a significant localization, around 50% of injected dose, to
the bone marrow in rabbits (21). This illustrates the effects of different
surfactant coatings on the localization of particles in rabbits.

Brain

Currently, there is a large body of evidence that nanoparticles coated with
particular PEG-containing surfactants, can accumulate in the brain (22).
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This effect was initially shown with poly(butylcyanoacrylate) nanoparticles
coated with polysorbate 80 (23), but has also been seen with cyanoacrylate
particles with different hydrophobicities with different types of PEG coatings
(24) and poly(glycerol adipate) nanoparticles prepared in our laboratory
(Table 2). The level of nanoparticle uptake is fairly low but histological
examination clearly shows the presence of labeled particles within brain
tissue. The mechanism of this uptake is reported to be due to the adsorption
of apolipoprotein E (ApoE) onto the surface of the nanoparticles. ApoE is
known to act as a ligand for the transcytosis of low-density lipoprotein across
the blood-brain barrier (25). A number of other ligands are known to be
involved in transcytosis of ligands across the blood—brain barrier, but
whether these can also adsorb to nanoparticles is not known (Table 2).

Lipid-coated positively charged nanoparticles (26) have been reported
to be taken up across the blood—brain barrier in vitro. Cationized proteins
(27) are also known to get into the brain, but in this case this is a general
effect seen in many endothelia, and consequently leads to a more general
uptake across various epithelia, rather than specifically into the brain.

For all of these studies involving nanoparticles and the localization to
different tissues, species effects are likely to be present. For example, bone
marrow localization is seen in rabbits but not in rats due to differences in
anatomy of rabbits. Recent data by Dr. P. Kallinteri from our laboratories
comparing localization of the same particles in mice and rats also shows
significant differences between these species (see Fig. 1). Differences between
localization of nanoparticles in brain tissue of rats and mice have also been
noted by Calvo et al. (24) (Fig. 1).

Table 2 Uptake of Coated Nanoparticles into the Brain

Nanoparticle % injected dose/g in
and surfactant brain at 1 h
PHDCA® 0.003
PHDCA + 1% poloxamer 908* 0.005
PHDCA + polysorbate 80* 0.002

PBCA + 1% polysorbate 80° 0.006

40%C PGA +0.1% polysorbate 80° 0.029

Note: Values taken from the literature showing accumulation of nanoparticles in the brain with

various surfactant coatings.

2 Calvo et al. (24).

®Gulyaev et al. (23) (value for PBCA calculated from localization of doxorubicin adsorbed to
particles).

“Garnett and Kallinteri unpublished data.

Abbreviations: PBCA, polybutylcyanoacrylate; 40%C PGA, poly(glycerol adipate) with 40% of

pendant hydroxyl groups substituted with C  acyl groups; PHDCA, polycyanoacrylate-co-hexadecyl

cyanoacrylate.
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Figure 1 The biodistribution of 40% C PGA particles coated with 0.1%
polysorbate 80 3hours after injection into mice open columns and rats filled
columns. (40% C PGA, poly(glycerol adipate) with 40% of pendant hydroxyl
groups substituted with C  acyl groups.)

Lymph Nodes

Particles present in tissues can also have different localizations and fate,
which is again dependent on particle size and coating. Larger particles
100 nm or greater cannot penetrate through tissue very well and so will tend
to get taken up by resident macrophages in the tissue. However, particles of
60 nm with a sufficient PEG coating can penetrate through tissue and pass
into the lymphatics. Particles with a thick coating will avoid uptake by the
phagocytes in the lymph nodes and pass through to the circulation, but if the
coating is not sufficiently good, the particles will accumulate in the lymph
nodes (28).

Small superparamagnetic iron particles of around 30 nm coated with
dextran are known to show some accumulation in lymph nodes, and this is
believed to occur by extravasation through endothelia into tissues followed
by drainage into lymph ducts and accumulation in lymph nodes (29).
However, a recent report of starch-coated iron oxide particles suggested a
different route. These were 60 to 90 nm particles, which had relatively short
half-life in the circulation of 13 min. Both the size of the particles and the
short half-life made it unlikely that the particles could extravasate into
tissues and then accumulate in the lymph nodes. The localization of the
particles within the lymph nodes was strongly suggestive that endo-
thelial transcytosis into the lymph node was the pathway of uptake in this
case (30).
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RELEVANCE OF DRUG TARGETING STUDIES TO NANOTOXICOLOGY

Nanoparticles developed for diagnostic and therapeutic purposes are tested
in a number of ways to determine their toxicology, but these studies are
likely to be of limited help in determining the toxicology of nanoparticles in
general. Drug delivery systems have been designed from the outset with the
knowledge that they could accumulate and cause toxic effects. Consequently
much effort is expended in ensuring that as far as possible, the materials
from which they are constructed are nontoxic, biodegradable, and
nonimmunogenic. Despite this, some toxic effects are seen with these
materials with various cell types, including cationic polymers used in
polyelectrolyte complexes for DNA delivery (31) and even poly(lactide-
co-glycolide) particles (32), a polymer which has been approved for medical
use. However, for nanoparticles that may be produced industrially or
nanoparticulate pollutants, these are likely to contain materials, which are
far less benign.

We can imagine from the pathways of biodistribution and uptake
described, that ultimately most of these particles will end up in some tissue
or cell. The possibilities for tissue localization are summarized in Figure 2.
In addition to the known sites of localization, it is possible that further
serum factors may be identified, which may lead to access to other tissue
locations not yet documented.

Once accumulated in a tissue, the particles may or may not be taken up
into cells. If taken up, the final subcellular localization could be in a
lysosome or cytoplasm of the cell depending on the nanoparticle character-
istics. If it is located in the cytoplasm, the presence of some bulk material

Circulating

nanoparticles Inflammation
Wal sites

Opsonisation Bone marrow

Lymphatics [ < Spleen
] Cut
t " \
Brain

Intradermal/
subcutaneous Lymph nodes
entry

Other organs?

Figure 2 Summary diagrams showing the possible areas of localization of
nanoparticles to various tissues from the blood circulation. Opsonization can result
in uptake to the liver, but changes in size or surface characteristics can result in
accumulation in a wide range of other tissues.
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could cause direct harm or cell death by its interactions. If it is located in the
lysosome we can look to the lysosomal storage diseases to see what harmful
effects might result from accumulation of significant amounts of materials in
this compartment (33). Even if nanoparticulate material is cleared by liver
macrophages, the phagocytic process itself involves an oxidative step
resulting in the generation of harmful oxygen radicals, the respiratory burst.
Repeated insults and continuous production of these oxygen radicals is
likely to be harmful.

Looking at the sort of tissues in which accumulation is likely will clearly
depend on size, surface characteristics, and state of aggregation. In their
normal unmodified state, it seems that the majority of materials finding their
way into the circulation will end up in the liver or spleen. It is possible that
some of the material may be taken up directly by the endothelium as this is in
intimate contact with the blood. There is some possibility that airborne
pollutants entering via the lung may acquire coatings of lung surfactants that
may modify their behavior, but we are unaware of any current publications on
the effect of natural surfactants on nanoparticle biodistribution.

For most industrial and pollutant nanoparticles, highly hydrophobic
surfaces and aggregation is the norm. To make these industrial particles
usable however, it is likely that many will eventually end up with some sort
of sterically stabilizing surface coating to prevent or reduce aggregation and
make them handleable. In these circumstances accumulation of particles at
other sites is a possibility as we have seen from drug delivery systems.

Accumulation in bone marrow has been shown to occur at significant
levels, but accumulation in brain is a much smaller percentage of total doses.
We may therefore expect that any toxic effects are to be in the order of liver
and spleen > bone marrow > brain, and that for brain damage to be
significant, particles would have to have significant intrinsic toxicity. Effects
on endothelium are more difficult to predict. The endothelium is a tissue,
which is intimate contact with the blood so has the opportunity to take up
nanoparticulates, and is also known to be a key mediator in many responses
by the body. However, toxic effects are likely to be dependent on whether
the endothelium is an endpoint where accumulation will occur, or whether,
when uptake occurs it is mainly a staging post en route to somewhere else.
We must also bear in mind the variability between species, and until more
clinical studies are carried out with nanoparticles in different species it will
be difficult to predict which animal model will be most relevant to the
biodistribution of particles in humans.
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INTRODUCTION

A great variety of nanoparticles have been synthesized and characterized over
the last several decades including metal and metal oxide (1-3), semiconductor
(4), and organic nanoparticles (5). These materials show promise for many
kinds of applications such as catalysis (6), medical diagnosis and therapy (7,8),
sensors (9-13), cosmetics (14), and coatings (15). These synthetic nanoparticles
are similar in size to the major classes of biologically active materials (also nano
in scale) used to effect chemical change (proteins), store and process infor-
mation (DNA and RNA), and provide structure and transport (membranes,
actin, microtubules). The similarity in size has prompted concern regarding
how synthetic particles might interact with naturally occurring particles within
biological systems. Thus, the toxicology of synthetic nanoparticles has become
a pressing question. A flurry of reviews has appeared in the literature discussing
these concerns and summarizing studies performed to date (16-20).
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A number of studies on widely varying systems indicate that
nanoparticles can have substantial mobility in a variety of biological tissues.
Ceo 1n bass (21), metal oxides in rats (22,23), and quantum dots in ex vivo pig
skin (24) are examples of studies that have prompted substantial concern.
These studies raise the question of the physical mechanism(s) by which the
nanoparticle transport occurs. Transport of a wide range of types of
nanoparticles via the respiratory tract, the gastrointestinal tract, and the skin
has been recently reviewed (25).

Nanoparticles have been shown to be toxic in a number of published
studies. This is not surprising, or necessarily even related to the nanoscale
nature of the material, if the nanoparticle is made from normally toxic
elements and these elements leach into the biological matrix (26,27). Other
recent studies indicate that even when the nanoparticles themselves show little
acute toxicity they can enhance the toxicity of other materials. For example,
Inoue et al. have recently reported that 14 nm carbon black particles make
mice substantially more susceptible to bacterial endotoxin (28).

It has long been recognized that nanoparticles cause permeability of
biological membranes. This has been particularly recognized by the com-
munity of researchers interested in cell transfection who used nanoscale
polymers or other particles to complex DNA and transport it into the cell
(29-35). In order to understand this process, a variety of studies on lipid
vesicles and cells have been performed (33,36-43). Despite considerable
interest in this mechanism, a detailed molecular- or nanoscale mechanism has
not emerged and considerable debate about the mechanism of membrane
permeation, and how the nanoparticles themselves enter cells, still exists.
This chapter will focus on studies that have directly probed nanoparticle/
membrane interactions on the nanometer scale and assess the mechanistic
clues that such studies provide for those working on a cellular or organism
level understanding of nanoparticle toxicity.

Many of the experiments discussed in this chapter employ poly
(amidoamine) (PAMAM) dendrimers (44-49). PAMAM dendrimers are
organic-based macromolecules synthesized by the Michael addition of methyl
acrylate to ethylene diamine followed by reaction of the resulting ester with
additional ethylene diamine. Each time these two steps are carried out, the size
of dendrimer is said to increase by one “generation” and there is an
accompanying doubling of the number of terminal surface groups (primary
amines) and roughly a doubling of molecular weight. These materials have
several properties, which make them particular interesting as exemplar
nanoparticles for mechanistic studies. First, they can be synthesized with
polydispersity indexes as low as 1.01 giving a control of size that far exceeds
most other classes of nanoparticle. Second, the chemical structure of these
materials is well-defined at the molecular scale including the surface
chemistry. The as-synthesized macromolecules have primary amines as the
terminal groups. The primary amines are readily modified to provide a wide
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array of different surface chemistries including the acetamide and carboxylic
acid termination discussed in this chapter. Lastly, the tree-like architecture of
these nanoparticles allows them to deform in a manner that allows a large
percentage of the particle surface to come in contact with any surface upon
which they adsorb (50). This property is of particular interest for nano-
particles in biology given the substantial importance of multivalent and
polyvalent interactions (51).

THE INTERACTION OF NANOPARTICLES WITH SUPPORTED
LIPID BILAYERS

In order to test the mechanism by which membrane permeability occurs, the
interactions of PAMAM dendrimers and other polymers with supported lipid
bilayers (SLBs) and living cells in tissue culture have been examined (52-55).
These studies initially focused on scanning probe microscopy (SPM) studies
of the interactions of the nanoscale polymers with SLBs in order to obtain a
direct nanoscale view of the interactions leading to membrane permeability.
PAMAM dendrimers were employed because of their well-defined size and
surface chemistry (47,48). The effect of decreasing dendrimer generation (size)
on the ability to form holes in lipid bilayers is illustrated in Figure 1. Adding
~10nM generation 7 amine-terminated (G7-NH,) PAMAMs to the lipid
bilayer panels (a—c) caused the formation of small, isolated holes (typical
diameters range from 15-40 nm) in previously intact parts of the bilayer. Once
the holes had formed, their position and size changed very little up to 1 h.
Some erosion of the bilayer was observed at the edges of existing defects. The
effect of ~100nM G5-NH, dendrimers is highlighted in panels (d—f).
Although G5-NH, dendrimers removed lipids, they did so more slowly and
mostly from the edges of existing bilayer defects. This resulted primarily in the
growth of existing defects rather than the formation of isolated small holes as
in the case of G7. When the size of the dendrimers was reduced still further,
they were no longer able to remove lipids from the surface panels (g—i). G3-
NH, PAMAMSs added at ~100nM adsorbed preferentially to bilayer edges
forming a layer approximately 1.5nm in height along the boundary of the
lipid bilayer as indicated by arrows in panel (i). However, the preexisting holes
in the dimyristoylphosphatidyl (DMPC) bilayer were not expanded and no
additional holes were created.

In order to test the generality of these observations, other nanoscale
polycationic polymers were also tested. Polyethyleneimine (PEI) and poly-L-
lysine (PLL) also induced the formation of holes in supported DMPC
bilayers, although concentrations of ~1-2 pg/mL (~100nM) were required
(56). This is roughly a ten-fold increase in concentration as compared to the
amount of G7-NH, needed to form holes. Diethylaminoethyl-dextran
(DEAE-dextran) showed both a membrane thinning effect, roughly similar
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Figure 1T SPM images of interaction of G7, G5, and G3 PAMAM dendrimers with
a DMPC bilayer. Abbreviations: DMPC, dimyristoylphosphatidyl, PAMAM, poly
(amidoamine); SPM, scanning probe microscopy. Source: From Ref. 54.

to what is observed for antimicrobial peptides (57), as well as hole formation.
As a control experiment for the PAMAM, PEI, PLL, and DEAE-dextran
studies, the charge neutral, water soluble polymers polyethylene glycol (PEG)
and polyvinyl alcohol (PVA) were employed. Neither polymer perturbed the
bilayers up to a concentration of 6 ug/mL. These experiments demonstrate
that the experimental methods do not induce hole formation and that the
polycationic nature of the particle is important for the induction of holes in
the lipid bilayers.

Other nanoparticles have also been observed to interact directly with
SLBs. Sayes et al. noted that single-walled carbon nanotubes interact
strongly with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers on
mica (58).
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These interactions can be thought of using the general models of
Israelachvili (59,60) and this has been independently suggested by two groups
(54,61). Another interesting approach to the problem proposed by Tribet
focuses on the balance of hydrophobic and hydrophilic interactions (62).
Recent simulations of PAMAM dendrimers/lipid bilayers interactions
provided detailed molecular level data consistent with the overall theoretical
constructs of Israelachvili and Tribet (63). Other interesting papers on lipid
or particle assembly have been published by Ladaviere et al. (64,65).

The Role of Membrane Phase

Studies with PAMAM dendrimers also exhibited a strong dependence on the
phase of the SLB. Lipid bilayers can exist in several structural states
including a liquid crystalline fluid phase and a gel phase. These are
commonly referred to as L, and Lg" phase, respectively (66). Since the two
phases differ in the thickness of the lipid bilayer, temperature-induced phase
changes of bilayers can be observed by SPM (67,68). G7-NH, dendrimers are
observed to disrupt and form holes only in the liquid crystalline phase L,
(Fig. 2) (53). No evidence of interaction is observed with gel-phase Lg’. This
strong dependence on lipid phase is important when considering how the
hole-forming data presented in this chapter may be relevant to living cells
and tissue. Broadly speaking, the experimental data implies that nano-
particles could more easily disrupt and/or penetrate cells and tissues with
liquid-phase membranes as opposed to gel-phase membranes. For example,
the skin, which has an outer layer consisting mostly of dead, gelled
membranes, would not be expected to be readily made permeable by
nanoparticles in the absence of dermal abrasion or other stress (25,69,70).
Portals of entry such as respiratory and gastrointestinal tracts, which include
regions where fluid-phase membranes can more readily come into contact
with the environment, are expected to be made permeable by exposure to
cationic nanoparticles.

CELL-LEVEL STUDIES OF NANOPARTICLE-INDUCED
MEMBRANE PERMEABILITY

The effects of G7 and G5 PAMAM dendrimers as well as PEI, PLL, and
DEAE-dextran on the membrane permeability of KB and Rat2 cells were
investigated using lactate dehydrogenase (LDH) and Luciferase (Luc) assays
(55,56). All of the LDH and Luc studies described below were performed at
noncytotoxic concentrations. The KB cell line, a variant of the human HeLa
line, was selected because it overexpresses the folic acid receptor (FAR) and
thus can be used in conjunction with folic acid (FA)-conjugated dendrimers
to give authentic receptor-mediated endocytosis data for comparison
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(A) (B)

(©) (D)

Figure 2 SPM height images of supported DMPC bilayer during phase transition
before and after addition of 25nM G7 PAMAM dendrimers. (A) Before adding
dendrimers. The height difference between gel-phase (lighter shade) and liquid-phase
(darker shade) is approximately 0.5 nm. (B) 3 min, (C) 8 min, and (D) 17 min after adding
dendrimers. Defects (black areas) caused by dendrimers are approximately 5 nm deep.
Scan size 1 um, color height scale 0 to 5nm. Abbreviations: DMPC, dimyristoylphos-
phatidyl; PAMAM, poly (amidoamine); SPM, scanning probe microscopy.

purposes. This makes it possible to test if the transport of the nanoparticle
across the cell membrane is an intrinsically leaky process. The Rat2
fibroblast cell line was selected to provide a complement to the KB line in
terms of species and tissue origin.

For both G7 and G5 PAMAM dendrimer, PLL, PEI, and DEAE-
dextran, LDH release was proportionate to concentration for ~10 to
500 nM exposures. By way of contrast, neither cell line released a significant
amount of LDH as a result of exposure to G5 PAMAM dendrimer that had
been acylated (G5-Ac). G5-Ac is neutral in aqueous solution. Similarly,
treating the cells with similar concentrations of the neutral nanoscale
polymers PVA and PEG did not result in LDH leakage. Consistent with the
trends noted for SLBs as imaged by SPM (Fig. 1), G7-NH, induces
substantially more release than G5-NH,. Identical trends were noted when
employing the Luc assay.
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In order to test if internalization of a ~5nm particle was an
intrinsically leaky process, a G5-Ac sample to which FA groups had been
conjugated was tested. This material has been shown to enter KB cells via
FA-mediated endocytosis. Since neutral G5-Ac does not enter cells, cause
holes in SLBs, or cause LDH leakage, this system appeared ideal to test if
endocytosis of dendrimers necessarily caused LDH leakage. Endocytosis of
G5-Ac-FA does NOT cause LDH leakage when it internalizes into cells via
the FA-mediated endocytosis process. Thus, a nanoparticle without
substantial positive surface charge can enter a cell without causing
substantial cytosolic leakage. The leakage process appears correlated to
the interaction of the positively charged nanoparticle with the cell membrane
and not the entry of the nanoparticle into the cell (55).

The permanence of nanoparticle-induced permeabilization was tested
by washing away the nanoparticles after 1 h exposure and then comparing to
cells exposed for 3h. For 100 to 500 nM concentrations using G5 PAMAM,
LDH release ceased after removal of the dendrimer. Thus, the permeabi-
lization of the membranes is reversible consistent with observations that the
nanoparticles do not induce acute cytotoxicity at these concentrations.

