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ABSTRACT

A Big Response to a “Small” Problem: Identifying the Oxidative Potential of
Nanoparticles and the Physicochemical Characteristics That Play a Role.
(December 2011)

James Michael Berg, B.S., Baylor University

Chair of Advisory Committee: Dr. Christie M. Sayes

Nanotechnology as a science is emerging rapidly. As materials are synthesized
and utilized at the nanometer size scale, concerns of potential health and safety effects
are arising. In this work, an effort to elucidate the physicochemical characteristics of
nanoparticles influential in toxicological studies, surface properties of metal oxide and
carbonaceous nanoparticles are measured. These properties include zeta potential,
dissolution and surface-bound chemical components. Subsequently, the role of these
properties in oxidative stress is examined in vitro.

This work identifies the influence that pH has on the zeta potential of
nanoparticles. The zeta potential has the ability to alter colloidal stability, as the largest
nanoparticle agglomerate is seen at or near the isoelectric point for each of the particles
tested. Furthermore, it is observed that metal oxide nanoparticles, which exhibit a
charged surface at physiological pH, lead to decreased in vitro cellular viability as
compared to those that were neutral. = Thus, nanoparticle zeta potential may be an

important factor to consider when attempting to predict nanoparticle toxicity.
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Real world exposure to nanoparticles is a mixture of various particulates and
organics. Therefore, to simulate this particle mixture, iron oxide (Fe,O3) and engineered
carbon black (ECB) are utilized in combination to identify potential synergistic
reactions. Following in vitro exposure, both nanoparticle types are internalized into
endosomes, where liberated Fe®* reacts with hydroquinone moieties on the ECB surface
yielding Fe’*. This bioavailable iron may then generate oxidative stress through
intracellular pathways including the Fenton reaction.

As oxidative stress is common in particulate toxicology, a comparison between
the antioxidant defenses of epithelial (A549) and mesothelial (MeT-5A) cell lines is
made. The A549 cell line exhibits alterations in the NRF2-KEAP1 transcription factor
system and therefore retains high basal levels of phase II antioxidants. Both cell types
are exposed to 33 nm silica where intracellular oxidant generation, coupled with markers
of oxidative stress, are observed. While the MeT-5A cells exhibit a decrease in cell
viability, the A549 cell line does not. Therefore, proper characterization of both material
and biological systems prior to toxicity testing may help to further define the risks

associated with the use of nanotechnology.
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1. INTRODUCTION

Human health effects stemming from exposure to engineered nanoparticles is
currently a researched topic in nanotechnology. Engineered nanoparticles are defined as
particulates engineered to have at least one dimension measuring 1 nm to 100 nm and
exhibit novel properties which differ from their bulk-phase, micrometer scale
counterparts of identical chemical composition (NSTC 2011; TRS 2004). While the
presence of ambient and incidental particles less than 100 nm is not a new occurrence,
the intentional manipulation of matter at this scale and subsequent release into the
environment has not occurred before the 20" century (Feynman 1992).

Engineering novel materials at the nanometer size scale results in unique
physicochemical properties (e.g. enhanced electrical conductivity, increased insulting
ability, a high surface area to volume ratio). These properties are often desirable in
technology driven products ranging from “self-cleaning” surfaces to scratch resistant
glass, medical devices, image contrast reagents and sunscreens (Richardson 2010). A
more comprehensive list of “nano-enabled” products can be found online at
www.nanotechproject.org (Nanotechproject 2011).  Nanotechnology driven products
are generating a new industrial revolution with expected revenues between $2.6 trillion
and $3.1 trillion by the years 2014 and 2015, respectively (Dai 2010; Schmidt 2009).

While the incorporation of nanomaterials into products is enhancing our daily
lives, mounting concerns of health and safety are rising to the surface. These health

concerns have been attributed to the fact that nanoparticles often behave according to

This dissertation follows the style of Nanotoxicology.



very different physical and chemical laws than their micrometer size counterparts.
Therefore, it is not unreasonable to expect an altered biological response following
cellular or organism exposure to nanoparticles (Donaldson et al. 2002; Donaldson et al.
2001; Oberdorster 2001).