To study passive diffusion in and out of the cell, propidium iodide (PI)
and fluorescein diacetate (FDA) were used according to a modification of a
previous literature method (71). PI is readily internalized into cells with
disrupted membranes, but is excluded from cells with intact membranes. On
the other hand, FDA, a nonfluorescent compound, readily enters intact cells
and then undergoes hydrolysis by endogenous esterase, resulting in release of
fluorescein into the cytosol. The cytosolic fluorescein is not able to transverse
a normal cell membrane. Thus, FDA is used as a marker for diffusion
through a membrane, which has been made permeable. Consequently, it is
predicted that fluorescence intensity of PI should increase and that of
fluorescein should decrease if the presence of the cationic nanoparticles
makes the membrane permeable to these dyes.

Upon adding G7 PAMAM dendrimer, PLL, PEI, or DEAE-dextran
to the cells, both dyes were observed to diffuse across the membrane (55).
The charge neutral nanoparticles, G5-Ac, PVA, and PEG, did not induce
dye diffusion across the cell membrane.

The induction of cell membrane permeability has been noted for a
variety of other nanoparticle systems. Rotello et al. observed the induction of
membrane permeability for cationic gold nanoparticles but a much reduced
effect for anionic particles (31). Sayes et al. observed LDH release for nano-
TiO, (anatase, 3—5nm, varied degree of aggregation) when 3000 ug/mL was
applied to HDF and A549 cells (72). However, the increased permeability
was tentatively assigned to chemical oxidation of lipids and not a direct
physical disruption process. Monteiro-Riviere et al. noted that CdSe core/
ZnS shell quantum dots coated with PEG, amine-PEG, and carboxylic acid
all entered human epidermal keratinocytes (skin cells) but that only the
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amine and carboxylic acid-coated materials showed signs of toxicity with the
carboxylic acid-coated dots exhibiting the greatest amount of cytokine
release (73). Nel et al. also recently reported studies on oxidative stress for
atmospheric ultrafine particles, cationic polystyrene, TiO,, carbon black and
fullerol but did not perform studies of cell membrane permeability (74). The
relationship between the physical disruption mechanism, membrane perme-
ability, and oxidative stress in cells and tissue is not clear and needs
additional studies.

INTERNALIZATION OF CATIONIC NANOPARTICLES INTO CELLS

To investigate the binding and internalization mechanism of dendrimers
(SA1), confocal laser scanning microscopy (CLSM) images of Rat2 cells were
taken after incubation with dendrimer-fluorescein (dendrimer-FITC) con-
jugates at different temperatures. Rat2, a fibroblast cell line, was chosen in

(A)

(©) (D)

Figure 3 Differential interference contrast image of (A) untreated Rat2 cells
(control). CLSM image of (B) Rat2 cells incubated with 200 nM G5-NH,-FITC at

37°C, (C) Rat2 cells incubated with 200 nM G5-NH2-FITC at 6 C, and (D) Rat2 cells
incubated with 200nM G5-Ac-FITC at 37C for 1 hour.
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this experiment due to its stable surface adherence. Figure 3A shows a
fluorescence image of Rat2 cells incubated with 200 nM of G5-NH,-FITC at
37C for 1 h. Dendrimers are apparent both inside the cells as well as asso-
ciated with the membrane. This indicates that the G5-NH,-FITC dendrimers
(a polycationic material at pH 7 with ~128 positive charges) interact with the
cellmembrane and enter the cell at physiological temperature (37°C). However,
at 6°C the dendrimers associated with the cell membrane, but no significant
amount of internalization was observed (Fig. 3C). Identical experiments
employing G5-Ac-FITC at 200 nM concentration indicate neither association
with the cell membrane nor internalization into the cell (Fig. 3D). G5-Ac-
FITC has all of the surface primary amines converted to acetamide groups so
the particle does not protonate at pH 7 and is therefore not charged. Similar
data to that shown in Figure 3 was obtained upon incubation of 6 pg/mL of
PLL-FITC or 200 nM G7-NH,-FITC with RAT2 cells for 1h at 37°C (56).
Both of these materials are also polycationic in aqueous solution at pH 7.

These studies highlight the importance of understanding the role of
surface charge when exploring the mechanism of nanoparticle uptake into
cells. For many materials, the details of the surface chemistry, and therefore the
surface charge, are not known. As the field moves forward it will be important
to correlate the information that has been obtained, for example regarding
cytotoxicity generally or oxidative stress specifically (74-76), to the mechanism
by which nanoparticles enter the cell. Different mechanisms of entering, and
the nature of the vesicle in which the nanoparticles are contained, may well
have substantial impact on the toxicity of the materials once inside the cell.

Rothen-Rutishauser et al. recently reported a study following the uptake
of polystyrene and TiO, particles in red blood cells and pulmonary
macrophages (61,77). These studies were particularly interesting because red
blood cells lack the typical cellular machinery for endoctyosis or phagocytosis,
yet the particles still penetrated the cell. The authors conclude that particles
enter the cells via an adhesive or diffusive mechanism and not the typically
invoked endocytosis or phagocytosis mechanisms (43). This mechanistic
proposal is roughly consistent with the mechanistic suggestions developed
from the PAMAM nanoparticle-based studies (20,54,55). However, Rothen
et al. have not observed the strong dependence on surface charge. Additional
experiments are needed to clarify the importance of such nonphagocytic
mechanisms and the importance of particle size and surface charge. An
interesting experiment by Javier et al. combined SPM measurements
(force—distance) of micron-size particle adhesion to the cell membrane with
particle uptake demonstrating a clear correlation (78). The effect of changes in
particle size upon adhesion and uptake mechanism still needs further
exploration. It is not clear the data on 5um particles can or should be
extrapolated to the behavior of 5nm particles. Lai et al. have measured Kp
values for G4 and G6 PAMAM dendrimers binding to cell surfaces using
fluorescence microscopy (79).
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CONCLUSIONS

Polycationic organic nanoparticles ~5 to 7nm in size have been shown to
induce a variety of effects at noncytotoxic concentrations including: (1)
inducing nanoscale holes in fluid-phase SLBs, (2) inducing permeability in
lipid vesicles, (3) inducing permeability in cell plasma membranes, and (4)
readily penetrating cell plasma membranes and internalizing into cells.
Similar concentrations of neutral organic nanoparticles ~5 to 7 nm in size do
not induce permeability in SLBs, do not induce permeability in cell plasma
membranes, and do not readily internalize into cells. The induction of
nanoscale holes or pores in biological membranes, and the resulting increase
in membrane permeability, provides a possible mechanism for nanoparticle
transport in biological systems. The relationship of nanoscale hole formation
and other possible adhesive and/or diffusive mechanisms to transport of
nanoparticles in vivo, and the relationship to active transport mechanisms
such as endocytosis or phagocytosis by which nanoparticles hijack normal
cellular mechanisms, requires further study.
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NANOPARTICLE EXPOSURE

While human exposure to airborne nanoparticles (NP) has been ongoing
since early evolution, the extent of exposure increased dramatically with the
advent of the industrial revolution and will continue to rise with the rapid
development of nanotechnology as human use and production of these
particles increases (1). Therefore, alongside these advances, we must take
account of the increase in potential for release into the environment and
uptake into the human body with a currently unknown magnitude of risk.
The lack of information on potential effects of NP on human and en-
vironmental health has been highlighted in over 20 international reports from
agencies such as DEFRA (2), US-EPA (3) and the Royal Society and Royal
Academy of Engineers working group on nanoscience and nanotechnology
(4) emphasizing the requirement for a proper risk assessment of NP and the
need for suitable barrier models (5).

Exposure to NP can potentially arise from therapeutic or diagnostic
administration as well as from occupational and environmental exposure
through manufactured sources or combustion sources in the environment
and as such there is the possibility for any individual to be exposed. The
novel properties of NP give them the ability to interact with their biological
environment in different ways. Due to their size, they have an increased
surface area per unit mass leading to greater potential for biological interactions
which may be distinct from behavior of larger particles of bulk material.
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The influence of the different physicochemical properties of various types of NP
requires investigation and these include factors such as surface area, size
distribution, chemical purity, crystallinity, charge, surface structure including
reactivity, surface groups, inorganic/organic coatings, solubility, shape and
aggregation/agglomeration (6). Reduction in size and increase in surface arca
increases the relative proportion of atoms/molecules expressed on the surface
and hence increases surface reactivity (1).

Penetration of Biological Systems

Much of the preliminary work on NP took place on “ultra-fine particles” and
this body of work clearly shows that NP can enter the human organism
through inhalation. However, it is not currently clear whether NP have the
ability to transfer across biological barriers and reach other target sites. While
there is ambiguous evidence for translocation of NP into the circulation, once
NP reach pulmonary interstitial sites, uptake into blood circulation could
occur (1). Systemic in vivo distribution of quantum dots to major organs such
as liver, kidney, lung, spleen, lymph nodes and bone-marrow has been
reported in mice (7,8), but overall there is a paucity of data on uptake and
more studies are required (1). The skin and the gastrointestinal tract are
alternative entry portals to be considered, particularly since many engineered
NP are prepared and processed in liquid (9) and transfer across the gut would
facilitate systemic distribution with translocation across biological barriers
such as the blood-brain barrier and the placenta feasible. Uptake via the gut
has been demonstrated in oral feeding or gavage experiments (10) with NP in
food reported to cross into the gut lymphatic system and redistribute to other
organs more readily compared with larger particles and medical or
therapeutic applications would directly introduce NP into the body (11).
Outcome will depend upon the characteristics of the NP but they may act at
cellular, sub-cellular and protein levels and could cause effects as diverse as
oxidative stress, inflammation, protein denaturation, membrane damage,
DNA damage and immune reactivity (6). Characteristics such as surface
charge will affect the ability of NP to cross biological barriers (12—-14) and
subsequent tissue distribution. Aggregation/agglomeration of NP could lead
to increased persistence with trapping in placental tissue but may actually
prevent transfer to the fetus dependent upon where the aggregation/
agglomeration occurs.

WHY THE INTEREST IN THE PLACENTA?

The fetus is more sensitive to the effects of exposure to external agents or
xenobiotics compared with the adult due to the rapid development occurring
during gestation and the altered metabolism. Adverse events during fetal
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development such as growth retardation may arise from placental insuffi-
ciency or fetal exposure to hazardous compounds and such events may impact
on adult health in later life (15). Therefore it is important to determine
whether NP are taken up by the placenta with the potential to affect placental
function and transferred to the fetal circulation where they could distribute
systemically and directly affect the fetus. Exposure of the fetus arises
primarily through transfer across the placenta from the mother’s circulation
with the placenta acting as the maternal-fetal interface although exchange
may also possibly occur through the amniotic fluid (16). Therefore, there is
the potential for the fetus to be exposed to anything that is taken up by the
mother both during and in some cases before gestation, e.g., organochlorine
pesticides which are lipophilic and accumulate in the mother’s body fat.

Placental Function and Development

The placenta plays a key role during fetal development with its major function
being the transfer of nutrients to support embryonic and fetal growth and
development (16). Other functions include metabolism, transport, immune
and endocrine secretion functions, gas exchange, and removal of waste or
toxic products from the fetus, all essential for maintenance of a successful
pregnancy. Problems with placental structure, position or function during
pregnancy can result in a range of complications such as fetal growth
retardation, premature delivery, birth defects, and in the worst case, may
result in fetal or neonatal death.

The placenta begins to develop at the time of blastocyst implantation
and is delivered at birth. Following fertilization, the ovum undergoes mitosis
to form a solid clump of cells (morula) which then differentiates into a
hollow sphere known as the blastocyst (17). The blastocyst comprises an
inner cell mass (ICM) or embryoblast which will go on to form the embryo
and an outer wall consisting of a single layer of uninucleate trophoblast cells
surrounding the ICM which will develop into the placenta and extra-
embryonic membranes (18,19). Following entry into the uterus from the
fallopian tubes, the blastocyst sheds its outer coat (zona pellucida) such that
its outer surface now comprises trophoblast cells (17). The trophoblast cells
consist of mononuclear cells called cytotrophoblasts and multinucleated
cells called syncytiotrophoblasts which form an outer layer or syncytium
(20). Between day 8 and 12 postconception, fluid-filled vacuoles develop
within the syncytiotrophoblast which coalesce to form larger lacunae
separated by attenuated trabeculae of syncytiotrophoblast. At the end of
implantation, the blastocyst is totally embedded within the uterine wall and
endometrial epithelium regrows over the implantation site. The trophoblast
and extraembryonic mesoderm are referred to as the chorion (19). The
lacunae divide the trophoblast into three zones: the primary chorionic plate



118 Saunders

facing the embryo which becomes the chorionic plate; the lacunar system
and trabeculae which becomes the intervillous space of the placenta and the
trophoblastic shell adjacent to the endometrium which becomes the basal
plate (19).

Cytotrophoblast proliferation after day 13 results in a considerable
increase in length of the trabeculae which start to branch and form primary
villi. With incorporation of extraembryonic mesoderm these transform into
secondary villi and then vascularization marks the formation of tertiary villi
(19). Tertiary villi form the bulk of the placenta and the bulk of the syn-
cytiotrophoblast comes into direct contact with maternal blood following
maturation of the villous structure (17). Thus the syncytiotrophoblast layer
covers the villous tree and forms the placental barrier with the apical
membrane facing the maternal side and the basal membrane facing the fetal
side (21). Maternal tissue adjacent to the trophoblast degenerates pro-
gressively such that the fetal villi are ultimately bathed directly in maternal
blood from spiral arteries which open into the intervillous chamber in the
human placenta thus facilitating exchange and transport of nutrients (17,22).
The maternal blood then drains into the subchorial space in the basal area of
the placenta returning to the maternal circulation through venous openings in
the basal plate arranged around the periphery of each villous tree (17).

At term the human placenta is discoid in shape, weighs around 500 g
on average and has a diameter of around 15 to 20 cm with the majority of
the placenta formed of chorionic villi with attendant blood vessels and
connective tissue. Two arteries within the umbilical cord supply the fetal
arterial blood with oxygenated blood returning to the fetus though a single
vein. Each of these vessels branches out over the fetal surface of the placenta
dividing into networks of secondary vessels and then again into tertiary
vessels. Paired tertiary arteries and veins penetrate through the chorionic
plate to enter the main stem villi which forms the heart of a fetal cotyledon
(or villous tree). The cotyledon is a placental lobule consisting of a rounded
mass of villi which forms the functional vascular unit of the placenta (22).
There are up to about 30 cotyledons in the placenta (17,23) with the villous
trunk and branches that form the cotyledon partitioned laterally by decidual
septa. The cotyledon is limited on the maternal side by the basal plate and
by the chorionic plate on the fetal side (23).

Exchange between maternal and fetal circulation occurs across the
endothelio-syncytial membrane and transfer depends on a number of
physical factors including surface area and thickness of the membrane,
blood flow, hydrostatic pressure in the intervillous chamber, fetal capillary
blood pressure, and difference in maternal and fetal osmotic pressure (22).
The membrane becomes progressively thinner as term approaches poten-
tially maximizing opportunities for transfer (22) but this is modified in the
haemochorial placenta by the deposition of fibrinoid on the exchange
surface at the end of gestation (23).
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Comparative Structure of the Placenta

The mammalian placenta, as well as being a complex organ, is the most
structurally diverse among the different species. Mammalian placentas have
been classified on the basis of macroscopic appearance and shape (16) and also
the extent and type of maternal-fetal contact (17,19,24). Grosser suggested a
classification based on the number of layers seen to separate the circulations
under light microscopy. In the sheep, for example, which is one of the most
commonly used species in placental transfer studies, all three maternal layers
(uterine endothelium, connective tissue, endometrial epithelium) are retained
as well as the chorionic epithelium, fetal connective tissue and fetal endothelial
cells (epitheliochorial placenta). Dogs and cats are examples of endothelio-
chorial placentas where the maternal uterine endothelium is retained but the
maternal connective tissue and endometrial epithelium disintegrate. In
contrast, in human and rodents, all three maternal layers disintegrate, giving
rise to a haemochorial placenta. This is further sub-divided in terms of the
number of trophoblast layers between maternal blood and fetal endothelium
with one layer, e.g., human and guinea pig (haemomonochorial), two layers
e.g., rabbit (haemodichorial) or three layers (haemotrichorial), e.g., mouse, rat
(20). The interdigitation of the maternal and fetal circulation leads to further
complexity with classification as villous (e.g., human, ape), labyrinthine (e.g.,
rabbit, guinea pig, rat, mouse), folded (e.g., pig). A final complexity is the
direction of the blood flow in each circulation which can be concurrent or
counter-current (opposite direction). All these factors will affect the efficiency
and rate of exchange across the placenta.

TRANSPORT ACROSS THE PLACENTAL BARRIER

A major assumption and over-simplification arising from the Grosser
classification system is that the number of intervening layers between the
circulations directly determines the ability of material to transfer across the
placenta. However, more layers does not necessarily mean a thicker barrier
as indentation by maternal and fetal capillaries significantly reduces the
diffusional distance as seen in the epitheliochorial placenta of the pig, for
example, Ref. 16. Also, while passive diffusion is the transport route app-
licable to most chemical compounds crossing the placenta (25), there are
additional transport systems that function within the placenta which include
active transport, facilitated transport, and to a lesser extent phagocytosis,
pinocytosis and filtration (16,26,27). These are all possible mechanisms for
the uptake and transport of NP across the placenta. The upper limit for
transfer is 500kDa with incomplete transfer of chemicals above this (28) and
unionized drugs cross more readily than ionized (25,27). The placenta has an
enormous surface available for exchange with fetal capillaries within the villi
being 3000 to 5000 um in length (17) with a minimum diffusion distance of
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about 4um (29). Diffusion will be affected by characteristics including
molecular weight, pKa, lipid solubility and protein binding which will vary
according to the type of NP under investigation. An extensive range of over
20 different drug transporters have been identified recently (30) and any
non-physiological compounds which bear a structural similarity to the
natural substrates could be recognized by these transporters (31). Within the
syncytiotrophoblast there is differential expression of specific transporters in
the maternal facing (apical) brush border membrane and the fetal facing
basal (basolateral) membrane. The brush border is in direct contact with
maternal blood and the basal membrane faces the fetal blood vessels (31).
Active transporters are located either in the apical or basolateral membrane
and can act to pump substrates into or out of the syncytiotrophoblast
membrane (30). They may therefore take on a protective role with respect to
the fetus depending upon the membrane distribution which would be
important if they are implicated in NP transport.

APPROACHES FOR ASSESSMENT OF PLACENTAL TRANSFER

The ideal approach to determine placental transfer of any compound would
be to evaluate it in pregnant women. However, this presents a very obvious
ethical dilemma due to the potential risks associated with exposure during
pregnancy. Such risks have been highlighted by the unforeseen consequences
of the prescription of drugs which have turned out to be pharmaceutical
teratogens such as thalidomide and diethylstilbesterol. It is possible to carry
out in vivo measurements of chemicals to which pregnant women are
unavoidably exposed such as those taken up from the environment e.g., heavy
metals, persistent organic pollutants, and medication for conditions such as
epilepsy and diabetes through the sampling of adult peripheral blood and
cord blood at birth. However, the information that can be obtained from such
studies is limited as this information is available for a single time-point only
and provides no knowledge about the kinetics of placental transfer. In order
to undertake exposure-dose determinations and risk assessments related to
human exposure validated alternatives are required for the investigation of
new substances such as nanoparticles.

In Vivo Animal Models

Use of in vivo animal models provides an opportunity to assess uptake
through different routes of exposure and biokinetics can be determined for
both adult and fetal organs, highlighting any organs that may show evidence
of selective uptake. Effects of metabolism and physiology can also be
determined. While a range of animals are available, careful selection is
required due to the extensive variability in terms of placental structure and
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anatomy amongst mammalian species. In terms of similarity, primates
would be most suited for evaluation, since their placental structure is most
like the human but ethical concerns, length of gestation and cost are issues
of concern.

The guinea pig has the advantages of a placental structure similar to that
of the human, a convenient gestation period (63 days), and suitable size and
development at term with the fetal period of a more similar proportion to that
of the human with respect to the entire gestation period in contrast to other
rodents such as rats and mice. Previous studies have demonstrated suitability
for the assessment of fetal exposure to agents such as radionuclides (32). Such
a model can be used for determination of biodistribution of NP thus enabling
us to assess biodistribution and transfer across a range of biological barriers
in vivo and will certainly provide answers about how the different character-
istics of NP affect their uptake and transfer. However, the major criticism that
there are species-related differences still remains. While hemomonochorial
and discoid like the human placenta, the interdigitation in the guinea pig is
labyrinthine and the circulation is countercurrent as opposed to concurrent in
humans (27) and we cannot necessarily extrapolate the outcome to what will
happen in humans.