These physical laws, or so called “nano-effects”, rule the behavior and properties
of particles at the nanometer size scale. In fact, the standard definition of a nanoparticle
(as described previously) has been modified by Auffan et al. (2009) in order to place
greater emphasis on altered physicochemical properties seen at the nanometer size scale,
which they suggest to be more prolific at particle sizes of 30 nm or less (Auffan et al.
2009).

While this modified definition emphasizes the quantum properties at the
nanometer size scale, it does not take into account the extrinsic (passive) properties (e.g.
size) that enable events such as alveolar deposition. For example, particles in this size
range (<100 nm) are increasingly respirable and hence, retain the ability penetrate into
the deepest components of the lung. As another example, nanoparticles are often
observed to pass through the blood brain barrier, diffuse through the cellular membrane,
translocate to sites different from that of the exposure, and retain the potential to elicit
adverse effects unless cleared from the bloodstream by the reticular endothelial system
(Kreyling et al. 2002; Oberdorster et al. 2004; Oberdorster et al. 2002; Brigger et al.
2002).

Due to the increased ability for nanoparticles to penetrate into the alveolar region

of the respiratory tract and translocate to alternate sites of action, exposure to nanometer



size particles may lead to adverse pathophysiological effects. While engineered
nanoparticles are a relatively new class of materials, human exposure to ultrafine
particles (i.e. in the nanometer range, but not engineered) is not a new occurrence.
Ultrafine particles may be either anthropogenic or natural in origin. For example,
natural ultrafine particles are generated in heat driven processes such as forest fires and
volcanoes. Nonetheless, incidental anthropogenic ultrafine particles may be due to
incomplete combustion of hydrocarbon fuels, through the welding process, or through
cigarette smoking. Due to the close relationship with ultrafine particle toxicology, the
emergence of nanotoxicology as a subdivision of ultrafine toxicology has been suggested
(Oberdorster et al. 2005).

Increased exposure to ultrafine particles has been linked to a variety of diseases.
Epidemiological studies suggest that these maladies range from the decreased peak
expiratory flow and increased use of medication in asthmatics to potentially fatal
respiratory and cardiovascular malignancies (von Klot et al. 2002). For example,
Dockery et al. noted statistical significance between mortality and ambient air pollution
associated with increased concentrations of fine particulates. This increase in mortality
is linked to both lung cancer and cardiopulmonary disease (Dockery et al. 1993).

While large amounts of epidemiological data exist for ambient ultrafine or
incidental particles; little to none exists following exposure to engineered nanoparticles.
To date, one manuscript has been published linking engineered nanoparticles to
increased health problems and mortality; however, the severe limitations of the study

combined with the lack of particle characterization lead to alarm among many scientists



(Song et al. 2009). This lack of epidemiological data in nanotoxicology is attributed to
a variety of factors including: enormity of nanoparticle compositions, heterogeneity
within single composition nanoparticles (i.e. differences in size and/or shape), temporal
relationship, and endpoint measurements (Schulte et al. 2009). Increased standardization
in analytical and characterization methods across the nanotoxicology field pertaining to
measured properties (e.g. particle number concentration) and potential disease endpoints
are necessary prior to the development of epidemiological data.

The nanotoxicology literature is dominated with studies delineating the effects
stemming from a single nanoparticle-type; when in fact, exposure to engineered
nanoparticles is often a complex scenario involving a multitude of materials albeit
engineered or incidental. Shulte et al. (2009) emphasizes that exposure to nanoparticles
is often as mixtures and describes this at a major limitation to future epidemiological
efforts (Schulte et al. 2009). On the other hand, Sharma (2010) concludes that while
nanoparticles almost always exist as a mixture, single composition nanoparticle
exposures may be found in the workplace (Sharma 2010). While the ideal scenario
involving a single workplace exposure to an engineered nanoparticle may exist, multiple
simulated occupational exposure scenarios demonstrate otherwise. With few exceptions,
activity-based monitoring has been performed in environments where significant
background nanoparticle populations are present (Demou et al. 2008; Demou et al. 2009;
Park et al. 2009; Brouwer et al. 2009).

Exposure to multiple material-types, including both engineered nanoparticles

and/or ultrafine particles, often complicates the risk assessment paradigm. This is



because interactions between a nanoparticle (including organic and inorganic
components) and biological entities may lead to alterations in the predicted biological
response. Both hazard identification and exposure assessment are confounded by the
presence of multiple, often unidentified material types. It is for this reason that current
exposure assessments for simulated occupational exposures rarely yield precise results
and often draws the conclusion that a certain activity did or did not indicate nanoparticle
release (Brouwer et al. 2009). Similarly, recent work in our lab has demonstrated that a
mixture of nanoparticles with different compositions may yield a toxicological response
greater than what was observed for each single particle-type alone (Berg et al. 2010).
This non-additive effect, observed for combinations of carbon black and maghemite iron
oxide nanoparticles, involved intracellular colocalization of particles in an acidified
vesicle thereby leading to the dissolution and reduction of Fe** and increasing the
potential for generation of intracellular reactive oxygen species (ROS) (Figure 1.1). If
this scenario is applied to the occupational exposure, hazard data may be grossly
underestimated due to the fact that nanoparticle co-exposures may be more deleterious

than exposure to a single chemical entity or particulate alone.
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1.1 Sources of Exposure to Engineered Nanoparticles and Their Mixtures

The life cycle of engineered nanoparticles provides multiple opportunities for
these materials to come into contact with workers who produce them or the consumer
who utilizes a derived product. A variety of dosimetries have been suggested for
measuring nanoparticles in the workplace. These metrics often include number, mass, or
surface-area based concentrations. Nanoparticles have an extremely high surface area:
volume ratio with which to interact with biological substrates. To capitalize on this
increased surface area, Maynard and others (2004) have suggested the surface area
parameter is often the best dosimetric for nanoparticle inhalation studies (Maynard et al.
2004). However, while surface area dosimetries may have a higher correlation with
health effects, mass-based measurements continue to dominate the in vitro toxicology
literature (Maynard and Zimmer 2002).
1.1.1 Nanoparticle Exposure via Synthesis

Nanoparticle synthesis methods are often generalized into multiple categories
consisting of mechanical, liquid phase, vapor deposition and gas phase synthesis
(Demou et al. 2008; Aitken et al. 2004). Although each synthetic method may lead to an
increased risk of nanoparticle exposure, only gas phase synthesis released
nonagglomerated primary particles (Aitken et al. 2004). Liquid phase synthesis may
also lead to nanoparticle release; however in liquid phase synthesis released

nanoparticles remain highly agglomerated (Park et al. 2009).



Table 1.1 Inhalational exposures to nanoparticles and their mixtures

Background Method of
Action Component #1 Component #2 Particulates . Other Sources Reference(s)
Reporting
Present
Synthesis
Gas Phase
NaCl, TiO,, Not Applicable Present SMPS, CPC Not Identified Demou, E (2008),
Pt/Ba/Al,O3 Demou, E (2009)
Fullerenes Not Applicable Present SMPS, CPC, LDMA, Vehicular Yeganeh ,B (2008)
NDMA, PAS
Fullerenes Not Applicable Present SMPS, OPC, SEM Industrial Origin Fujitani, Y (2008)
MWCNT Fe, Ni, Mn, Si Present SMPS, UCPC, APS, Metals used as Han, J (2008)
Aethalometer, catalyst, insulation
STEM-EDS
Synthesis
Liquid Phase
Ag Not Applicable Present SPMS-LDMA, TEM Not Identified Park, J (2009)
Bagging / Handling
Fumed SiO, Not Applicable Present TEM, ELPI Not Identified Brouwer, D (2009)
LisTisO12 Mn Present CPC, OPC, TEM, Welding Peters, T (2009)
SEM
SWCNT Fe, Ni Not Present TEM, ICP-AES, Metals used as Maynard (2004)
SPMS, CPC, APS catalyst
ECB Not Applicable Present SPMS, APS Combustion powered Kuhlbusch, T (2006)
forklifts or heaters or Kuhlbusch, T (2010)
traffic
Pouring or
Transferring by
Spatula
Ag, Al,Os Not Applicable Present SMPS, TEM, STEM Not Identified Tsai (2008)