Human Perfused Ex Vivo Placenta Model

A model which overcomes this criticism and any ethical dilemmas is the
human ex vivo perfused placental cotyledon model which can be considered
as a more suitable barrier model of direct human relevance. It has the
advantages of being human tissue; easy availability; provides information
about effects and transfer of chemicals; remains viable for some time after
delivery. Experiments performed in the 1960s by Panigel and his colleagues
originally involved perfusion of the complete placenta but the success rate
was greatly increased by modification of the technique to perfuse an isolated
cotyledon (33,34). A further refinement was the inclusion of antipyrine as a
reference marker (35). Antipyrine is freely diffusible and transfer is limited
only by the ratio of fetal to maternal bloodflow (22).

The human perfused placental cotyledon model is used extensively in
placental transfer experiments, particularly for drug studies, with the
establishment of separate maternal and fetal circulations possible using
suitable perfusion media. An extensive range of substances have been
evaluated including nutrients such as sugars, amino acids, fatty acids; metals
such as calcium and zinc; hormones including insulin and corticosteroids;
vitamins; a wide range of therapeutic agents; drugs of abuse and toxic
chemicals such as cadmium (23). For perfusions of short duration it is
possible to use buffered physiological salt solutions with a plasma expander
and glucose but for longer experiments, it is necessary to use tissue culture
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medium. The duration of perfusion is variable and can range from 2 to 4
hours up to 12 to 18 hours with one report of perfusion for 48 hours but
maintenance of viability is challenging and best monitored by assessment of
leakage from the perfusion circuit (36). The addition of dextran and human
serum albumin to the perfusate help to avoid oedema but the transfer rate of
particular substances e.g., lipophilic compounds may be significantly
affected by the presence of albumin (17,37). This will be significant when
looking at the influence of coatings on NP behavior.

Perfusions can be established by insertion of cannulae into a suitable
artery and vein on the fetal side and into the corresponding intervillous
space on the maternal side which becomes evident as a blanched area once
perfusate is pumped though. Recirculation of the perfusate using a closed
system can be considered to mimic the in vivo situation with transfer being
expressed as a percentage of the amount administered to the donor circuit.
Alternatively, a non-recirculating open system can be used where the
material under investigation passes through the placenta once only with a
steady state being reached after a period of equilibration (23). Such a system
permits the calculation of clearance and comparison between experiments
and compounds is feasible through the inclusion of antipyrine (37). This is
particularly well-suited to the study of substances that are strongly lipophilic
as it reduces the opportunity for adsorption to apparatus and tubing which
requires careful selection.

The experimental criteria for a successful perfusion are strict and
success is highly dependent upon provision of placentas in good condition
and in a timely fashion with the most important criteria being minimal
leakage of perfusate from the fetal circulation (36). The perfusion model is
technically complex and due to the experimental criteria it can take a long
time before an adequate number of successful experiments have been
completed to provide appropriate statistical outcomes regarding transfer and
behavior of a particular compound. Given the wide variety of nanoparticle
types and their multiple physicochemical properties which will all have an
impact on their behavior and toxicity, it would prove advantageous to have a
rapid screening technique as part of the panel of models available for
assessing placental transfer and toxicity. Placental cell culture models
provide such a technique. There are several possible approaches that can be
considered.

Cell Culture Models

Explants of placental villus trophoblast can be excised from the placenta and
maintained in culture (23) but viability is limited (36). Primary trophoblast
cultures can be established from fresh placental tissue using enzymatic
dispersion and the cytotrophoblast cells purified using discontinuous Percoll
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grandients (38) but it is difficult to isolate large numbers of cells. Another
alternative is the development of immortalized choriocarcinoma cell lines.
Several commercial cell lines exist and these include BeWo, JAR and JEG-3
which were derived from a malignant first trimester gestational choriocarci-
noma of the placenta. While the cell lines have several characteristics in
common such as the secretion of placental hormones including hCG
and progesterone (39) they also differ in certain characteristics which are
of importance when considering transport studies. Their proliferative
activity and degree of differentiation vary with BeWo and JAR cells being
less differentiated compared with JEG-3 but undergoing more rapid
proliferation (40).

BeWo cells resemble normal trophoblasts with close cell apposition and
microvillous projections in the apical side of the monolayer (41) but do not
spontaneously differentiate into a syncytium (although this can be induced in
the presence of forskolin), in contrast to JEG-3 which is derived from BeWo
and forms large multinucleated syncytia (36). However, one of the most
important differences for transport studies is the fact that only the BeWo cell
line forms a confluent monolayer and expresses functional polarity when
grown on semi-permeable membranes (41,42). Careful choice of the correct
clone is important as the original cell line available through the American
Type Culture Collection (ATCC) does not form a monolayer in the same way
as the b30 clone held by Dr. Alan Schwartz (Washington University, St.
Louis, MO) (41). BeWo cells have been shown to differentially express
several enzymes and transporters such as cytochrome P450, MDR1 P-
glycoprotein (P-gp), MRP1 and BCRP with responses similar to trophoblast
cells in vivo (36,43,44).

BeWo cells can be grown on semi-permeable membranes in
Transwell® inserts placed in tissue culture wells thus allowing access to
both apical (maternal) and basolateral (fetal) chambers and the measure-
ment of transport across the monolayer. Inserts are available in different
materials and with different pore sizes and can also be coated with a matrix
such as collagen. Cells are seeded at an appropriate density and formation of
a tight monolayer can be evaluated by measurement of the trans-epithelial
electrical resistance and the reduction in passage of sodium fluorescein
(45,46).

BeWo cells have the advantages that they can be grown up quickly,
usually reaching confluence within 5 to 7 days depending upon seeding
density and are suitable for use as a rapid screening technique for evaluation
of the effects of different properties of NP upon their transport across and
toxicity to biological barriers. However, they should only form the first step
of evaluation using a combination of the models available. Each individual
model has certain limitations and drawbacks but in combination they will
help us to obtain a complete picture of how different NP interact with the
placenta as part of a risk assessment for potential fetal exposure.
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INTRODUCTION

A crucial component of understanding the activity of nanomaterials and
constructing realistic quantitative risk assessment models is knowledge of
the rate and extent of nanomaterial absorption, distribution, metabolism
and elimination (ADME), essential parameters needed to connect dose to
observed effects. The evaluation of these processes, referred to in chemical
and pharmaceutical disciplines as pharmacokinetics or toxicokinetics, is
often referred to in the nanosciences as biokinetics or biodistribution.
Whatever the term used to describe this discipline, very few classical
pharmacokinetic studies have been done on nanomaterials, especially
manufactured substances not designed for biomedical and therapeutic
applications. A number of issues important to nanomaterial risk assessment
depend on having a knowledge of dose at the target tissues and which
specific tissues they become sequestered in. If these coincide with a potential
target for toxicity, this knowledge is crucial to making a risk assessment.

WHAT ARE PHARMACOKINETIC STUDIES?

Pharmacokinetics is defined as the science of quantifying the rate and extent
of ADME processes using various mathematical modeling approaches.
Space restrictions prevent a detailed review of the design of modern ADME
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or pharmacokinetics studies as extensive reviews and texts exist (1-3).
Fundamentally, ADME is the study of the relative rates of absorption,
distribution, metabolism and elimination of drugs and chemicals in the
body. Administering drugs by the intravenous route bypass all absorption
pathways making material immediately accessible to tissues. This is the
route to which all other data are compared.

Pharmacokinetic models are used to compute the relative rates of each
process that determine overall distribution and elimination from the body.
The extent of absorption and distribution are crucial factors that relate the
size of the absorbed dose to that which actually results in systemic exposure.
This might relate to the relative rate of absorption from a dosing formulation
compared to its rate of renal excretion or hepatic metabolism. The field of
controlled drug delivery is based on designing the dosage form to be the rate
limiting step in ADME, thereby prolonging a drug’s sojourn in the body by
controlling its rate of release from the dosage formulation. For nano-
materials, although rates and extent of absorption may be low by many non-
parenteral routes, the corresponding rates of elimination may also be low
making accumulation and retention a potential issue. Pharmacokinetics
provides the tools in the form of mathematical models to assess these
phenomena.

Pharmacokinetics has developed an extensive family of mathematical
models that provide parameters that quantitate the rate and extent of
ADME. There are numerous modeling approaches [compartmental, non-
compartmental, population, physiological-based (PBPK)] in use today (1,2)
that are beyond the scope of the present introduction. Absorption is assessed
by estimating its rate (Ka: mass/time) and extent (Bioavailability: F%), F
being the fraction of administered dose absorbed into the body. IV
administration is used to calculate F (as this route is assumed to be
completely absorbed) from a ratio of area under the curve (AUC) of the same
dose given by both routes (extravascular/IV). A comparison of relative
bioavailabilities for two different formulations of the same drug, estimated by
the ratio of their AUCsS, is termed as bioequivalence. The procedures and
statistical approaches for ADME are well regulated and described elsewhere
4,5).

Distribution is assessed by the parameter of volume of distribution
(Vd: volume/kg), which is the ratio of administered dose to the blood
concentration achieved, giving one an estimate of the “volume” in the body
to which a compound is distributed. Elimination from the body is assessed
using clearance (Cl: volume/time-kg) that estimates the efficiency of an
elimination pathway. Major paths of chemical elimination are the kidney
and liver. When a compound is eliminated by metabolism, hepatic clearance
will reflect this. Based on nanomaterial studies conducted to date,
metabolism of carbon nanomaterials does not occur (side-chain derivatives
may be metabolized) and will not be discussed further. Finally, since most
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pharmacokinetic processes are first-order, their rate is often described in
terms of half-life (T %) that is a function of Vd/Cl.

Knowledge of these basic pharmacokinetic parameters (Ka, F, Vd, Cl)
allows prediction of body burden, systemic exposure, and blood concen-
trations as a function of applied dose and time. The actual determination of
parameter values is very dependent upon the pharmacokinetic model used.
PBPK approaches describe the disposition of a chemical based on a
mathematical model that mirrors the physiological structure of the body,
with compartments linked by tissue blood flow. Such models easily
incorporate in vitro data and define target doses of materials. This should
be the ultimate aim of developing models for nanomaterials. However, basic
ADME parameters must first be conducted before formal PBPK models can
be constructed.

Issues of laboratory animal study design and how these relate to
subsequent human exposure are also important since species-specific
patterns of ADME processes may occur. Modeling approaches such as
PBPK facilitate these comparisons, however such studies have not been
conducted to date.

COULD NANOMATERIAL PHARMACOKINETICS BE DIFFERENT
THAN CHEMICALS?

Before we discuss the existing literature on nanomaterial pharmacokinetics,
one can pose the question if differences are expected between nanomaterials
and drug or chemicals? These potential considerations would put available
data in the proper context. One dimension of this question is how material
size alone modifies disposition. As will be seen, existing data suggest that
size is a primary determinant of disposition, both in respect to decreased
absorption for large particles, and altered pattern of distribution and
elimination of systemic material based on interactions with the reticulo-
endothelial system (RES). What has not been addressed is the precise size
cutoffs that determine these patterns, or their relationship to nanomaterial
shape, elemental composition or surface characteristics, the latter of which
also facilitates interaction with the RES.

It is widely acknowledged that an important phenomenon that
determines the “reactivity and availability” of manufactured carbon
nanomaterials is their tendency to self associate and interact with molecules
(proteins, salts, lipids, etc) in biological environments. Agglomeration may
produce particles too large for absorption. Similarly, the same phenomenon
occurring after absorption could result in tissue deposition. The impact of
these potential nanomaterial interactions on ADME relates both to the
relative rate of the nanomaterial interactions compared to the ADME
process impacted (Ka, Cl), as well as the stoichiometry of the process
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(which relates to mass of particles actually involved). These rate and mass
issues are crucial but have not been systematically addressed.

What animal species should be used for defining nanomaterial ADME
parameters? The limited number of nano-biodistribution or translocation
studies conducted to date and reviewed below have used small laboratory
animals including mice, rats, and rabbits. This is fully justified as these
animals provide direct comparisons with the extensive pharmacology/
toxicology databases available for drugs and chemicals, and regulatory
agencies have experience interpreting them. For many compounds, they
have shown good correlation to human disposition. Their smaller size
results in use of smaller doses that are required in early stages of
development when available test material was severely limited (e.g., most
early nanomaterial experiments).

However, the smaller body mass of laboratory animals compared to
humans results in these species having a higher basal metabolic rate (BMR)
with resulting shorter blood circulation times. This results in much higher
clearances, and thus shorter T in laboratory animals compared to humans
across a wide variety of drugs and chemicals (6). In fact, this is the basis of
using allometry and/or body surface area to extrapolate pharmacokinetic
parameters across species to predict human disposition (7-11). If this
concept holds for nanomaterials, then T'2 data in Table 1 below may
greatly underestimate human residence times. What is the potential impact
of this on nanomaterial studies? Carbon nanomaterials undergo a number
of time-dependent interactions with biological constituents dependent upon
their material and surface characteristics (e.g., ionic interchanges with
electrolytes and metals, hydrophobic binding to proteins, lipids, etc). Many
interactions result in particle agglomeration with potential biological
consequences. The nature of these interactions is a function of where the
particles are distributed and the resulting local biological environment. All
interactions are time-dependent. In order to accurately predict what their
consequences would be in humans, the animal model must provide sufficient

Table 1 Intravenous Nanomaterial Pharmacokinetic Studies

Species Material Dose (If available) T (hours) Citation
Mice f-=SWNT 3mg/kg 3 (12)
Mice (+) -SWNT  3mg/kg 3.5 (12)
Mice Cgo(OH)n - ~17 (13)
Rats MSAD Cg 15mg/kg 6.8 (14)
Rats TMM Cg - ~3 initial, longer >6 (15)
Rabbits SWNT 0.02mg/kg 1 (16)
Mice SWNT(PL) 0.05-0.5mg/kg 0.5-2 W)

Abbreviations: = functionalized; + = charge; PL=phospholipids; ~ estimated by authors.
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time for these to occur within the body before excretion. For modeling
behavior in humans, this requires that compound residence times be similar.
Small laboratory rodents do not provide this property. A larger animal with
similar body mass (swine, larger dogs), and thus BMR and residence times
as humans, might be required. This limitation of small animals has been
appreciated in the pharmaceutical industry when controlled release dosage
forms or devices have been developed for human and veterinary drugs
(18-20). A larger species would also have similar gastrointestinal transit
times, a requirement that would allow nanomaterial interactions to occur
with GI contents in a time frame similar to humans (21,22). Another
potential limitation of using small animals for nanomaterial research is that
the stoichiometric nature of nanomaterial interactions, in that the small
doses (and hence numbers) of nanomaterial used might not be sufficient for
biologically significant agglomeration to occur.

NANOMATERIAL PHARMACOKINETIC STUDIES
CONDUCTED TO DATE

Fullerenes

There is minimal literature on the pharmacokinetics of fullerenes (Cgg) in
laboratory animals, with that available being focused on therapeutic
applications (Table 1). Physical chemical characterization using techniques
applied to other nanomaterials have not been performed. Many of the
approaches to derivatization employ materials designed for therapeutic
targeting, rather than simply altering surface charge or solubility to specifically
assess the correlation of physicochemical properties to ADME parameters.

A “classic” pharmacokinetic study was conducted in Sprague-Dawley
rats using MSAD-Cgy a water-soluble Cg, derivative with antiviral
properties (14). Terminal T was approximately seven hours, Vd was
2 1/kg indicating extensive distribution, and there was no evidence of urinary
excretion. Cgo was 99% protein bound in plasma. There was a great
variability not evident in the T'2 data, with 2/5 rats having two fold
differences in Cl and Vd parameters. This observation underlines the
weakness in using T2 as the sole pharmacokinetic parameter, since as
discussed earlier T ' is physiologically Vd/CI. Yamago et al. (15) studied a
4C labeled (trimethylenemethane (TMM) derived) lipophilic yet water-
soluble Cg after IV and oral (very low absorption) administration (dosed in
ethanol/PEG/albumin vehicle). After IV administration, only 5% of the
compound was excreted, all by the fecal route; with most label retained in
the liver after 30 hours. Some derivatives (altered side chains attached to
Ceo) were also located in the spleen, kidney and importantly the brain.

Qingnuan et al. (13) showed distribution of *™Tc labeled Cqo(OH)y in
mice and rabbits after I'V dosing to primarily occur in the kidney, bone, spleen,
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and liver with slow elimination occurring after 48 hours, except for bone which
accumulated label. T %2 in blood was 17 hours in mice. Cagle et al. (23) studied
the biodistribution of endohedral metallofullerenes ('66H0C82 (OH),) in mice
and reported relatively rapid blood Cl (few hours), bone accumulation, and
liver localization with slow elimination. As with the Cgo (OH), studies above,
total body Cl was slow with only 20% of intact compound being excreted by
five days, a retention time much longer than when metal chelates alone were
administered. The disposition of this metallofullerene was very different than
reported for gold particle microcolloids. Bullard-Dillard et al. (24) using '*C
labeled particles in rats showed longer persistence in the circulation of water-
soluble ammonium salt derivative Cg, compared to very rapid clearance of
Cso- Both primarily targeted the liver, although all pristine Cgo went to and
was retained in liver for at least 120 hours. For water-soluble Cg( derivatives,
Clis low and liver is a target organ.

Carbon Nanotubes

Rigorous, “classical” pharmacokinetic studies on other manufactured
nanomaterials have not been conducted to date. The few that have been
done have employed indirect measures of concentration (IR) (16) PET (17)
or were particles functionalized (f) with specific tracers (12). Methods using
such modifications assume radiolabel or fluorescent tags remain attached to
the nanomaterial throughout its sojourn through the body, as well as not
impart any different physiochemical properties that would alter ADME.
Although these approaches might be appropriate for studies of nano-
materials used in drug targeting or radio-imaging medical applications,
manufactured nanomaterials encountered in the workplace or commerce do
not come with such tracer tags. Studies have been done in small numbers of
laboratory animals often with insufficient time points.

Mice showed urinary excretion and accumulation in muscle, skin and
kidney for neutral and (4) f-SWNTs, as well as f-MWNTs (12). Cherukuri
et al. (12) using rabbits showed SWNTs had accumulated in liver after
24 hours. Nanotube length has not been rigorously controlled, nor in some
cases even determined, in the studies reported to date. Liu et al. (17) studied
phospholipids-coated SWNT in mice using PET. Tissue distribution (liver,
spleen) and blood T'2 (0.5-2 hour) were dependent upon phospholipid
constituents. Significant body burden persisted after 24 hour sacrifice.
Table 1 summarizes the available T kinetic data.

Other Materials

There are systemic disposition studies reported using inherently fluorescent
quantum dots (QD) derivatized for medical imaging. Most studies do not



Pharmacokinetics of Nanomaterials 133

rigorously determine particle concentrations using analytical techniques as is
required in classic pharmacokinetic studies. However, general patterns of
particle distribution can often be assessed. These studies suggest that QDs,
tagged with homing peptides, can be targeted to specific tissues (e.g., lung,
vessels) after IV administration of ~10mg/kg to mice. Similar to carbon
materials reviewed above, they accumulate in liver and spleen (25). Coating
QD with polyethylene glycol allows particles to escape detection by
reticuloendothelial tissues (liver, spleen, lymph nodes). Imaging studies in
mice clearly show that QD surface coatings alter their disposition and
pharmacokinetic properties (26). Plasma T': were less than 12 min for
amphiphilic poly (acrylic), short chain (750 Da) methoxy-PEG or long chain
(3400 Da) carboxy-PEG QD, but over an hour for long-chain (5000 Da)
methoxy-PEG QD. These coatings determined the in vivo tissue local-
ization, with retention of some QDs occurring up to four months.