Table 1.1 Cont.

Background Method of
Action Component #1 Component #2 Particulates ' Other Sources Reference(s)
Reporting
Present
Milling, Grinding or
Cutting for
Industrial
Application
Steel, Hardwood, Possible Al,Os Not Present SPMS, APS Al,O; coated grinding ~ Maynard, A (2002)
Al wheel, electric motor
CNT, Al,Os Present -- Not Present CPC, TEM Not Identified Bello, D (2009)
Identified
Abrasion
Simulating Wear
Resistance
ZnO Al, Si, Ti Not Present TEM, Abrasion Test Wheel Vorbau, M (2009)

EDS,SMPS,CPC
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While these released nanoparticles are assumed to be due to the synthesis or
handling process, it is necessary to conduct further materials characterization to ensure
that the nanoparticles released are representative of the chemical composition of the
process occurring.

Current occupational monitoring suggests that synthesized nanoparticles are not
the only nanometer sized particulates present in local ambient environments (Table 1.1).
Monitoring of industrial plants in which nanoparticles of a single composition were
synthesized, revealed that multiple ambient or background nanoparticles were also
present (Park et al. 2009; Demou et al. 2008; Yeganeh et al. 2008; Demou et al. 2009).
While these background particles may not be engineered nanoparticles, they can
potentially alter the toxicological profile of the synthesized particle. For example,
carbonaceous ultrafine particles, often derived from incomplete combustion, are a
primary source of background nanoparticles. These particles are produced during
processes such as the operation of forklifts, heaters and nearby traffic (Yeganeh et al.
2008; Kuhlbusch et al. 2010; Kuhlbusch and Fissan 2006; Fujitani et al. 2008). In Berg
et al. (2010), engineered carbon black (ECB) was utilized as a surrogate for elemental
carbon found in the ambient atmosphere (Cass et al. 2000; Berg et al. 2010). It was
further suggested that this carbon could act upon other particles present and increase
their cellular, toxicological response.

While a variety of simulated occupational activity studies do exist, the decreased
attention to background chemical composition provides a potential source of ambiguity.

For example, Demou et al. (2008 & 2009) did not chemically differentiate the particles



11

prior to measurement and hence, speculate that measured particles in a similar size range
are derived from other sources such as traffic, industrial sources, or outdoor activities
(Demou et al. 2008; Demou et al. 2009). Similarly, multiple studies note the presence of
unidentified nanoparticles during the course of carbon nanotube (CNT) synthesis and
further suggest that these unidentified particles may originate from either outdoor
sources or the carbon brushes in a vacuum motor as has been observed elsewhere
(Maynard et al. 2004; Fujitani et al. 2008; Bello et al. 2008).
1.1.2 The Importance of Background Particle Determination

The determination of background nanoparticle composition may lead to
increased epidemiological insights as well. Few studies that monitor nanoparticle
synthesis and handling utilize current analytical methods, such as inductively couple
plasma-mass spectroscopy (ICP-MS) and scanning transmission electron microscopy-
energy dispersive spectrometry (STEM-EDS) to further identify and characterize
background particulates present. Careful characterization of such background particles
may further help to differentiate between the heath-risks associated with engineered
nanoparticle exposure from that of the background particulate. For example, Han and
others (2008) identified the presence of chrysotile asbestos-like fibers in their multiwall
carbon nanotube (MWCNT) samples using electron microscopy (Han et al. 2008). It
was hypothesized that these fibers were not a product of MWCNT synthesis, but
released from the equipment or high-temperature furnace used for the chemical vapor