Iron nanoparticles (FeNP) have been explored as novel magnetic
resonance imaging agents. In a series of in vitro tissue studies, cellular
uptake of anionic particles was greater compared to neutral or cationic
species (27). Nanomaterial imaging studies using magnetic particles have
been conducted and showed surface-specific tissue targeting, including
delivery to the brain, as well as prolonged tissue retention in organs
including the liver (four weeks) (28). Although such persistence may be a
laudable goal for some imaging applications, they raise toxicological
concern when chronic exposure to nanomaterial occurs. Takenaka et al. (29)
used 16 female Fischer 344 rats that were between 150 and 200 g. This study
measured the content of ultrafine silver particles (EA) in the liver and the
lung over a period of seven days after six hours inhalation exposure of
133 ugEAg/m’ (particle number concentration of 3 x 10°/cm?, 14.6nm + 1
(MD) mean 17.1+1.2, GSD 1.38). They also investigated the concentration
of silver particles in the heart, spleen, kidney, brain and blood. For
comparison purposes the rats received either 150 uL. of aqueous solution of
7 ng silver nitrate, AgNO3, (4.4 ug Ag) or 150 uL. aqueous solution of 50 pg
EAg by intratracheal instillation. The ultrastructure of the Ag particles
collected from the inhalation exposure or the instillation aqueous
suspension was examined by a transmission electron microscope.
Ventilation exchange rate was about 20 times/hour. They found that the
amount of silver particles in the lungs decreased significantly after both
inhalation and instillation exposure so that only 4% of the initial burden
remained after seven days. They also found that the levels of silver particles
in the other organs considered decreased rapidly after exposure.

Oberdorster et al. (30) investigated the translocation of inhaled
ultrafine carbon particles '*C to the liver and the lung by exposing male
Fischer 344 rats (weight 250—600¢g) for six hours in compartmentalized
whole-body chambers and taking measurements over a period of 24 hours.
Six rats were exposed to a concentration of 180 uL *C/m* (CMD =29.7 nm,
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1.7 GSD), 6 were exposed to 80 ug *C/m* (CMD =22nm, 1.8 GSD) while
six rats were unexposed and served as controls.

The retention of '*C was measured by continuous-flow isotope-ratio
mass spectrometry using a Carlo Erba elemental analyser coupled to a
Finnigan Mat Delta Plus mass spectrometer. The results are expressed in the
paper as §'°C where:

13 12 13 12
C/ Cxample - C/ Cstan dard

§°C =
l3C/12Cstan dard

x 1000

They found that significant amounts of '*C had accumulated in the liver half
an hour post-exposure and that at 18 and 24 hours post-exposure the
amount of '*C in the liver was five times that in the lung. They demonstrated
a significant translocation of '*C particles from the lung to the liver by one
day after inhalation exposure.

Oberdorster et al. (31) again used male Fischer 344 rats (weight 284 +9 g)
to measure the translocation of '*C (ultrafine carbon) particles by exposing
the rats through inhalation while in a compartmentalized whole-body
exposure chamber for 6 hours. This study measured the retention of '*C
particles in the lung, olfactory, cerebellum, and cerebrum over a period of
seven days. Six rats were exposed to a concentration of 170 pg '*C/m?* (CMD =
37nm, GSD =1.66), six were exposed to 150 pg '*C/m® (CMD =35nm,
GSD =1.66) and three rats were unexposed and served as controls. The
method of measurement was the same as the previous study by Oberdérster
(30). It was found that the levels of ultrafine carbon particles in the lung
decreased significantly after exposure, while the levels in the olfactory bulb
increased. At day seven the levels in the olfactory bulb (ug/g) were close
to that of the lung, but as the olfactory is small (only 85mg) the levels are
very small also. They noted that as the levels in the olfactory bulb did
not decrease then continuous exposure would likely result in much higher
levels.

Kreyling et al. (32) used male WKY/NCrl BR rats (weight 170+ 10 g)
to investigate the translocation of '*’Ir (ultrafine iridium) particles by
measuring the fraction of particles left in the lung, feces, urine and carcass
over a period of seven days after exposure. The rats were ventilated for one
hour via an endotracheal tube (inhalation). The study tested two different
concentrations of iridium particles; Trial 1 used a concentration of 15nm
while the second used 80 nm iridium particles. The breathing frequency was
45/min and inspiration of 75% to 80%. A complete balance of '**Ir activity
retained in the body and cleared by excretion out of the body was quantified
by gamma spectroscopy. They also carried out a trial to determine the
iridium retention after intratracheal instillation of soluble '*?Ir** in saline.
They found that almost 20% and 10% of the 15 and 80nm particles,
respectively, was cleared into the gastrointestinal tract at six hours after
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exposure. After seven days 47% and 36% of 15 and 80nm particles,
respectively, were cleared to the feces, while 2% and 0.3% were cleared
through the urine. At each time point they found very low fractions of
translocated particles in other organs.

Semmler et al. (33) carried out an investigation into the lung retention
and clearance kinetics of 12 male WKY rats that weighed about 250 g. After
1 to 1.5 hours of inhalation of between 15 and 20 nm (CMD) '?Ir particles,
at specific time points, a complete balance of '*Ir (iridium) activity retained
in the body and cleared by excretion out of the body was quantified by
gamma spectroscopy. The breathing frequency was 45/min and inspiration
of 75% to 80%. The particle concentration was 3 x 10" em® 3 x 10" cm?
(0.2mg/m?). The study measured the retention/excretion in a number of
organs over 180 days. The organs were spleen, liver, lung, kidney and brain.
It was found that the lung contained significantly more iridium particles
than any other organ at each time point. A small but detectable fraction of
iridium were found translocated to the secondary organs, with a peak at
about seven days. They noted that the excretion of ultrafine iridium particles
occurred only through the feces and urine.

Finally, many pharmacokinetic studies have been conducted using
nano-dimension drug block-copolymers. The physical chemical properties
of the drug and polymer carrier (e.g., pluronic surfactant micelles) effects
disposition and circulating T (34). A body of literature exists on
nanomaterial deposition after inhalational exposure, a topic focused on
local deposition within the respiratory tract (35,36). In some recent work,
prolonged retention for six months of absorbed particles occurred (33). This
data is consistent with the findings above of slow CL and retention of
materials after systemic exposure.

LYMPHATIC TRAFFICKING

Although most ADME and pharmacokinetic studies focus on the blood
circulatory system, animals and humans also have another system which
traffics cells and large lipophilic molecules and proteins, the lymphatic
system. The lymphatics have been extensively studied relative to their role in
absorption of particulates and protein therapeutics for molecules with
molecular weights greater than 16 KDa (37-39). After absorption in local
lymphatic vessels, a compound moves to regional lymph nodes and
ultimately re-enters the systemic circulation via the thoracic duct. An
important toxicological implication of this pathway is that all such
transported material has the potential for interaction with the immune
system resident in regional lymph nodes.

Some nanomaterials are relatively large and possess surface mod-
ifications that could make them ideal candidates for lymphatic transport.
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This is relevant since several reports have indicated that titanium dioxide
particle penetration can occur through the stratum corneum layers (40) and
dermis (41) of skin. Size selected fluorospheres in conjunction with motion
could also penetrate through skin (42) causing potential exposure to lymph.
Rouse et al. (43) has also reported similar dermal absorption with fullerenes
through mechanically stressed skin. Microparticles of silica and alumino-
silicates have been shown to penetrate through skin and migrate to femoral
lymph nodes of barefooted people in Africa, thereby causing non-filarial
elephantiasis of the lower legs known as podoconiosis (44,45) These particles
found in red clay soil areas near volcanoes can cause lymphatic obstruction.

Solid lipid nanoparticles designed for magnetic resonance imaging
have been shown to enter lymph after duodenal administration to rats (46).
In other imaging studies conducted in pigs, intradermal injection of 400 pM
of fluorescent QD targeted sentinel lymph nodes (47), a finding relevant to
dermal absorption of even minute fractions of topically applied or orally
dosed manufactured nanomaterials. In fact, it has been suggested that
nanocapsules, ultrafine oily droplet-coated polymeric drug substances may
be one of the most promising candidates for lymphatic targeting (48). Based
on these data, lymphatic uptake of nanomaterials after topical dermal and
oral dosing may significantly contribute to their ADME profile and not be
easily studied solely by blood-based pharmacokinetic studies.

CONCLUSION

There are a few conclusions that can be drawn from the available literature
on nanomaterial biodistribution and kinetics, including those of imaging
compounds (QDs and other materials), therapeutic polymers, as well as
available data from carbon nanomaterials. Increased water solubility results
in a lower blood clearance and more extensive tissue distribution than seen
with non-derivatized pristine materials. Most nanomaterials tend to
accumulate in the liver, potentially because of RES cell trapping.
However, particles also distribute to other tissues, including the kidney,
depending on surface characteristics. The effect of size within a nano-
material class has not been extensively evaluated. All classes of particles also
have extensive tissue retention, a property of potential toxicological
significance. Note that as tissue deposition occurs, Vd increases resulting
in prolongation of T':. Available studies are difficult to directly compare
(different species, doses, vehicles, different approaches to functionalized
particles, lack of common characterization techniques) making interpreta-
tion problematic at best and definitely not adequate to begin risk assessment
analyses for manufactured materials.

Most pharmacokinetic models are based on diffusion as the primary
mode of chemical movement. Can nanoparticle movement be modeled
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based on these assumptions? Does Brownian motion significantly modify
their behavior? Active transport processes introduce non-linearity into
chemical kinetic studies. Are nanomaterials subject to transport by these
systems, and more importantly do pinocytotic/phagocytotic pathways that
do not modify some organic drugs play a major role in nanomaterial
transport? These issues have not been specifically addressed.
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Estimating Nanoparticle Dose in Humans:
Issues and Challenges

Eileen D. Kuempel
National Institute for Occupational Safety and Health, Cincinnati, Ohio, U.S.A.

OVERVIEW

Quantitative estimation of internal dose is a key step in the risk assessment of
nanoparticles. Lung dosimetry models describe the deposition and clearance
of inhaled particles in the respiratory tract, but these models have not been
fully validated for the disposition of nanoparticles, which may include
translocation beyond the respiratory tract. The current models and methods
will be discussed, along with the data needs and challenges to validate and
extend these models to better estimate nanoparticle dose.

INTRODUCTION

Workers historically have been among those in the human population most
likely to be exposed to hazardous substances. With new technologies comes
the potential for worker exposures to new substances such as nanoparticles.”
Of particular concern to understanding the health risk to workers are the
limited data available to evaluate the potential toxicity of new engineered
nanoparticles and the lack of standardized methods for measuring and
characterizing exposures to nanoparticles in the workplace (2). In addition,
the potential for exposure outside the workplace exists when nanoparticles

“The term “nanoparticle” refers here to any nanometer-sized structure with at least one
dimension <100 nm, including spherical, fibrous, or other shapes; nanoparticle refers to the
primary structure, but aggregates or agglomerates of nanoparticles also occur (1).
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are released into the environmental (either by disposal or intentional use in
environmental remediation) or used in consumer products (such as
cosmetics or sunscreens). The existing scientific literature on the physical
and biological factors influencing particle and fiber toxicity in animals and
humans provides information and data to develop interim risk estimates and
health protection strategies. These studies indicate that the particle
characteristics (including size, shape, and chemical composition), the
internal dose in the respiratory tract, and the fate and persistence of the
particles in the body are key factors influencing the risk of developing
adverse health effects (2-5).

Workers may be exposed to nanoparticles by various routes including
inhalation, ingestion, and dermal exposure. Inhalation exposure to various
airborne particles and fibers continues to be associated with increased
morbidity and mortality from work-related lung diseases (6). Nanoparticles
may become airborne during production and use, particularly when present
in dry powders or liquid sprays (2). This chapter focuses on airborne
nanoparticle exposures and the estimation of internal nanoparticle dose in
workers.

BIOMATHEMATICAL LUNG MODELS

To estimate the risk of disease in humans exposed to nanoparticles, it is
necessary to understand the relationship between the external exposure and
the internal dose. Biomathematical models are used to quantitatively
describe the physical and physiological factors that influence the uptake and
retention of substances in the body, as well as the biological responses to a
given dose. Biomathematical models that describe the exposure-dose
relationship are variously called dosimetric, toxicokinetic, or physiologi-
cally-based pharmacokinetic (PBPK) models, while those that describe the
dose-response relationship are called toxicodynamic or pharmacodynamic
models.

Biomathematical models have applications in both experimental design
and risk assessment. In experimental studies, biomathematical models may
be used to generate and test hypotheses of biological mechanisms. For
example, by evaluating whether a dosimetric model validated for respirable
particles also adequately describes the disposition of nanoparticles,
hypotheses about the factors influencing the deposition and retention of
particles of various characteristics can be evaluated. Biomathematical
models are also used to estimate doses for toxicological study. For example,
a lung dosimetry model can be used to estimate the airborne particle
concentration that will result in a target dose in the lungs over a given
duration of exposure. In quantitative risk assessment, validated biomathe-
matical models are used to: (1) provide estimates of the biologically-effective
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dose; (2) extrapolate exposure, dose, and response data from one species to
another, from one dose to another, or from one route of exposure to another;
and (3) describe the sources of variability in the factors that influence internal
dose in a population. Obtaining the data required to calibrate and validate
biomathematical models can be facilitated by collaboration among
experimenters and modelers and by consideration of quantitative modeling
needs in the experimental design.

Current biomathematical models pertaining to particles and fibers
generally focus on particle deposition and/or clearance and retention
processes (7-2), although some models in rats quantitatively describe the
relationships between exposure, dose, and markers of adverse biological
responses (11,12). For poorly-soluble particles and fibers, these models are
typically limited to the respiratory tract; yet data from animal studies
indicate that additional paths need to be considered to accurately estimate
nanoparticle dose in humans. To the extent that particles are soluble, uptake
of their elemental constituents into the blood from the lungs or gut may also
determine their systemic distribution and potential toxicity (e.g., soluble
forms of various metals such as manganese, nickel, or chromium). For
poorly-soluble nanoparticles, additional pathways beyond the lungs include
nerve axon transport to the brain (13) and entry into the blood circulation
and transport to nonpulmonary organs (14,15). Intra-cellular organelles
(e.g., mitochondria) in the lungs and other organs may also be target sites
for nanoparticles (16,17). Models to estimate nanoparticle dose by non-
inhalation routes of exposures, such as dermal (18, see Chapter 9), may also
be required to adequately describe nanoparticle dose in humans.

Deposition of Nanoparticles in Human Lungs

Particle size is a key factor determining whether and in what location inhaled
particles are likely to deposit in the respiratory tract. Human studies using
radiolabeled particles have shown that the total fraction of particles
depositing in the respiratory tract increases to greater than 90% as particle
size decreases into the nanoparticle size range (1-100 nm) (7). The fractional
deposition of nanoparticles in the alveolar and tracheobronchial regions can
be several times higher than that for larger respirable particles.” Total
nanoparticle deposition increases with exercise (19) and among individuals
with chronic obstructive lung disease or asthma (20). Nanoparticle
deposition in exercising individuals was shown to be underpredicted by
several human lung deposition models (21). Current human lung models
have had limited evaluation of the deposition of the smallest

"The term respirable refers to particles that are capable of depositing in the alveolar (gas-
exchange) region of the lungs (7).
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nanoparticles (e.g., <10nm) (9) and of charged particles including nano-
particle sizes (22).

Clearance and Retention of Nanoparticles in Human Lungs

Limited human data are available on the clearance and retention of inhaled
particles and fibers. Recent studies have measured the short-term retention
of nanoparticles based on low dose, short-term exposure to radiolabeled
carbon nanoparticles (“Technegas”; ~25-100 MBq dose achieved in a few
breaths). Most of the deposited nanoparticles remained in the lungs up to
two days following exposure, although the measured amount varied (~65%
at 24 hours (20); 95% at six hours (23); 99% at 46 hours (24)). These studies
did not find evidence for the rapid translocation of nanoparticles to the
blood circulation or accumulation in the liver, as had been reported earlier
(25). The findings of the Nemmar et al. study (25) may have been influenced
by the instability of the radiolabel-nanoparticle complex (20,24).
Long-term clearance and retention data of nanoparticles in humans
are not available. For larger, respirable particles (~1-5um), the long-term
retention half-time in humans is on the order of months to years (7). Human
studies of retained particle dose are rare, and coal miners have been the most
studied. One study of coal miners found black pigment in liver and spleen
tissues, and the amount of pigment was associated with both lung disease
severity and years worked in coal mining (although no pigment-related
pathology was observed in these nonpulmonary organs) (26). This study
suggests that both lifetime cumulative exposure and lung disease status can
influence the translocation of particles into the blood circulation—even for
larger (micrometer size) coal particles. Another possible route by which
particles can enter the blood circulation is via the digestive tract (e.g., from
ingestion of particles following mucociliary clearance from the lungs).
Particle characteristics (e.g., surface reactivity) can also influence the
disposition of inhaled particles. Tran and Buchanan (27) showed that
respirable quartz, which is cytotoxic, was cleared less effectively from coal
miners’ lungs and was transported more readily to the lung-associated
lymph nodes than was coal dust, which has relatively low inherent toxicity.

Translocation of Nanoparticles in Rats

Studies in rats have shown that nanoparticles can enter the blood circulation
and translocate to nonpulmonary organs. This translocation appears to be
influenced by the particle dose; particle size; and chemical composition.
Oberdérster et al. (14) showed significant accumulation of '*C nanoparticles
in the liver of rats within 18 and 24 hours of inhalation. At the higher dose
of 180 ug/m?, increased '*C was detected in the rat liver within 0.5 hour of
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exposure, but not until 18 hour at the 80 ug/m> dose. In contrast to °C
nanoparticles, iridium nanoparticles had very low translocation from the
lungs (15). The "*?Ir in the blood was close to the level of detection and had
very low accumulation in other organs (<1%); yet, the fraction of the 15-nm
nanoparticles translocating to other organs was nearly 10 times greater than
that for the 80-nm particles—indicating that smaller nanoparticles are more
easily transported from the lungs (15). Geiser et al. (17) observed the rapid
translocation of titanium dioxide nanoparticles from the lungs in rats;
within one hour after inhalation, 24% of the nanoparticles were observed
within and beyond the epithelial cell barrier of the lungs, including within
blood capillaries and red blood cells.

Limited data are available on the long-term clearance and retention of
nanoparticles in rat lungs. Semmler et al. (28) reported similar long-term
retention of iridium nanoparticles compared to micrometer-size particles.
Kuempel et al. (29) found that the long-term retained lung burdens of
ultrafine and fine titanium dioxide, carbon black, and diesel exhaust
particles in rats were similar to those predicted from several rat lung
dosimetry models. While these studies suggest that the long-term clearance
of respirable particles may be similar for micrometer- and nanometer-size
particles, they do not explain the systemic translocation observed in short-
term studies of nanoparticles (14,15) or the potential role of particle
characteristics in addition to size.

Biological Mechanisms of Nanoparticle Disposition

Our understanding of the mechanisms of particle clearance and retention
comes largely from animal studies. Nanoparticles have been shown to be
less effectively phagocytized by alveolar macrophages than larger
respirable particles (30,31). Nanoparticles are also taken up and retained
in the lung interstitium to a greater extent (32-34). If the epithelium is
damaged, such as by pulmonary inflammation, particles can more easily
penetrate the lung epithelial barrier (35). A possible mechanism for the
adverse cardiovascular events associated with increased particulate air
pollution in human studies (36) may be related (either directly or
indirectly) to combustion-derived nanoparticles through inflammatory
and prothrombic processes (4).

Nanoparticles that deposit in the nasal region in rats have been shown
to translocate to the brain via olfactory and trigeminal nerve axons (13,37)
and have been associated with inflammation in specific brain regions (37).
Nanoparticles have also been shown to localize in or near cell organelles,
including mitochondria and nuclei, and have been associated with oxidative
stress and cell damage (16,17). The extent these pathways and processes may
occur in humans exposed to nanoparticles is not known.
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Use of Lung Dosimetry Models in Risk Assessment

Several chronic inhalation studies of nanoparticles (poorly-soluble ultrafine
particles) in rats provide quantitative dose-response data that can be used to
develop initial risk estimates for nanoparticles. The steps to using animal
inhalation bioassay data in developing quantitative risk estimates include (29):

1. Select the animal model, dose metric, and disease response.

Analyze the dose-response relationship (e.g., statistical model) and
estimate the internal dose associated with a specified risk of disease
(target dose).

3. Extrapolate the target dose from animals to humans (e.g., normalize on
lung mass or lung surface area)—assuming equal response to equivalent
doses (if no data otherwise).

4. Determine the human-equivalent airborne exposure concentration and
duration associated with the target lung dose (e.g., using a human lung
dosimetry model).