deposition process.
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The use of novel analytical techniques such as ICP-MS or STEM-EDS as a
means to characterize chemical components can be applied to nanoparticles as well.
Peters and others (2009) undertook the responsibility to determine the composition of
the particles released from the production of both their synthesized LisTisO,; particles
and the nearby incidental particles which often dominate the airborne number
concentration (Peters et al. 2009). Ultilizing these techniques, they determined that the
particle numbers measured by condensation particle counter (CPC) and optical particle
counter (OPC) often contained manganese which originated from a nearby welding
source. This background particle identification may help to separate the effect of
background particle-based health effects, such as “metal fume fever” from that of the
engineered nanomaterial themselves.

Maynard and others (2004) address a similar situation stemming from the use of
iron and nickel as catalysts in high pressure carbon monoxide (HiPCO) synthesis of
multi-walled carbon nanotubes (MWCNT) (Maynard et al. 2004; Bronikowski et al.
2001). They suggest that while alveolar deposition of the MWCNT is unlikely due to
agglomerate size, a number of materials (i.e. Ni) used as catalysts have been associated
with adverse long-term health effects (Feron et al. 2001). The use of transition metals as
catalysts in the production of CNT provides yet another source of nanoparticle mixtures.
These catalysts often comprise up to 30% by mass of the final carbonaceous product,
exist as ultrafine (~5 nm) particles, and may be detected in the final CNT composition
via EDS (Han et al. 2008). While these metals are often carbon coated, little is known

about their decomposition once inside a cellular environment and hence, interaction
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between the MWCNT and transition metals is possible. Using a colorimetric reductive
capacity assay, work in our lab had determined that carbon structures such as CNT,
fullerenes, and ECB may act to reduce the transition metal in an acidic €X Vivo
environment (Figure 1.2). Each of these carbonaceous materials may become
incorporated into consumer products thus providing the potential for material release and
exposure at the processing or consumer level.
1.1.3 Release of Nanoparticles During Post-Synthesis Processing for Industrial Use
At the forefront of nanotechnology-driven product generation is the post-
synthesis processing of nanoparticle containing materials. This process often includes
milling, grinding, cutting, or abrasion of nanoparticle-containing composites. Currently,
there are concerns regarding particle release from nanoparticle-containing substrates;
however, it remains undetermined if the quantities of particles released are sufficiently
high to be a risk. For example, Vorbau (2009) suggests that individual nanoparticles
were not liberated from nanoparticle-containing composites, but alternatively
incorporated into micrometer size particles as analyzed by TEM (Vorbau et al. 2009).
Alternatively, the simple act of both high-speed grinding and dry cutting of metal
substrates or carbon composites leads to nanoparticle generation regardless of their
incorporation into the original product (Maynard and Zimmer 2002; Bello et al. 2008).
Throughout these processes, generated nanoparticles may be released from the processed
substrate (material being milled), the processing implement (blade or grinding wheel) or
the machinery utilizing the processing implement (i.e. electric saw or high-speed

grinder).
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Albeit nanoparticle synthesis, handling, or processing, identifying exposure to
both nanoparticles and their mixtures will remain an important factor in the advancement
of nanoparticle containing products. While it is obvious that nanoscientists are nowhere
near completing a comprehensive risk assessment, identifying knowledge gaps and
opportunities for future directed efforts can be determined with careful characterization
and thoughtful experimental design.