This approach is illustrated in Fig. 1. It has been used in quantitative
risk assessment of occupational exposure to poorly-soluble particles
(ultrafine or fine titanium dioxide, ultrafine carbon black, diesel exhaust
particulate) (29). Two current human lung dosimetry models (8,9) were used
to estimate the working lifetime exposure associated with the lung doses
identified in the rat dose-response modeling. Although all the particles
analyzed are considered to be poorly-soluble with low inherent toxicity (38),
the rat-based lung cancer risk estimates were higher for the ultrafine
particles compared to the same airborne mass concentration of fine particles
(29). This finding reflects the greater pulmonary inflammation and lung
tumor response that have been observed in rats exposed to nanoparticles
compared to an equal mass of larger particles of similar composition. Other
dose metrics including particle surface area (39,40) or particle size and
volume (41) have been shown to better predict these adverse responses to
either nanoparticles or larger respirable particles in the rat lungs.

ISSUES AND CHALLENGES TO NANOPARTICLE DOSE
ESTIMATION IN HUMANS

In the absence of human data, animal models are often used in risk
assessment (as described above). One of the major challenges in using
animal data is extrapolating from animals to humans. It is often not clear to
what extent observed differences in dose and response are due to qualitative
versus quantitative differences across species. For example, rat studies have
shown that nanoparticles can translocate from the lungs to the blood
circulation and other organs (14,15,17), while most of the human studies of
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Figure 1 Schema for using rodent exposure-dose-response data and biomathema-
tical models in risk assessment of nanoparticles. The steps are as follows: The
internal dose associated with an adverse effect is estimated from rodent data using a
dose-response model. The target dose is extrapolated to humans by normalization
(e.g., equivalent dose per unit of tissue mass, volume, or surface area). The rodent
dose-response relationship is also extrapolated to humans, typically by assuming
equal response to an equivalent dose in both species if no other data are available. A
human PBPK or dosimetry model is used to estimate the exposure scenarios
(concentration and duration) that are expected to lead to the target dose in a given
population (by age, exercise level, breathing pattern, etc.). Alternatively, if human
exposure data are available, then the internal dose can be predicted and evaluated
with the dose-response model in rodents (or humans, if available) to estimate the
associated disease risk. Also, if a rodent study does not include internal dose data, a
relevant PBPK model could be used to estimate it. Abbreviations: PBPK,
physiologically-based pharmacokinetic model (also called dosimetry model); PD,
pharmacodynamic model.

short-term exposure to carbon nanoparticles have not (20,23,24). From
these studies alone it is not possible to determine whether the differences are
qualitative (e.g., nanoparticles do not translocate across human lung
epithelium into the blood, but do so in rats); quantitative (e.g., translocation
is dose-dependent and the doses in humans were too low or of too short a
duration to detect an effect); or some combination (e.g., various trans-
location processes exist and operate to different extents across species). A
challenge for dosimetry modeling of nanoparticles is to determine what
physical and biological factors allow nanoparticles to translocate beyond the
lungs (e.g., by blood circulation or axonal transport) and at what rates in
humans and animals, since these pathways and processes are not considered
in the current particle and fiber lung dosimetry models.



148 Kuempel

Additional challenges to estimating nanoparticle dose relate to both
general model validation issues and nanoparticle-specific issues (Table 1).
Many biomathematical models of particle and fiber deposition and clearance
have been developed in rodents and humans; however, before such models
are extended to nanoparticle-specific processes, evaluation of the model
structure and validation is needed. Harmonization of the various respiratory
tract models and features would help to reduce uncertainties pertaining to
model structure. A major limitation in any of these investigations is the
sparse human data. New tools and techniques are promising to provide
alternative approaches to obtaining useful data. For example the use of
human lung casts with simulated air flow allows measurement of fiber
deposition fractions (42), a technique which could be applied to nanoparticles
of varying size and shape. New applications of labeling techniques to
nanoparticles (e.g., using gold-label or quantum dots) are also promising for
detecting and quantifying nanoparticles dose in the body in experimental
animal studies (43). In vivo and in vitro studies can also provide the scientific
basis for determining the appropriate dose metric (e.g., particle mass,
number, surface area) (39) to predict exposure, dose, and response relation-
ships for nanoparticles in animals and humans. Collaboration among
biomathematical modelers and experimental scientists is critical to identify-
ing and filling data gaps for improved model development and prediction of
nanoparticle dose in humans. As with any biomathematical modeling,
additional challenges include determining the sensitivity of the model
predictions to alternative assumptions and parameter values, and accounting
for population variability in key parameter values (44).

The development and validation of human lung dosimetry models for
nanoparticles would provide an improved tool for risk assessment, by
reducing uncertainty in estimating what exposures are likely—or unlikely—

Table 1  Challenges and Data Needs for Estimating Nanoparticle Dose in Humans

Validation of Current Lung Models Extension of Models for Nanoparticles
Harmonize the various respiratory Include pathways for particle
tract models translocation beyond the lungs
Validate model predictions by particle Identify uptake by routes other than
size and type inhalation
Evaluate and validate extrapolation Determine appropriate particle dose
methods from animals to humans metric (e.g., surface area, mass, number)
Perform sensitivity analysis of model =~ Determine role of nanoparticle shape and
parameter values agglomeration
Include population variability in key Identify target tissues for nanoparticle
parameters and pathways disposition

Determine association between internal
dose and adverse biological responses
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to result in internal doses associated with adverse effects. Questions remain
concerning the adequacy of current lung dosimetry models to adequately
describe the inhalation and retention of nanoparticles. It is also not known
what exposures to nanoparticles occur in workers and whether the exposures
present a health concern. Given these uncertainties, research is needed to fill
the key data gaps to improve the risk estimates in workers, consumers, and
the environment. In the meantime, strategies are needed to minimize
nanoparticle exposures in workers producing or using these materials
(including engineering controls, work practices, and personal protective
equipment) (1,45,46).

CONCLUSIONS

Dose estimation is an important element in evaluating the potential toxicity
of nanoparticles and estimating the risk of exposure. The extent to which
current models and methods accurately predict the internal dose of
nanoparticles from occupational or environmental exposures is not fully
understood. Compared to larger particles, inhaled nanoparticles may
translocate within the body much more readily. They may enter previously
unrecognized pathways (e.g., olfactory nerve transport to the brain) and
retention sites in cells (e.g., mitochondria). Ingestion and dermal pathways
are potential routes of exposure to nanoparticles but have had limited study.
Studies to date suggest that the traditional focus on the lungs as the primary
route of exposure and target organ of inhaled particles will need to be
expanded to consider all the possible pathways and organs that may receive
nanoparticle doses. New experimental methods for tracking and measuring
nanoparticles dose in vivo provide potential tools for obtaining quantitative
dose data that are essential for dosimetry model validation and refinement.
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INTRODUCTION

Nanostructured materials including nanoparticles (NP) are generally defined
as having at least one dimension smaller than 100 nm (1). Ultrafine particles
are similarly defined as having diameters less than 100nm; the general
convention being that NP are manufactured or engineered materials in
contrast to incidental or natural ultrafine particles. NPs are of special interest
to the health effects researcher. They are not merely smaller forms of
particulate matter; they can profoundly differ in their toxicological proper-
ties from fine-sized respirable particles, i.e., particles between 0.1 and 2.5 um
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in size. For example, fine-sized respirable TiO, particles are typically inert
when studied in vitro and in vivo and are typically used as particle negative
controls; while in contrast, nanoparticulate TiO,, when used in animal model
inhalation studies, causes lung injury (2). The basis for change in health
effects associated with decreasing particle size is not necessarily size per se.
There are other physical factors that change very strongly with decreasing
particle size: one is particle number per unit mass; another is specific surface
area (surface area per unit mass).

Because of their submicrometer sizes, NP or ultrafine particles have
high specific surface areas. For example, ultrafine diesel exhaust particulate
materials (DPM) can have specific surface areas in the range of 100 to
1000 m?/g, in contrast to many fine-sized mineral dusts with values in the
10 m?/g range. In some cases, ultrafine particle surface area has provided an
effective metric-relating exposure and response: TiO» ultrafine particles and
carbon black dust were active for tumor induction in the rat with toxicity
increasing with dust surface area (1). And surface area in some cases
provides a measure of comparability between different ultrafine dusts,
e.g., for some clearance or inflammation processes in vivo (3).

However, not all respirable particulate materials are equally toxic when
concentration or exposure dose are normalized by surface area. The
composition or structure of the particle surface can greatly affect toxicity.
For fine-sized respirable particles, surface structural properties which are
submicrometer or ultrafine in dimension can be determinants of health
hazard and disease risk. For instance, unexpected morbidity and mortality in
the workforce of a hard metal fabrication plant using a new process were
related to subtle surface structural features of the generated fine respirable
dusts: ultrathin cobalt coatings on the tungsten carbide particles were
strongly catalytic in aqueous media for toxic reactive oxygen species
generation (4-6). Anomalous differences in silicosis risk between two worker
cohorts in China, identified in a 20,000 worker medical registry, were largely
resolved by quantitatively normalizing exposures to respirable silica dust that
was free from submicrometer aluminosilicate surface contamination (7-9).
Such surface ultrafine structural effects on health hazard, albeit for fine-sized
respirable particles, suggest the need for a thorough characterization of
surface physicochemical and toxicological properties of new NP respirable
materials with their very large specific surface areas.

Expression of toxic activities associated with respirable particle
surfaces can be significantly modified by the initial interaction of particles
depositing in the acinar region of the lung. After inhalation, the first contact
of respired particles is with the lung’s rich surfactant-coated hypophase
lining of the air-tissue interface of the alveoli or respiratory bronchioles.
Insoluble particles can adsorb components of that pulmonary hypophase
surfactant, resulting in fundamental changes in the particles’ biological
disposition and expression of toxicity. In vitro toxicology studies can be
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designed to retain particle surface structure and composition and to model
the conditioning of those surfaces upon particle deposition in the deep lung
in order to analyze consequent effects on toxicity. Ultrafine or fine respirable
particulate materials have been dispersed into phospholipid components of
lung surfactant as preparation for in vitro cytotoxicity and genotoxicity
studies. Pragmatically, this overcomes laboratory handling problems innate
in attempting aqueous system preparations of insoluble hydrophobic
particulate materials, by permitting their dispersion in a physiologically
reasonable manner. More profoundly, this provides a model of their surface
conditioning as would occur upon deposition in the lung; of their in vivo
biological availability; and of potential nanostructural synergisms for the
expression of surface-associated toxicant activity. Some in vitro studies of
phospholipid surfactant-conditioned ultrafine or fine respirable particles are
reviewed here to illustrate testing procedures and their limitations for
identification of NP toxic activities and potential respiratory hazard.

LUNG SURFACTANT AND INSOLUBLE RESPIRABLE PARTICLE
IN VITRO TESTING

Lipid and lipoprotein surfactants synthesized and secreted by pulmonary
alveolar II cells coat the air interface of the hypophase surface of the deep
lung. Phospholipids constitute about three-quarters of the mass of
pulmonary surfactant, with diacyl phosphatidylcholines (DAPC) account-
ing for over half of them (10,11). When spread upon the aqueous—air
interface, phospholipids lower surface tension about 50-fold, down to the
order of 1dyne/cm; and they make surface tension a function of surfactant
surface concentration, closely modeling those physiologically important
properties of the pulmonary alveolar hypophase (12). A specific DAPC,
dipalmitoyl phosphatidylcholine (DPPC), dispersed into physiologic saline
has been used frequently as a simple model of lung surfactant in physiology
studies; and more complex mixtures derived from animal lung lavage
containing DAPC have been used in research, and have been used clinically,
e.g., as therapy for infants’ respiratory distress.

Hydrophobic or hydrophilic respirable fine or ultrafine particles can
adsorb components of lung surfactant from aqueous dispersion. That results
in prompt modification of the expression of some particle surface-associated
toxicities; and subsequent cellular enzymatic digestive processing of that
particle surface-adsorbed surfactant can determine the evolution of a
particle’s expression of toxicity. These surfactant interactions can significantly
affect the biological availability or activity of particle-surface-borne toxicants
or surface chemical functional groups. Such particle surface— surfactant
interactions have been researched to address two general concerns for
respirable particulate material toxicity: (1) the question of the physiological
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significance and interpretability of conventional in vitro assays of diesel
exhaust or other hydrophobic ultrafine particulate genotoxicants as conven-
tionally performed on organic solvent extracts of collected DPM; and (2) the
question of the failures of in vitro cytotoxicity assays to predict and distinguish
pneumoconiosis hazard of fine-sized respirable mineral dusts.

Genotoxicity of Ultrafine Diesel Exhaust Particulate Materials

Diesel exhaust has been evaluated to be a potential or probable human
carcinogen by the Centers for Disease Control and Prevention—National
Institute for Occupational Safety and Health (13), the International Agency for
Research on Cancer (14), and the U.S. Environmental Protection Agency (15).
DPM is ultrafine carbonaceous hydrophobic particulate material, frequently
containing complex polycyclic aromatic hydrocarbon (PAH) compounds
which, separately, are known carcinogens, and sometimes containing a number
of proven toxic species, including polar hetero- and polycyclic aromatics,
radical species, entrained metal species, and other organic species (16). Being
hydrophobic and insoluble in water, DPM typically have been prepared for
chemical study or in vitro bioassay by dissolution and extraction in organic
solvents. It has long been observed that in vitro genotoxic activities are
expressed by organic solvent extracts of some filter-collected DPM, e.g., using
acetone or dichloromethane (DCM) solvent (17-24). In vitro mutagenicity of
solvent extract of DPM can vary systematically with operating conditions for a
given engine, e.g., with engine speed, torque, and fuel (25).

One question of the role of DPM genotoxicants for in vivo tumor-
ogenicity is this: are hydrophobic particle-borne genotoxicants biologically
available for activity under conditions of particle deposition in the lung?
Testing organic solvent extracts of DPM does not provide, a priori, a
physiologically reasonable model of genotoxicant biological availability from
intact DPM particles deposited in the lung aqueous hypophase. It was found
that attempting to extract DPM with principal components of lung surfactant
released few or no organic genotoxicants from the particles, and the surfactant
extract expressed little or no in vitro genotoxic activity (26-29). That is, the
hydrophobicity of the organic genotoxicants carried by the carbonaceous
DPM particles prevented their extraction or release from the particles under
conditions modeling their deposition on the surface lining of the deep lung.

Instead, a different paradigm—distinct from an extraction mecha-
nism—was observed that could result in biological availability and activity of
hydrophobic ultrafine particle-borne genotoxicants: if DPM were simply
mixed into aqueous phospholipid surfactant dispersion, then the resultant
dispersion expressed genotoxic activity in vitro. Those activities were shown
to be associated with the nondissolved but surfactant-dispersed particulate
phase material (29-34). That is, phospholipid surfactant adsorbs to the DPM
surface, providing a hydrophilic coating, and permitting dispersion of the
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surfactant-coated DPM as particles in aqueous media; and those particles
can express genotoxic activities.

Such dispersion of DPM into components of lung surfactant in part
models possible in vivo particle surface conditioning, disaggregation, and
particulate-bound toxicant bioavailability, while avoiding the destruction of
particle size, structure, and compositional properties that would result from
organic solvent extraction of DPM. Surfactant dispersion also provides a
convenience in preparatory handling of DPM for aqueous in vitro test
systems or in vivo studies using instillation of collected NP materials.

The basis for the ability of DPPC to disperse DPM or other hydrophobic
particles is the combination of hydrophobic and hydrophilic moieties of the
DPPC molecule. One end of the molecule consists of hydrophilic choline and
phosphate: a trimethyl ammonium cationic group is bound through a two-
carbon chain to an acidic phosphate, forming a zwitterionic dipole and
providing a hydrophilic end of the molecule. The phosphate then is esterified
to the first carbon of a glycerol, which is esterified at the other two carbons to
two long-chain fatty acid residues; palmitate in the case of DPPC. These
provide two hydrophobic, lipophilic long tails to the molecule. When
dispersed into aqueous media, the phospholipid molecules aggregate into
multimolecular structures such that the hydrophilic zwitterionic head groups
of the molecules are oriented to face into the surrounding water, while the
hydrophobic fatty acid tails cluster among themselves, minimizing contact
with water or with the hydrophilic heads of other phospholipids. This gives rise
to spherical or lamellar structures made up of bilayers of surfactant molecules.
The zwitterionic head groups are on the outer aqueous-side surfaces of the
bilayer, with the lipid tails “sandwiched” between in order to minimize
hydrophobic lipid tail contact with water. This structure also is the general
basis for the bilayer phospholipid underlying all cell membrane structure.

Dry, waxy DPPC can be dispersed into aqueous media by ultrasonication,
forming a pale milky and relatively stable dispersion. When dry or oily filter-
collected DPM is mixed into this aqueous DPPC dispersion then the
agglomerates of soot particles are observed to disperse. The DPM is “solu-
bilized,” that is, dispersed as small surfactant-coated particles, rather than
dissolved. In this state, long-chain lipophilic/hydrophobic tails of the DPPC
molecule associate with the organic DPM particle surfaces, while the zwitterionic
hydrophilic trimethyl ammonium and phosphate head of the DPPC molecule
orients outward to face the surrounding aqueous medium. A simplified picture is
that of a DPM particle as a tar “pin-cushion” covered by DPPC soap molecule
“pins” with their tails adsorbed to the tarry DPM particle and their heads
oriented outward, providing a hydrophilic outer coating, in turn permitting the
structure to act as a water-wet but nondissolved particle, which disperses in
water. Filter-collected DPM mixed into an aqueous DPPC dispersion then can
challenge cells effectively to express genotoxic activities for mammalian cell
DNA and clastogenic damage, as well as for bacterial cell mutagenicity.
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Order of magnitude estimate of the amounts of DPPC needed to fully
disperse DPM or other ultrafine or NP material, and so to permit bioassay
of full activity, can be estimated from the specific surface areas of the
particulate materials. For fine mineral particulate matter a measure was made
of the amount of DPPC mass adsorption per unit dust surface arca as
necessary to fully passivate the membranolytic toxicity of two silicate dusts
(see below). Using that so-derived value of about 5 mg DPPC/m? surface area
as an approximate general measure independent of particle composition, then
ultrafine particles with specific surface areas of 100 to 1000 m?/g would
require, respectively, on the order of 500 mg DPPC to 5000 mg DPPC/g of
particulate material. As a caveat to this estimate for hydrophobic NP
materials: the minimal coating may be a monolayer of DPPC for hydrophobic
particles, e.g., diesel soot, in contrast to a bilayer for mineral dusts. On the
other hand, if the sample is collected on a filter from the acrosol state or
otherwise aggregate collected, then agglomeration in the sample may require
surfactant multilayers for physical disaggregation to proceed to completion.
Bacterial mutagenic activity was measured versus DPPC concentration for
three concentrations of DPM from a diesel truck exhaust-pipe deposit over a
range from 1/1 to 10/1 mass ration DPPC/DPM. At any DPM concentration
the mutagenic activity increased with DPPC concentration up to a DPPC/
DPM ratio of about 7/1, i.e., 7000 mg DPPC/g DPM (29).

In Vitro Genotoxicity Assays of DPM Dispersed in Surfactants

In vitro genotoxic activities have been compared on organic solvent
extraction versus surfactant dispersion preparations of parallel DPM
samples. Several assays were performed upon DPM that had been filter-
collected from the exhaust of a 1980-commercial 5.7 liter V-8 diesel engine
operated on a dynamometer test stand under a Federal Test Procedure urban
duty cycle, the material graciously supplied by the Lovelace Inhalation
Toxicology Institute. Organic solvent extraction was prepared by dissolution
of DPM in DCM or acetone and evaporative exchange into dimethylsulf-
oxide (DMSO). In some experiments, DMSO was used as the organic solvent
for extraction. For the surfactant dispersion sample, the surfactant was
prepared by ultrasonically dispersing DPPC into physiological saline
solution (PSS); then DPM was mixed (not sonicated) into that dispersion.
The Ames Salmonella typhimurium histidine reversion assay was used for the
detection of gene mutation in bacteria. The assays for mammalian cells
include sister chromatid exchange (SCE), micronucleus induction (MN),
unscheduled DNA synthesis (UDS), chromosomal aberration (CA), gene
mutation, and the single cell gel electrophoresis for single- or double-strand
DNA damage. These comparison studies have been recently reviewed (35).

Both solvent and surfactant total preparations showed positive activity
increasing with DPM concentration, for gene mutation in S. typhimurium
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TA98 without microsomal S9 activation, with the 1980-engine soot some-
what more active as a surfactant dispersion compared to its preparation in
DMSO. The extract of the solvent preparation was mutagenic, while the
particulate residue of the solvent extraction was not. For the surfactant
preparation of the DPM, the dispersion of whole DPM into surfactant was
mutagenic, while its filtrate was not. When the surfactant-dispersed DPM
was centrifuged rather than filtered, then some mutagenic activity was
expressed by the supernatant suggesting a very fine particulate-active
fraction, which could be filtered out but not centrifuged out of the surfactant
dispersion (29-31).

The Chinese hamster pulmonary fibroblast-derived cell line (V79) was
used for the SCE and UDS assays. Both DMSO organic solvent and DPPC
surfactant dispersion total preparations of the 1980-diesel DPM expressed
comparable activity, increasing SCEs with DPM concentration. Induction of
SCE activity was found to reside in the supernatant fraction of the DMSO
solvent-extracted samples, and in the sedimented (particulate) fraction for
DPPC surfactant-dispersed samples (31). Usinga DPM collected from a diesel
truck exhaust-pipe deposit, both DPPC surfactant dispersion and DMSO
solvent total preparations were active for the induction of SCE, with the
DMSO solvent preparation about twice as strong as the surfactant
preparation (30). Both DPPC dispersion and DMSO solvent preparations
of the 1980-diesel DPM were also active in the UDS assay with the dispersion
preparation about 50% stronger per mass of soot extracted. Induction of UDS
was found in the supernatant fraction of the DMSO-extracted sample and in
the sediment (particulate) fraction of the surfactant-dispersed sample (33).

In the study of MN induction in V79 cells by the 1980-diesel DPM,
samples in DMSO solvent or DPPC surfactant preparation showed
increasing positive concentration-response activity with the surfactant
preparation about twice the strength of the solvent preparation. For CA
induction by the same DPM and cells, DPPC surfactant-dispersed DPM
was active, increasing with DPM concentration; CA comparison was not
made with solvent extract samples. The 6-thioguanine-resistant gene
mutation assay for a forward gene mutation using this DPM and V79 cells
did not show a significant positive response as either DMSO solvent or
DPPC dispersion preparations (34). In a separate MN study of the same
DPM, the DPPC surfactant sediment and DMSO supernatant of
preparations were comparably active in Chinese hamster ovary (CHO)
cells; however, in V79 cells the DMSO solvent extract was active while the
DPPC surfactant sediment was only marginally active (32). In contrast, MN
assay of a National Institute of Standards and Technology standard DPM
obtained from a fork-lift diesel exhaust expressed significantly greater
activity for DPPC surfactant sample preparation versus that expressed by
acetone solvent extract of an equal mass of soot. The same sample showed
similar behavior of heightened activity for surfactant-dispersed particles in



160 Wallace et al.

single cell gel electrophoresis assay for single- or double-strand DNA break;
but both preparations were comparably active in YG1024 bacterial
mutagenicity assays (36). That is, in this case there appeared to be a
synergistic increase in mammalian cell genotoxic activity for genotoxicants
carried by ultrafine particles.

Surfactant Effects on Mineral Particle Toxicity

Fine-sized respirable mineral particle surface interactions with pulmonary
surfactants significantly affect the dusts’ expression of toxicities in vitro; and
those findings can provide some semiquantitative design information for
similar studies of ultrafine or NP respirable materials. Respirable fine-sized
crystalline silica dust, e.g., quartz dust, is an exposure agent for pulmonary
fibrosis; and it is promptly cytotoxic or membranolytic in numerous short-
term in vitro bioassays (37). However, in vitro cellular bioassays cannot be
used with specificity to distinguish quartz-associated fibrosis hazard in many
mixed dusts. That is because it was found that kaolin dust, a common
aluminosilicate clay dust, is as cytotoxic as quartz dust (38), despite the fact
that kaolin dust exposures are associated with only limited risk of
pneumoconioses in contrast with quartz dust (41-43). The two dusts
expressed comparable in vitro cytotoxic activities on a surface area basis, as
measured by mammalian cell release of lactate dehydrogenase (LDH) and
lysosomal enzymes or by erythrocyte membranolysis (38—40). This fails to
distinguish the strong pathogenic potential of quartz dust for fibrosis from
kaolin dusts’ far weaker hazard.

In vitro investigations of possible bases for the anomaly of equal
cytotoxicities but different disease risks found that dust surface adsorption
of components of lung surfactant can be prophylactic against otherwise
prompt cytotoxic activities of both quartz and clay dust; and subsequent
cellular enzymatic processes can modify that prophylaxis and permit
expression of particle surface toxic interactions, in some cases with mineral
specificity. Respirable particles can be conditioned by pulmonary surfac-
tants (44). Adsorbed phospholipid can suppress silica particle cytotoxicity
(45,46). Kaolin can adsorb surfactant (47) with suppression of membrano-
lytic and cytotoxic activity in a number of short-term in vitro bioassays (48).
That is, short-term in vitro assays of native quartz or kaolin dusts provide a
“false-positive” prediction for native kaolin dust; but they result in a “false-
negative” prediction for quartz dust when the dusts are surfactant-coated.

Assays of membranolytic activity versus adsorption of DPPC
surfactant indicate that the amount of DPPC needed for full suppression
of toxicity of quartz or kaolin dusts is proportional to the dust surface area.
It was found that about 4 to Smg DPPC adsorbed per square meter of
quartz surface and about 5 to 6 mg DPPC adsorbed per square meter of
kaolin surface were the minimum amounts needed to provide complete
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prophylaxis of otherwise prompt membranolytic activity (40,49,50). For
comparison, a computational model of the surface area of DPPC at the
aqueous interface of a bilayer suggests a value of about 62 square angstroms
per molecule, which would be about 4mg DPPC per square meter for a
bilayer (51).

Significant quartz dust fibrogenic activity is observed following in vivo
animal model or human exposures, suggesting loss with time of the
surfactant prophylaxis. Cellular lysosomes contain enzymes, which digest
components of pulmonary surfactant, including phospholipases. Quartz or
kaolin dusts passivated by surface-adsorbed DPPC can be taken into the
cell, e.g., by phagocytosis, and subjected to phagolysosomal phospholipase
activity. In some cases the dust particles can be subjected in the extracellular
environment to phospholipase released by cells.

In acellular studies, dusts were incubated in DPPC dispersion, rinsed
to remove loosely held surfactant; and then were incubated with three
different levels of porcine pancreatic neutral pH-optimum phospholipase A2
(PLA2). DPPC and lysolecithin remaining adsorbed and erythrocyte
membranolytic activity of the preparations were measured at times out to
72h of PLA2 incubation. Half the DPPC was rapidly hydrolyzed to
lysolecithin within the 1-h first time point; and the second half of the DPPC
was digested much more slowly, and with mineral specificity. Kinetics of the
cell-free process were well-modeled mathematically with a two-exponential
function for DPPC remaining adsorbed with time under enzymatic
digestion; the exponential rate constant was fivefold greater for removal
of DPPC from quartz than from kaolin. Membranolytic activity of the dusts
was restored in parallel with the removal of the DPPC (50,52).

The same free energy considerations responsible for phospholipid
bilayer conformation in cell membranes also suggests that DPPC surfactant
is adsorbed to some hydrophilic-surfaced mineral dusts as such a bilayer,
with one surface of the bilayer in contact with the particle mineral surface,
and the other side oriented to the surrounding aqueous medium. PLA?2
hydrolyzes the ester linkage of the fatty acid at the middle carbon of the
glycerol moiety that links the hydrophilic “head” of the molecule to the two
long-chain fatty acid hydrophobic “tails.” The rapid loss of half the
surfactant from both dusts, the slower removal of the second half, and the
mineral specificity for the rate of digestive removal of the second half of
the surfactant can be modeled as enzymatic digestion of an adsorbed bilayer
of surfactant: A surfactant bilayer remains on the particle after DPPC
incubation and rinsing. Subsequent incubation with PLA2 permits rapid
hydrolysis of the outer aqueous-side face of the bilayer. The inner DPPC
layer, in direct contact with the mineral surface, is digested more slowly due
to more restricted access of the PLA2 enzyme. The mineral-specificity of the
rate of enzymatic digestion of the second half of the adsorbed surfactant
suggests a further mineral-specific hindrance to activity of the PLA2 for the
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DPPC in contact with the particle mineral surface. The silica surface consists
of silanol groups with their surface hydroxyls weakly acidic. The kaolin
surface has both silanol and aluminol groups; and the surface aluminol
hydroxyl groups are weakly basic or amphoteric. Thus, different inter-
actions can occur on the surfaces of the two dusts with differences in
the strengths or conformation of the adsorbed DPPC. The additional
aluminol groups on the kaolin surface provide sites distinct from the quartz
surface for interactions e.g., with DPPC phosphate or carbonyls.
Consequent mineral-specific steric hindrance to PLA2 enzymatic activity
and rates of digestive removal of prophylactic DPPC could then result
in distinct rates or levels of expression of particle toxicity. There is limited
infrared and nuclear magnetic resonance spectroscopic data indicating
quartz versus kaolin mineral-specific differences in the adsorption of
cationic trimethylammonium at the hydrophilic end of the DPPC
molecule and of the phosphate near the carbonyl ester bonds in the
DPPC (49,52-56).

Quartz or kaolin loss of adsorbed surrogate lung surfactant has been
measured for cellular systems. Silica dust preincubation with a commercial
multicomponent surrogate lung surfactant derived from bovine lung
surfactant was used for in vitro challenge of lung macrophages lavaged
from male Fischer 344 rats. It protected cell viability at 1h; but the
prophylaxis was significantly reduced at 24 h. Preincubation with Survanta
of a high dose of silica instilled in vivo in the animals resulted in significant
reduction in biochemical and cellular response parameters in bronchiolar
lavage at 1 day but not at 14 days after challenge (37,57). Digestion of C-13
radiolabeled DPPC on quartz or kaolin after in vitro challenge of the
P388D1 macrophage-like cell line found half the surfactant was digested for
both dusts in the first 3 days; and approximately half of that remainder was
digested at 9 days for both dusts. That is, no mineral specificity was seen for
this system with cellular acidic phagolysosomal digestion conditions. In
addition to digestion within the cell, phospholipase exudate of the cells was
identified, which was active at pH 7 but not at pH 5 in the extracellular
medium. Incubation of the DPPC-coated dusts with cellular-conditioned
culture medium containing this pH-neutral phospholipase resulted in
digestion of DPPC on quartz at the same rates effected by cellular digestion;
however, half of the original amount of DPPC remained undigested on the
kaolin after 14 days (58). In vitro cellular digestion was measured over 7
days for a fluorescent probe-labeled analog of DPPC from quartz and
kaolin dust by pulmonary macrophages lavaged from male Fischer 344 rats.
No difference was observed between quartz and kaolin for the decay of
fluorescence intensity from labeled surfactant on cell-ingested particles;
a single exponential fit was fit with a T, of about 40 h for both dusts (59).
A similar fluorescent-labeled phospholipid preparation of quartz and kaolin
dust was used to challenge alveolar macrophages lavaged from
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Sprague-Dawley male rats. Quantitative fluorescence microscopy of label
intensity on particles within cells at times from 1 to 10 days showed two
exponential behavior with half or more surfactant removed at 1 day; and
loss was more rapid from quartz compared to kaolin (60).

A SUMMARY OF METHODS AND CAVEATS

Different genetic endpoints in bacteria and in mammalian cells all showed
genotoxic activity for DPM dispersed into DPPC surfactant for cases where
the DPM also express activity as solvent extract. The activities in surfactant
dispersion were associated with the nondissolved particulate phase material
that were coated and solubilized, i.e., given a hydrophilic coating, by a
major component of lung surfactant. In this way, DPM inhaled into the
lung may be made bioavailable by virtue of the solubilization and dispersion
properties of pulmonary surfactant components. This suggests that other
insoluble hydrophobic ultrafine or NP materials depositing in the deep lung
may effectively carry and deliver genotoxicants as particulate phase
materials, which can there express their genotoxic activities as lung
surfactant-dispersed particles.

In vitro assays, in general, are inexpensive and useful test systems for
detection of genotoxic agents and potential carcinogens. Surfactant
conditioning appears to permit the extension of such in vitro bacterial and
mammalian cell testing to insoluble NP materials. DPM studies indicate
dispersion in phospholipid surfactant of 5 to 10mg DPPC/m? particulate
material surface area can permit full expression of genetic toxicity in
mammalian cell assays. In vivo, pulmonary surfactant is well in excess of
amounts needed to provide such adsorption and solubilization of respired
NP. By calculation from the amount of lavagable lung surfactant from the
rat of about 7 ug phospholipid per mg dry lung weight (61), and the half life
time of surfactant replacement of about 14h (12), lung surfactant is in
sufficient quantity to disperse some 100 times or more of the DPM that
would be respired per workday under occupational exposures at the NIOSH
recommended exposure limit of 0.05mg DPM/m> (34).

A concern for the interpretation from in vitro genotoxic activity to
disease risk, including the case of surfactant-dispersed DPM, is that DPM
induction of lung tumors in animal models has been reported for conditions
of “particle overload” exposures rather than under conditions representative
of occupational exposures (62-64). Conditions of in vitro cell challenge
leading to induction of genotoxic activities have usually been at DPM-to-cell
concentrations far exceeding doses estimated for 1 day of exposure at the
NIOSH recommended DPM exposure limit (13). However, incomplete lung
clearance or sequestration of DPM within pulmonary cells can lead to
increasing lung loads of DPM with increasing exposure times. This has been
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observed in inhalation exposures of the rat to 0.25 to 6mg DPM/m? of air,
which resulted in residual lung burdens after 7 to 112 days of 0.2 to 12mg
retained DPM (65). These would be modeled for in vitro study by
concentrations in the range of 1 to 10 ug DPM/cm?® of plated cells, which
are within concentrations used for in vitro mammalian cell studies of
surfactant-dispersed DPM showing clastogenic and DNA damage (34).

Short-term in vitro cytotoxicity assays fail in the simplest comparison
of quartz versus kaolin dusts to predict the great difference seen in vivo,
e.g., for pulmonary fibrosis. In vitro assays for cytotoxicity risk false-
positive interpretation for native particles and false-negative interpretation
for surfactant-treated particles. Research implicates but does not clearly
establish digestive removal of particle-adsorbed surfactant as a basis for
distinguishing mineral-specific expression of toxicity that predicts disease
risk with specificity. In vitro cellular systems using phospholipid surfactant
and phagocytic cell systems are limited in several ways.

Firstly, DPPC is a limited model of lung surfactant. Other surfactants
and other biological molecules are found in the lung alveolar hypophase;
and mineral specificity of level of prophylaxis or of rate of restoration of
toxicity may differ for them. Lipoprotein fractions of cell test system media
serum can reduce the expression of crystalline silica cytotoxicity (66—68),
with reactivation following trypsin digestion (69). Quartz and kaolin dust
prompt in vitro induction of LDH release from macrophage was suppressed
in 10% fetal bovine serum medium; however, quartz but not kaolin activity
was restored at 6 h (70-72). This cautions that short-term in vitro results can
be affected by assay system nutrients that are not necessarily representative
of in vivo pulmonary hypophase exposures. Some typical components of
nutrient serum, e.g., albumin, are increased in the alveolar hypophase by
in vivo acute inflammatory reactions causing increased permeability of the
microvasculature with transudation of plasma protein (73-75) into the lung
alveoli. Thus, nonmineral specific retoxification of surfactant-conditioned
particles by acidic processes in alveolar macrophages with subsequent
inflammatory response might evoke a secondary round of prophylaxis, by
plasma protein leaked into the alveolar hypophase interactions.

Secondly, the use of macrophage or phagocytic cell lines may not
well-model the phagolysosomal digestive processes for primary cells
involved in lung fibrosis. Some research has indicated that epithelial or
interstitial cells of the pulmonary alveolus rather than macrophages are the
target cells for silica dust-induced in vivo interactions that signal the
pulmonary fibroblasts to upregulate collagen synthesis and produce lung
fibrosis (76). Interstitial cells have pH neutral phagolysosomal conditions
(77), similar to the pH conditions of the cell-free PLA2 tests, in contrast to
lung macrophages and cell lines with pH acidic-optimum lysosomal
phospholipases. The difference in rates of surfactant removal and
restoration of dust toxicity seen for these in vitro macrophage-like cell
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systems with acidic phagolysosomal conditions for enzymatic digestion
does not appear sufficient to account for the differences of in vivo
induction of fibrosis between quartz and clay dusts.

That is, development of in vitro cytotoxicity assays for endpoints other
than genotoxic effects, e.g., for fibrosis, might require additional features to
better model in vivo conditions, including (1) the use of additional
constituents of the deep lung hypophase; (2) other cells or cell lines
representative of structural cells of the lung acinus; and (3) incubation times
consistent with rates of cellular metabolic processing of NP surface-
adsorbed prophylactic biomolecules. Validity of resultant assays might then
be tested by complementary in vivo measures of labeled surfactant loss from
particles in tissue (60) correlated with histopathology measures of the onset
of fibrogenic activity.

Conventional in vitro cellular assays for first-tier screening of
potentially genotoxic compounds can be extended to ultrafine or NP
materials by surrogate lung surfactant solubilization of the particulate
sample, using adequate amounts of surfactant based on sample-specific
surface area, as demonstrated for diesel exhaust particulate samples. In vitro
cytotoxicity assays for particulate material performed without consideration
of surfactant conditioning of particle surfaces can give false-positive results
for the prediction of some lung disease, as demonstrated by aluminosilicate
kaolin dust samples. But in vitro cytotoxicity assays of surfactant-treated
mineral dusts require further development and validation to clearly
distinguish disease hazard with specificity, as seen in comparisons of quartz
and clay surfactant modified in vitro toxicities versus their in vivo fibrogenic
activities. In vitro short-term assays for genotoxic or cytotoxic activities by
ultrafine or nanoparticulate materials must be interpreted with caution until
such time as bioassay systems considering NP surface properties and
physiological conditioning are demonstrated to clearly distinguish respirable
particulate materials of known differing disease risk.

DISCLAIMER

The findings and conclusions in this report are those of the authors and do
not necessarily represent the views of the National Institute for
Occupational Safety and Health.
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Gene—Cellular Interactions of
Nanomaterials: Genotoxicity to
Genomics
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INTRODUCTION

Nanotechnology is a new technology field with a wealth of promise.
Nanomaterials are defined as materials with at least one dimension of
100nm or less (1,2). This definition was initially set by the National
Nanotechnology Initiative of the United States. In some instances, this
definition has been broadened to include materials with at least one dimension
within the entire nanometer scale (3-5).

Nanomaterials vary greatly in their size, their composition, and their
structure. Recently, these materials were organized into three large classes:
(i) naturally occurring, (if) anthropogenic-unintentional, and (iif) anthro-
pogenic-intentional (2). The first class includes viruses, biogenic magnetite,
and ashes and particles from forest fires and active volcanoes. The second
class, unintentional anthropogenic materials, includes asbestos, silica (SiO,),
titanium dioxide (TiO,), carbon black (CB), metal or welding fume particles,
and combustion by-products such as diesel exhaust particulate (DEP) and
ultrafine particles (UFP).

UNINTENTIONAL ANTHROPOGENIC NANOMATERIALS

The safety of these anthropogenic materials has been studied for many years.
DEP and UFP are used as model substances to investigate air pollution. Air
pollutants occur as complex mixtures and may include gases, transition metals,
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organic chemicals, and particulate matter (PM) (6). The PM is classified by
what size particles can be captured on a filter and has been divided into three
designations: coarse (PM( or particles 2.5 to 10 um in diameter), fine (PM, 5 or
particles less than 2.5um in diameter), and ultrafine (PM,; or particles less
than 0.1 um in diameter) (7,8). By this definition, UFP are sometimes included
in the narrower definition of nanomaterials described above.

Epidemiology studies first pointed to the adverse effects associated with
these unintentional anthropogenic materials. Air pollutant PM has been
correlated with several respiratory ailments, such as asthma and chronic
obstructive pulmonary disease, cardiovascular disease, and in some cases,
mortality (9-11). Welding fumes are the cause of metal fume fever, increased
susceptibility to infection, decreased lung function, pneumonia and may be
carcinogenic (12). Asbestos is linked with mesothelioma (13). A specific form
of Si0,, alpha-quartz, is associated with silicosis, emphysema, bronchitis, and
an increased risk for lung cancer (14—16). These particulate materials and their
adverse effects have been the subject of decades of research.

ENGINEERED NANOMATERIALS

The third class listed above, intentional anthropogenic nanomaterials, includes
engineered nanomaterials. These nanomaterials (e.g., nanotubes, nanowires,
nanospheres, nanocrystals, fullerenes) offer more desirable attributes than
their micron-sized counterparts (17-19). New or additional characteristics
attributed to nanometer-scale materials are enhanced mechanical and tensile
strength (20,21), increased electrical mobility and conductance (22-24),
enhanced heat resistance (25,26), improved catalysis (27), and tunable
wavelength-sensing ability (28). For example, quantum dots (QD) or
semiconductor nanocrystals can be excited by several wavelengths to give a
range of fluorescence emission (28-30). This attribute allows these nano-
materials to be extremely versatile in medical imaging and diagnostics (31).
Carbon nanotubes are being manufactured for applications in energy and
communications (32-34). Their tensile strength is in excess of what is now
available with other technologies (34).

However, early reports raised the possibility that these engineered
materials may be toxic, although these reports were not always in agreement.
Two citations found that single-walled carbon nanotubes (SWNT) caused
granulomas in rodents. One citation concluded that SWNT was more toxic
than alpha-quartz while the other citation found the presence of granulomas
inconclusive of the toxicity of SWNT (35,36). Another study showed that
fullerenes or “bucky balls” caused oxidative stress in the brains of an aquatic
species (37). Additional studies are now being performed in a more
comprehensive way to see if this caution is deserved.

Unintentional anthropogenic nanomaterials have been the subject of
several investigations as to their genetic toxicity or genotoxicity. Several
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review articles summarize these results (38—42). This chapter will first focus
on the issues that arose in these genotoxicity investigations of unintentional
anthropogenic nanomaterials. Most experiments used materials whose
dimensions were on the low micron to upper nanometer scale. The tools to
be able to capture and investigate materials with smaller dimensions were not
available until recently. However, what questions were asked at this low
micron to upper nanometer size level may be pertinent to investigations of
materials on the lower nanometer scale. Second, this chapter will present a
summary of genetic toxicity investigations of engineered nanomaterials and
nanoparticles manufactured on the low nanometer scale. Finally, this chapter
will conclude with the newest reports of genetic and cellular interactions of
engineered nanomaterials, including studies using OMICs technologies.

GENOTOKXICITY ASSAYS

Genetic toxicology aims to determine adverse effects on the molecular and
genetic level. Most assays use three major endpoints: (/) gene mutation,
(i7) clastogenicity, and (iif) aneuploidy (43). These endpoints are focused on
discovering damage to the DNA-a genotoxic event (44-—46). Current
genotoxicity tests (both regulatory and exploratory) include assays, which
detect DNA breaks, bacterial mutations, chromosomal aberrations (CA),
sister chromatid exchanges (SCE), micronuclei (MN), unscheduled DNA
synthesis (UDS) as well as the formation of 8-OHdG and DNA adducts
(43). This chapter will not review the description of each of these assays but
will instead focus on the issues resulting from testing unintentional
anthropogenic nanomaterials using these assays.

ISSUES FROM GENOTOXICITY STUDIES OF UNINTENTIONAL
ANTHROPOGENIC NANOMATERIALS

Tested Substance: Form, Size, Manufacturing, and Preparation

The physical form of the tested substance may dictate whether or not it gives
a positive result in a genotoxicity assay. For example, SiO, can be present as
two different physical forms: amorphous and crystalline (47). The fibrogenic
and tumor-inducing crystalline form causes more DNA damage (i.e., DNA
breaks) in the comet assay, increased mutation frequency in the HPRT assay
and increased MIP-2 gene expression than the nonfibrogenic amorphous
form (48,49). Similarly, the anatase form of TiO, resulted in significantly
more single-strand DNA breaks than the rutile form during an assay to
determine photocatalytic ability (50).

Size can also make a difference. Ultrafine nickel (Ni) with a mean
diameter of 20 nm was shown to increase TNF-alpha at a higher level than
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fine Ni (mean diameter of 5000 nm) after intratrachael instillation in rats
(51). Ultrafine CB (14 nm) generated more reactive oxygen species (ROS)
and increased MIP-2 mRNA expression compared to fine CB (260 nm)
(52,53). In addition, ultrafine TiO, (20nm) showed more free radical
activity, as detected by the strand break assay using supercoiled plasmid
DNA, than with normal-sized (500 nm) TiO, (54). Fisher et al. investigated
the genotoxicity of different sized fractions of fly ash collected from a coal-
burning power plant using the bacterial mutagenicity assay. The fraction
containing the finest particles was found to be the most mutagenic (55).

UFPs, while having a very small particle diameter, tend to exist as
agglomerates or aggregates of larger sizes. In a study by Johnston et al.
significantly greater values of cytotoxic damage by lactic dehydrogenase
(LDH) and beta-glucuronidase assays were observed with freshly prepared
Teflon fume particles with a mean diameter of 15nm versus coagulated
particles with mean diameters of greater than 100 nm (56).

In addition, how the test substance is manufactured for testing can
influence the genotoxic outcome. For example, several types of fume particles
can result by welding different types of materials. Welding using stainless steel
creates vaporized particles consisting of mostly chromium and Ni while
welding using mild steel creates particles almost entirely of iron (57). In
bacterial mutagenicity assays, fumes from stainless steel were positive for
mutagenicity while fumes from mild steel were not (58,59). Another study
showed that coal mine dust made fresh resulted in an increase in ROS due to
the “fresh” surface versus coal mine dust, which had been stored for a while
(60). The grinding and cleaving of the dust particles seemed to result in a more
active surface. In addition, fly ash made from fluidized bed combustion was
more mutagenic than fly ash made by conventional combustion (61).

To discuss this point further, how a test substance is prepared for testing
also may make a difference in the genotoxicity result. A study investigated two
different preparations of DEP (62). What was interesting was that the method
of production did not determine the result of toxicity using the bacterial
mutagenicity assay but how they were extracted to be used in the assay. The
preparations were either extracted with an organic solvent or with
phospholipids. They were then separated into supernatants and pellets
(sediments). The supernatant of the solvent extract was much more active in
the bacterial mutagenicity assay than the supernatant using the phospholipid
extraction. In the case of the pellets, the exact opposite relationship existed.
The surfactant extracts were more mutagenic than the solvent extracts.

Cocomponents

Several particulate materials tend to exist as complex mixtures, which
include metal and organic components as well as the particles themselves.
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In a DNA-strand break assay, SiO, caused double-strand breaks (63).
However, when etched with hydrofluoric acid to remove the trace iron, this
same preparation of SiO, was retested and was found to be negative. In a
study by Ball et al. DEP and PM were extracted with phosphate-buffered
saline. The extracts gave dose—response curves for ROS but the main cause
seemed to be traced to the transition metals present (64). Another study
investigated the presence of transition metals further by exposing human
T-lymphocytes and macrophages to synthetic carbon (C) and carbon/iron
particles (C/Fe) (65). Both particles were phagocytized by macrophages but
the C/Fe particles resulted in organelle lysis as well as a positive result in a
luminol bioassay and electron spin resonance spectroscopy, two methods,
which monitor the presence of ROS.

Several studies looked to resolve the issue of organic components
associated with particulates. One study investigated the ability of DEP to
cause DNA adduct formation (66). The DEP preparation was extracted
with organics and cleaned to leave only the carbonaceous core. When this
core particle was retested, it did not cause a significant level of DNA adduct
formation and was nontoxic. Several genotoxicity assays cited positive
results with the organic extractable portions of DEP and foundry fume
particulates (67,68). Similar studies were done with air pollutant particles
but resulted in conflicting conclusions. Fly ash was found to be mutagenic
by itself but not when it was tested after being extracted with water (69).
Another study showed that the core particles of air pollutants after extra-
ction with organic solvents resulted in significantly more DNA-strand
breaks (70). However, in the study by Fisher et al. cited above with fly ash
collected from a coal-burning plant, the fractions which were most muta-
genic were those collected after the electrostatic precipitator step through
the sampling of the stack (55). Collecting the fraction at this point allowed
for other pollutant materials to condense onto the particles causing them to
be positive in the bacterial mutagenicity assay.

Gene—Cellular Interactions: Primary vs. Secondary Genotoxicity

Interactions of unintentional anthropogenic nanomaterials with cells have
been shown to lead to changes in the expression of several cellular macro-
molecules. The most frequently affected macromolecules are those genes
or proteins, which have roles in oxidative stress and DNA damage or
produce inflammation or injury to the immune system (39). Low micron- to
nanometer-sized preparations of SiO, increased arachidonic acid metabo-
lism (eventually leading to lung inflammation and pulmonary disease) as
well as expression in genes directly related to inflammation: MIP-2, CINC,
MCP-1, RANTES (49,71-73). Similar findings were found for TiO,
nanometer particles and TiO, whiskers (width of 140 nm) (74).
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By analyzing studies, which investigated the mechanisms of these adverse
effects, the theory of primary versus secondary genotoxicity was put forth by
several reviews (16,39,42,75). Genotoxicity directly related to the exposure of
the substance is referred to as primary genotoxicity. Secondary genotoxicity is
the result of the substance interacting with cells or tissues and releasing factors,
which cause the adverse effects, such as inflammation and oxidative stress. The
most common mechanistic scenario is that the particles interact with cells to
induce ROS, which in turn lead to a cascade of effects, such as lysosomal mem-
brane damage causing leakage of lytic enzymes, more ROS, recruitment of infla-
mmatory cells, increased expression and release of proinflammatory mediators
and cytokines, all of which amplify the immune and inflammatory response.

GENOTOKXICITY OF ENGINEERED NANOMATERIALS

Investigations of genotoxicity and cellular interactions of engineered nano-
materials and nanoparticles manufactured on the low nanometer scale have
been limited so far and the majority of the studies have screened for cyto-
toxicity (Table 1). Cytotoxicity has been measured using different methods:
tetrazolium dye assays (e.g., MTT, XTT, WST-1), viability markers (e.g.,
trypan blue, neutral red, thymidine uptake), apoptotic and necrotic markers
with immunocytochemistry and flow cytometry staining (e.g., propidium
iodide) and cell growth by counting cells, subpassages and population
doubling levels. Several investigations have focused on the photocatalytic
activity of nanomaterials. The remaining studies have screened for bio-
compatibility of those molecules slated for use in medical imaging and
bioengineering applications. Table 2 is a preliminary list of studies using
standardized assays to assess the genotoxicity of nanomaterials. As can be
noted, no material has been tested with a complete battery of assays and the
results for the same type of material using the same test sometimes differed.
The studies cited in these tables do show a trend toward addressing the
issues discussed in the early particulate studies. Varied results have been
obtained with different forms, sizes, and the manufacturing process of the
nanomaterials. Studies with different functionalized forms of QD showed
mixed results in the comet assay (104). CdSe/ZnS nanocrystals functionalized
with —COOH groups showed definite DNA damage whereas QD functional-
ized with —-OH, -NH,, -OH/COOH, and -NH,/OH were negative. Nanoscale
TiO, composed of anatase showed more ROS than nanoscale TiO, composed
of rutile (122). Two different studies focused on particle size and found that the
size of a particle and its surface area did not secem to be a major determining
factor. Nanoscale Ni and cobalt (20 nm diameter each) were found to be more
cytotoxic than nanoscale TiO, (28 nm) (108). A comparison of nanoscale TiO,
rods, dots, and particles found that the cytotoxic response did not change
whether the materials were on the low- or high-nanometer scale (124).
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Table 1 Cytotoxicity Assays of Engineered Nanomaterials and Low Nanoscale
Materials

Authors and date Ref. Result Particle type
A. Fullerenes and their functionalized counterparts
Moussa et al. (1995) (76) neg Coo
Baierl et al. (1996) (77) sl pos Ceo
Nakajima et al. (1996) (78)  pos CsPEGNH,;
CsoEDPEGCOOH
Tsuchiya et al. (1996) (79) pos CsoPVP
Moussa et al. (1997) (80) neg Ceo
Sakai et al. (1999) (81)  pos* Cso
Fumelli et al. (2000) (82)  neg Ceo(OH)n
Babynin et al. (2002) (83)  pos CsCOOHCH3;;
C60COOHC2H5;
Cgopyrrolidine derivative
Cusan et al. (2002) (84) pos Triamino-Cg
Rancan et al. (2002) (85) neg Cgomalonic acid;
Dendro-C60
Yang et al. (2002) (86)  pos® Cgomalonic acid derivatives
Mikata et al. (2003) (87) pos® Cgosugar-pendant
derivatives
Bosi et al. (2004) (88)  pos Water-soluble Cgo
derivatives
Burlaka et al. (2004) (89)  pos® Water-soluble Cgo
Jia et al. (2005) (90) neg Ceo
Lyon et al. (2005) 91) pos nanoCgg
Sayes et al. (2005) (92)  pos nanoCgg
Rancan et al. (2005) (93) pos® Cgopyropheophorbide
derivatives
Fiorito et al. (2006) (94) sl pos Cso
Isakovic et al. (2006) (95) pos nanoCgg; Ceo(OH)n
Rouse et al. (2006) (96) pos Cgoamino acid derivatives
Xiao et al. (2006) 97) neg CeoPVP
Yamawaki and Iwai (2006) (98) pos Ceo(OH)o4
B. Nanocomposites
Lesniak et al. (2005) (99)  pos Ag/dendrimers
C. Nanocrystals (quantum dots) and their functionalized counterparts
Derfus et al. (2004) (100) pos TOPO-coated Cd/Se QDs
Chen and Gerion (2004) (101) sl pos CdSe/ZnS QDs
Hoshino et al. (2004a) (102) pos-HD CdSe/ZnS QDs
Hoshino et al. (2004b) (103) pos; neg CdSe/ZnS-COOH,

CdSe/ZnS-OH/COOH;

CdSe/ZnS-OH
Kirchner et al. (2005) (104) pos; neg Polymer CdSe and CdSe/

ZnS; PEGSiO,-CdSe

(Continued)
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Table 1 Cytotoxicity Assays of Engineered Nanomaterials and Low Nanoscale
Materials (Continued)

Authors and date Ref. Result Particle type
and -CdSe/ZnS
Lovric et al. (2005) (105) pos CdTe QDs
Shiohara et al. (2004) (106) pos-HD CdSe/ZnS MUA
derivatives
D. Nanohorns
Isobe et al. (2006) (107)  pos amino-nanohorn aggregate
E. Nanoparticles and their functionalized counterparts
Zhang et al. (1998) (108) pos 20nm Ni and 20 nm Co
Gupta et al. (2003) (109)  pos; neg SPION; insulin coated
SPION
Goodman et al. (2004) (110)  Pos; sl pos  cationic Au NP; anionic
Au NP
Braydich-Stolle et al. (2005)  (111) pos Ag, MoO3;, Al NP
Cheng et al. (2005) (112)  neg Fe;04 NP
Gupta and Gupta (2005) (113)  pos; neg SPION; pullulan coated
SPION
Hussain et al. (2005) (114)  pos CdO, Ag, W, MnO,,
MoO;, Fe;04, Al NP
Lu et al. (2005) (115) pos QD-conjugated nanoTiO,
films
Petri-Fink et al. (2005) (116) pos; neg amino SPION; PVA-,
carboxy-, thiol-SPION
Shukla et al. (2005) (117)  neg Au NP
Auffan et al. (2006) (118)  pos DMSA-coated maghemite
NP
Dufour et al. (2006) (119)  pos <200nm ZnO
Hussain et al. (2006) (120) pos Mn and Ag NP
Qi et al. (2007) (121)  pos chitosan NP
Sayes et al. (2006) (122) pos-HD nano-TiO; (3-5nm)
Wang et al. (2006) (123)  pos nano-Zn and micro-Zn
Warheit et al. (2006) (124) pos-HD; nano-TiO, rods; nano-TiO,
neg dots
F. Nanospheres
Ameller et al. (2004) (125) pos PEG-polymers
w/antiestrogen
De et al. (2005) (126) pos paclitaxel loaded
nanospheres
Park et al. (2005) (127) sl pos paclitaxel loaded
nanospheres
G. Nanotubes (SWNT, MWNT) and their functionalized counterparts
Shvedova et al. (2003) (128) pos SWNT
Kam et al. (2004) (129) neg SWNT

(Continued)
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Table 1 Cytotoxicity Assays of Engineered Nanomaterials and Low Nanoscale
Materials (Continued)

Authors and date Ref. Result Particle type
Pantarotto et al. (2004a) (130) neg FfSWNT, up to 10uM
Pantarotto et al. (2004b) (131) neg Ff-SWNT
Warheit et al. (2004) (36) pos SWNT (24 h only)
Bianco et al. (2005a) (132) pos; neg MWNT, AFMWNT
Bianco et al. (2005b) (133) pos; neg SWNT, f~SWNT
Cunningham et al. (2005) (134) neg SWNT, up to 0.5mg/mL
Cui et al. (2005) (135)  pos SWNT
Ding et al. (2005) (136) pos MWNT >MWNO
Jia et al. (2005) (90) pos SWNT >MWNT
Manna et al. (2005) (137)  pos SWNT
Monteiro-Riviere et al. (138) pos MWNT, MWNT-Pluronic

(20052) F127
Monteiro-Riviere et al. (139) pos MWNT

(2005b)
Muller et al. (2005) (140) pos-HD MWNT
Murr et al. (2005) (141)  pos SWNT, MWNT
Shvedova et al. (2005) (142)  pos SWNT
Bottini et al. (2006) (143)  pos MWNT
Dumortier et al. (2006) (144) neg F-SSWNT
Fiorito et al. (2006) (94) sl pos SWNT
Magrez et al. (2006) (145) pos MWNT, nanofibers
Nimmagadda et al. (2006) (146) pos SWNT
Sayes et al. (2006) (147)  neg; pos F-SWNT; SWNT-

PluronicF108

Tian et al. (2006) (148) pos SWNT>MWNT
Worle-Knirsch et al. (2006)°  (149)  neg; pos SWNT
Zanello et al. (2006) (150) pos SWNT, f~SWNT, MWNT
Zhu et al. (2006) (151)  pos MWNT
Pulskamp et al. (2007) (152) neg SWNT
Wick et al. (2007) (153) pos SWNT

“Irradiated solutions or cells, photoactivation was involved

®The varied cytotoxicity response was due to different assays used (WST-1 and LDH=neg;
MTT=pos).

Abbreviations: pos, positive; neg, negative; sl pos, slightly positive; QD, quantum dot; HD, high dose;

SPION, superparamagnetic iron oxide nanoparticles; NP, nanoparticles; f, functionalized; SWNT,

single-walled carbon nanotubes; MWNT, multiwalled carbon nanotubes; MWNO, multiwalled

carbon nano-onions.

Purity and the presense of cocomponents have become general issues.
The presence of metals and contaminants associated with carryover from the
manufacturing process may be the cause of the observed oxidative stress.
SWNT manufactured with a large residual of Fe (possibly 30%) gave rise to
free radical formation (128). Fullerenes caused oxidative stress in
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Table 2 Standard Genotoxicity Assays of Engineered Nanomaterials and Low
Nanoscale Materials

Authors and date Ref. Dros* BMT® SB° MNY CA® ROS'

A. Fullerenes and their functionalized counterparts
Zakharenko et al. (154) neg

(1994)
Baierl et al. (1996)  (77) neg
Nakajima et al. (78) pos®
(1996)
Sera et al. (1996) (155) posé pos®
Tsuchiya et al. (79) pos
(1996)
Zakharenko et al. (156) sl pos
(1997)
Lin et al. (1999) (157) neg
Kamat et al. (2000) (158) pos®
Babynin et al. (83) neg
(2002)
Cusan et al. (2002) (84) neg
Rancan et al. (85) pos
(2002)
Mikata et al. (2003)  (87) pos®
Burlaka et al. (89) pos®
(2004)
Sayes et al. (2005) (92) pos
Isakovic et al. (95) pos
(2006)
Mori T et al. (2006)  (159) neg neg
Xia et al. (2006) (160) pos
B. Nanocrystals (quantum dots) and their functionalized counterparts
Green and (161) pos
Howman (2005)
Hoshino et al. (103) pos
(2004b)
C. Nanoparticles and their functionalized counterparts
Zhang et al. (1998)  (108) pos
Ye et al. (2004) (162) neg
Hussain et al. (114) pos
(2005)
Lu et al. (2005) (115) pos® pos
Shukla et al. (2005) (117) neg
Auffan et al. (2006) (118) neg
Dufour et al. (2006) (119) pos
Hussain et al. (120) pos
(2006)

(Continued)
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Table 2 Standard Genotoxicity Assays of Engineered Nanomaterials and Low
Nanoscale Materials (Continued)

Authors and date Ref. Dros* BMT® SB° MNY CA® ROS!
Kim et al. (2006) (163) neg neg
Qi et al. (2007) (121) pos pos
Sayes et al. (2006) (122) pos-HD
D. Nanotubes (SWNT, MWNT) and their functionalized counterparts
Shvedova et al. (128) pos
(2003)
Cui et al. (2005) (136) pos
Manna et al. (2005) (138) pos
Pulskamp et al. (154) pos
(2007)

“Drosophila somatic mutation test

®Bacterial mutagenicity test

°DNA strand break assays

9Induction of micronuclei

¢Chromosomal aberrations

fReactive oxygen species

#Irradiated solutions or cells, photoactivation was involved

Abbreviations: pos, positive; neg, negative; sl pos, slightly positive; QD, quantum dot; HD, high dose;
SPION, superparamagnetic iron oxide nanoparticles; NP, nanoparticles.

largemouth base, as noted before (37). However, a later study showed that
the mechanism may be due to fullerenes encapsulating the tetrahydrofuran
(THF) used in their purification and that the toxicity may be due to
degradative product of THF (164). Work is continuing on these issues and a
definitive answer of toxicity as well as its mechanisms, which might cause
these adverse effect is still forthcoming.

GENOMICS OF UNINTENTIONAL ANTHROPOGENIC
NANOMATERIALS

Genomics is the study of gene expression profiles of cells or tissues
perturbed by a substance. This new field has led to another branch of
toxicology, toxicogenomics. The technologies used to investigate gene
expression are varied but most studies have centered on high-throughput
screening technologies of gene expression microarrays. The use of these
arrays to investigate toxicity has been reviewed elsewhere (165-167). Briefly,
two types of arrays have been used to monitor gene expression: macroarrays
and microarrays. Macroarrays are made by spotting DNA clones onto a
nitrocellulose filter and using a radioactive label for detection. Microarrays
have DNA clones spotted onto glass slides or silicon wafers with the
resulting signal detected by fluorescence.
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Several citations have reported genomics studies of particulates.
Macroarray studies have included in vivo and in vitro exposures to PM,,
particulate fraction, DEP, and SiO, (168—171). These studies have been
limited in the results observed (usually between 6 and 12 genes) due to the small
number, which can be printed on the filter membranes (less than 500 probes).
Additional studies were performed with gene expression microarrays
involving treatments with burned ash, DEP, and ultrafine CB (172-176).
The arrays in these studies contained thousands of gene representatives. The
most common significantly expressed genes in these studies were those
involved in ROS and DNA damage as well as cytoskeletal rearrangement,
copper and iron homeostasis, protein degradation, inflammation and injury.

GENOMICS OF ENGINEERED NANOMATERIALS

Using genomics to investigate the safety of engineered nanomaterials has just
begun. Three studies have been done to date. Ding et al. investigated gene
expression profiling of human skin fibroblasts exposed to multiwalled carbon
nanotubes (MWNT) and multiwalled carbon nano-onions (MWNO) (136).
Both nanomaterials activated the expression of genes involved in cell cycle
regulation, cellular transport, metabolism and stress response. However, the
expression profile from cells exposed to the nano-onions induced additional
genes related to external stimuli whereas the expression profile for cells
exposed to MWNT induced genes involved in inflammatory and immune
responses. Cui et al. investigated the gene expression profile of a human
embryo kidney cell line exposed to SWNT and found significantly expressed
genes associated with cell cycle regulation but also with apoptosis and signal
transduction (135). The most comprehensive study to date has been by
Cunningham et al. (134). The gene expression profile in primary normal
human keratinocytes exposed to SWNT at a noncytotoxic dose was similar to
the profile obtained with the negative control, carbonyl iron. The profile for
SWNT only matched the profile with the most toxic control compound, SiO,,
when the cells were exposed at a cytotoxic dose. The SWNT preparation in this
case was highly purified and contained less than 1% heavy metal
contamination. The profiles of the most highly expressed genes at both
noncytotoxic and cytotoxic doses are seen in Figure 1. The same results were
seen when the data was analyzed by principal components analysis.

SUMMARY

Assessing the safety of low micron to upper nanometer scale materials and
particulates has been challenging. This chapter summarized these studies by
focusing on the issues raised during this research. Does the material’s form and
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Figure 1 Gene expression profiles of single-walled nanotubes, carbonyl iron,
carbon black, and silica at noncytotoxic (A) and cytotoxic (B) doses.
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size, the process by which it is manufactured and prepared, the presence of any
cocomponents, and whether the toxicity is due to a primary or secondary
action contribute to the differences seen in standardized genotoxicity assays?
The answer was yes. It was shown that all of these factors influence whether or
not the material is genotoxic or not. Do these same issues pertain to low
nanometer-scale materials? It may be too early to tell. Initial investigations
show that some of these issues are pertinent.

The future of genetic toxicology will emphasize screening on a broader
and possibly more predictive level. The focus may be on alternative tests,
which are not as labor-intensive and will require less reliance on animals.
Using more appropriate cell types may be emphasized. Ongoing research in
embryonic cell lines may help in this regard as these cells are in the least
undifferentiated state and may be artificially allowed to differentiate
through specific programmatic pathways. Screening techniques, such as
those methods provided by OMICs technologies, may give faster and more
predictive answers. Will all of these directions help to better evaluate the
newer engineered low nanometer-scale materials? Only additional focused
and pertinent research will give the answer.
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INTRODUCTION

Carbon nanotubes have been one of the most extensively used nano-
materials due to their large surface areas, high electrical conductivity, and
excellent strength. Carbon nanotubes are long carbon-based tubes that can
be either single- or multiwalled and have the potential to act as biopersistent
fibers (1). Nanotubes have aspect ratios 2100, with lengths of several um and
diameters of 0.7 to 1.5nm for single-walled nanotubes (SWNT) and 2 to
50 nm for multiwalled nanotubes (MWNT). MWNT are comparatively easy
to manufacture in bulk and are finding increasingly more practical
applications in a variety of areas (2-5), many with direct interaction with
human tissues. The same physicochemical properties that give them broad
utility may thus confer activity in biological systems. The nature of potential
interactions between MWNT and cells/tissues is not known definitively,
although the results of several recent studies suggest that both SWNT and
MWNT exposure may have injurious cellular effects (6—12). Clearly, the
rapid pace of nanoparticle commercialization and use has exceeded our
understanding of potential risk (13).

While significant attention has been focused on the inspiration of
airborne nanomaterials and their consequent pulmonary toxicity (14-16),
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another avenue for nanoparticle exposure is the skin. Shvedova et al. (17)
demonstrated that unrefined SWNT may lead to dermal toxicity due to
accelerated oxidative stress in keratinocytes. Quantum dots (QD) of
different sizes, shapes, and surface coatings recently have been shown to
penetrate intact porcine skin at an occupationally relevant dose within the
span of an average-length work day (18). These results suggest that skin is
surprisingly permeable to nanomaterials with diverse physicochemical
properties, and thus may serve as a portal of entry for localized, and
possibly systemic, exposure of humans to QD and other engineered
nanoscale materials (18). Monteiro-Riviere et al. (19) documented that
MWNT that were neither derivatized nor optimized for biological
applications were able to localize within and initiate an irritation response
in human epidermal keratinocytes (HEK), cells that constitute a potential
primary route of occupational dermal exposure for manufactured nano-
tubes. When human skin fibroblasts were exposed to high levels of multiwall
carbon nano-onions (MWNOs) and MWNT, doses that induced cell cycle
arrest and increased cell death via apoptosis/necrosis (20), significant
nanomaterial-specific alterations in gene expression were observed. Among
the genes whose expression was altered, nanomaterials activated those
involved in cellular transport, metabolism, cell cycle regulation, and stress
response.

In view of these previous results and to better understand nanotube
effects from a more functional standpoint, we undertook the analysis of
MWNT exposure on protein expression in HEK (21). That study, described
in this chapter, represents the first such proteomic analysis of nanotube
exposure in an in vitro model.

METHODS
Materials

Acrylamide and immobilized pH gradient (IPG) strips were purchased
from BioRad Inc. (Richmond, California, U.S.A.). Other ultrapure
electrophoretic reagents were obtained from BioRad, Sigma (St. Louis,
Missouri, U.S.A.), or BDH (Poole, U.K.). Sequence grade trypsin was
obtained from Promega (Madison, Wisconsin, U.S.A.). Ammonium
bicarbonate was purchased from Mallinckrodt Chemicals (Paris,
Kentucky, U.S.A.). Proteomics grade formic acid, iodoethanol, and
triethylphosphine were obtained from Sigma (St. Louis, Missouri, U.S.
A.). Acetonitrile and hydrochloric acid solution N/10 were obtained from
Fisher Scientific (Fair Lawn, New Jersey, U.S.A.). All other chemicals used
were of the highest grade obtainable. Fully characterized MWNT were
manufactured using a microwave plasma-enhanced chemical vapor depo-
sition system, as described previously (19).
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Cell Culture and MWNT Exposure

Cryopreserved HEK (approximately 260 K cells/vial) were purchased from
Cambrex BioScience (Walkerville, Maryland, U.S.) and plated onto three
75-cm? culture flasks, each containing 15mL of serum-free keratinocyte
growth media (KGM-2; from HEK basal media supplemented with 0.1 ng/mL
human epidermal growth factor, Smg/mL insulin, 0.4% bovine pituitary
extract, 0.1% hydrocortisone, 0.1% transferrin, 0.1% epinephrine, and
50 mg/mL gentamicin/50 ng/mL amphotericin-B). The culture flasks were
maintained in a humidified incubator at 37°C with a 95% 0O,/5% CO,
atmosphere. After reaching approximately 60% confluency, the HEK were
passed into eight 75-cm” culture flasks and grown in 15mL of KGM-2.
HEK were harvested and plated in six-well culture plates (9.6 cm?) in 2mL
of media at a concentration of approximately 96,000 cells per well.

Upon reaching 80% HEK confluency, each six-well plate was exposed
to MWNT in KGM-2, as well as media alone, served as the controls.
Immediately prior to treating the cells, nanotubes were added to the KGM-2
to provide a 0.4 mg/mL stock solution. The solution was thoroughly sonicated
to disperse the structures and 2mL added to each well. The HEK medium was
harvested at 24 and 48 h posttreatment (six wells/plate/time point), and stored
at —80°C until assayed. Cells destined for proteomic analysis remained adher-
ent to wells from which medium was removed, frozen, and stored at —80°C.

Cytokine Assay

We assayed human cytokines IL-1f3, IL-6, IL-8, IL-10, and TNF-¢ using the
Bio-Plex™ Suspension Array System (Bio-Rad Laboratories, Hercules,
California, U.S.). In this assay system, duplicate 50 uL samples of media
were added to filter wells in a 96-well plate containing antibody-conjugated
beads and incubated in the dark with agitation for 30min. In this
experiment, the wells were rinsed and incubated for 30 min with 25uL of
the biotinylated detection antibody. The beads were incubated for 10 min
with streptavidin—phycoerythrin after the initial wash, were washed again,
and then resuspended in 125 uL of the assay buffer. The samples were then
quantified on a Bio-Plex Array Reader using multiplexing to simultaneously
assay all 5 cytokines within the 50 uL culture medium sample. The contents
of each well were analyzed using Bioplex Manager™ v4.0 and the cytokine
data were statistically compared using ANOVA (SAS 6.12 for Windows;
SAS Institute, Cary, North Carolina, U.S.).

Sample Preparation

Following cell culture and treatment, HEKs were solubilized directly in well
(in situ) (22) by adding 550 uL of lysis buffer containing 9 M urea, 4% Igepal
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CA-630 ([octylphenoxy] polyethoxyethanol), 1% DTT, and 2% -carrier
ampholytes (pH 8-10.5) directly to the frozen cells adhering to the bottom
of each well. The culture plates were then placed in a 37°C incubator for 1 h
with intermittent manual agitation. After 1h, the entire volume was
removed from each well and placed in 2mL Eppendorf tubes. Each sample
was then sonicated with a Fisher Sonic Dismembranator using 3 x 2 s bursts.
Sonication was carried out every 15min for 1h after which the fully
solubilized samples were transferred to a cryotube for storage at —80°C until
thawed for proteomic analysis. Protein concentration was determined using
amido black 10B (23), an approach that enables the sensitive and accurate
assay of solubilized proteins to be performed without interference from lysis
buffer constituents.

Two-Dimensional Electrophoresis and Image Analysis

500 pg protein were loaded onto IPG strips (24 cm, nonlinear pH 3-10) using
overnight, passive rehydration at room temperature. Isoelectric focusing
was then performed simultaneously on all 20 IPG strips randomly assigned
to two Protean IEF Cells (BioRad) (10 strips/instrument), by a program of
progressively increasing voltage (150V for 2h, 300V for 4h, 1500V for 1 h,
5000V for 5h, 7000V for 6 h, and 10,000V for 3 h) for a total of 100,000 V h.
A computer-controlled gradient casting system was used to prepare second-
dimension SDS gradient slab gels (20 x25x0.15cm) in which the
acrylamide concentration varied linearly from 11% to 17% T. First-
dimension IPG strips were loaded directly onto the slab gels following
equilibration for 10min in Equilibration Buffer I and 10min in Equi-
libration Buffer II (Equilibration Buffer I: 6 M urea, 2% SDS, 0.375 M
Tris-HCI pH 8.8, 20% glycerol, 130mM DTT; Equilibration Buffer II:
6M urea, 2% SDS, 0.375 M Tris—HCI pH 8.8, 20% glycerol, 135mM
iodoacetamide). All of the 20 second-dimension polyacrylamide slab gels
were run in parallel at 8°C for 18 h at 160V and subsequently fixed and
stained using a colloidal Coomassie Blue G-250 procedure (24) for 96 h.
After complete staining, gels were washed several times with water and
scanned at 95.3 um/pixel resolution using a GS-800 Calibrated Imaging
Densitometer (Bio-Rad, Hercules, California, U.S.).

The gel images were analyzed using PDQuest™ software (Bio-Rad,
v.7.1) in which background was subtracted and protein spot density peaks
detected and counted. A reference pattern was constructed and each of the
20 gels in the matchset was matched to the reference gel. Numerous proteins
that were uniformly expressed in all patterns were used as landmarks to
facilitate rapid gel matching. Individual protein quantities were expressed as
parts-per-million (ppm) of the total integrated optical density, after
normalization against total image density enabling accurate comparisons
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of individual protein spot abundance. The raw quantitative data for each
protein spot was exported to Excel for statistical analysis and group
comparisons using an unpaired, two-tailed Student’s z-test.

Peptide Mass Fingerprinting

Protein spots were excised manually from the gels and processed automati-
cally using the multifunctional MultiProbe II Station robot (PerkinElmer).
The protein spots were destained, reduced with dithiothreitol, alkylated with
iodoacetamide, and tryptically digested using Promega sequence grade,
modified trypsin in preparation for matrix-assisted laser desorption
ionization mass spectrometry (MALDI-TOF MS) of the resulting peptides.
The tryptic peptides were eluted and manually spotted on the sample
target along with o-cyano-4-hydroxycinnamic acid matrix. The target was
then analyzed directly using the prOTOF™ 2000 MALDI Orthogonal Time
of Flight Mass Spectrometer (PerkinElmer/SCIEX, Concord ON) using
TOF Works™ software for automated batch database searches of the
NCBIR protein sequence database. Accuracy of monoisotopic peptide mass
measurements ranged between 5 and 15 ppm, resulting in high confidence
protein identifications. Alternatively, some peptide mass spectra were
submitted for online interrogation of the ProFound™ Peptide Mass
Database. Protein identity was deemed acceptably robust, though not
necessarily conclusive, when the TOF Works expectation probability was
<.01 or the Profound™ Z-score exceeded 1.30, corresponding to the 90th
percentile.

To give meaning to differential protein expression and enable accurate
interpretation, the altered proteins were categorized according to three
ontological aspects: cell component, cell process, and physiological function
using the Generic Gene Ontology (GO) (25) Term Mapper (http://go.
princeton.edu/cgi-bin/GOTermMapper).

RESULTS

Comparative levels of IL-8, IL-1p, IL-6, and TNF-o measured in the culture
media from control and MWNT-exposed HEK are illustrated in Figure 1.
Treatment of HEK with 0.4mg/mL of MWNT resulted in a significant
(p < .05) increase in IL-8 at both the 24 and 48 h time points as compared
to controls. IL-1B concentrations showed a significant (p < .05) increase
only at 48 h. II-6 release was actually lower than the controls. TNF-a levels
were extremely low (<0.01 pg/mL), an observation that likely reflects the
detection of background noise rather than an actual quantity.

In Figure 2, we illustrate a raw gel image from PDQuest 2D gel
analysis software representative of all images in the experiment. This gel
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Figure 1 (A) Mean IL-8 concentrations (+SEM). Histogram with different letters

(A,B) denote mean values that are statistically different at p <.05. (B) Mean IL-$
concentrations (tSEM). Histogram with different letters (A,B) denote mean values
that are statistically different at p<.05. (C) Mean IL-6 concentrations (£fSEM).
Histogram with different letters (A,B) denote mean values that are statistically
different at p<.05. (D) Mean TNF-a concentrations (fSEM). Histogram with
different letters (A,B) denote mean values that are statistically different at p <.05.
Abbreviation: MWCNT, multi-walled carbon nanotube.

pattern illustrates the ~1750 protein spots resolved and detected in each of
the various HEK samples studied. To determine expression differences
resulting from MWNT exposure and the effect of culture duration, spot
quantities (determined as described in the methods section) of all matched
proteins were compared in the following manner: 24h Control versus
24 MWNT; 48 h Control versus 48 h MWNT; and 24 h Control versus 48 h
Control. As a result of these group comparisons, we determined that
152 proteins were significantly (p<.01) differentially expressed. These
proteins, along with other notable proteins, were thus cut from the gel, sub-
jected to peptide mass fingerprinting. 117 were positively identified, are
illustrated by spot number (SSP) in Figure 2, and listed accordingly in Table 1.

As a result of 24h of MWNT exposure, the expression of 36 HEK
proteins was altered while 48h of MWNT exposure altered 106 protein
spots. When we compared the proteins in untreated, 24 and 48 h control
groups, the abundance of 48 protein spots were significantly different
(p<.01). These results, along with the relative direction (up or down) of
differential expression, are presented in Table 2.
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Figure 2 Large-format 2D gel (20 x 25 x 0.15cm; stained with colloidal CBB)
image of whole HEK lysate. Numbered protein spots are those altered by MWNT
exposure and identified by mass spectrometry. Quantitative differences in protein
staining intensity were analyzed statistically and are listed in Table 1 along with
protein identifiers. Molecular weight and p/ calibrations are estimates based on the
calculated MW and p/ of protein spots identified in the pattern. Abbreviation: HEK,
human epidermal keratinocytes; MW, ; MWNT, multiwalled nanotube.

DISCUSSION

To assess the potential dermal toxicity of MWNT, HEK were exposed at a
level and duration previously shown to cause an inflammatory response
(19). Decreased cell viability under such conditions have been described
before (19), and the elevated levels of the proinflammatory cytokines IL-8,
and IL-1pB observed here (Fig. 1) indicate that MWNT exposure initiates an
inflammatory response at 0.4 mg/mL dose in HEK. Transmission electron
micrographs (TEMs) have previously verified that MWNT are capable of
entering into HEK in the absence of a vehicle or surfactant (19). The
presence of IL-8, IL-6, and IL-1p coincide with reports of dermal irritation
in humans (26-29). Normal HEKSs respond rapidly to injury by activating
molecules that are capable of promptly signaling a need for tissue repair
(30). The observed TNF-a levels were extremely low, but TNF-o and 1L-1

(text continues on p. 214)
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