1.2 Physicochemical Properties Relevant to Nanoparticle Mixtures

Engineered nanoparticles are synthesized with various physicochemical
properties in an effort to yield specific structural or functional features. It remains a
distinct possibility that the same physicochemical properties which are beneficial to
product development may elicit a negative biological response, in either in vitro or in
Vivo test systems. Under the basis of “precautionary principle”, it is necessary to
determine what physicochemical characteristics of an individual nanoparticle or a
mixture of nanoparticles may be important for potential toxicological consideration.
There has been an effort in the nanotoxicology field to utilize a structure activity
relationship generated from gathered nanoparticle toxicological data in order to possibly
predict nanoparticle toxicology through the use of in silico techniques (Sayes and Ivanov
2010). While the list of recommended physicochemical properties is undergoing
constant morphological changes, the properties of composition, size, zeta potential,
crystallinity (or lack thereof), and surface chemistry have been hypothesized to play a

critical role in the development of toxicological conditions.
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1.2.1 Chemical Composition

While a nanoparticle is classically defined by both its size and unique properties,
the current definition says nothing about its chemical composition. This lack of
chemical description has often lead to vagueness and criticism in the field. For example,
a recent study in the European Journal of Respiratory Health related nanoparticles that
were used in an occupational setting to adverse health effects including pleural
granulomas and subsequent mortality of two subjects (Song et al. 2009). However, the
authors of this study performed little physicochemical characterization and the
composition of the particles was not examined to determine if a link to the workplace
exposure did exist.

Many toxicological parameters have been linked to a nanoparticle’s chemical
composition. While particles are intentionally comprised of certain elements (i.e. SiO; is
comprised of silicon and oxygen) oftentimes unintentional elements may be present at
low concentrations (Vallyathan et al. 1988; Limbach et al. 2007; Fubini et al. 1990). For
example, transition metal impurities such as Fe, Co, Mn, and Ti in a primary matrix of
Si0; lead to greater oxidant production following incubation in a cellular environment
than pure SiO, alone (Limbach et al. 2007). Additionally, trace iron impurities on the
surface of silica particles are often implicated in free radical release (Fubini et al. 1990;
Vallyathan et al. 1988). These impurities may be unintentional by-products of the
nanoparticle synthesis process. For example, both Fe and Ni are present in carbon
nanotubes at up to 30% mass in ultrafine particle form (Bronikowski et al. 2001;

Maynard et al. 2004). Because transition metal impurities are not obvious and may not
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be reported by the manufacturer, in-house elemental confirmation ICP-MS or EDS is
recommended.

In addition to trace metal contaminates, organics modifying the surface may also
lead to altered toxicological profiles. Sodium citrate is often used as the reducing agent
and colloidal stabilizer for nanoparticle synthesis (Dadosh 2009; Lee and Meisel 1982).
Residual sodium citrate adhered to the nanoparticle surface after synthesis has been
shown to impact cellular processes including metabolic activity, cellular proliferation,
and lactate dehydrogenase (LDH) release (Uboldi et al. 2009).

Nanoparticle composition also influences particle dissolution. Many studies
suggest that particle dissolution is responsible for negative effects following exposure to
nanoparticles of a certain composition (Brunner et al. 2006; Franklin et al. 2007; Nel et
al. 2006; Xia et al. 2008a). For example, ZnO nanoparticles rapidly dissolve in cell
culture media to form Zn*" jons which may generate cellular stress through an oxidative
pathway (Xia et al. 2008a). In contrast, insoluble nanoparticles (i.e. TiO; or SiO;) may
be less cytotoxic in the short term than their soluble counterparts (Brunner et al. 2006).
Both TiO; and SiO, can generate a refractory oxide shell in the presence of acidic
environments and this enables them to withstand dissolution under harsh (acidic and/or
oxidizing) conditions. However, while low dissolution rates may be advantageous over
the short term, this characteristic may lead to increased biopersistance and in Vvivo
residence times. Therefore, highly soluble particles must be thoroughly tested for their
short-term toxicity while highly insoluble particles should be monitored for their long

term responses. Synthesizing a nanoparticle which maintains this delicate balance of
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both retention and dissolution may provide an appropriate means to manage the risk
associated with the use of nanoparticle containing products.
1.2.2 Crystalline Structure

Nanoparticles may be synthesized in either a crystalline or amorphous form.
Moreover, different crystalline forms exist for nanoparticles of different composition.
For example, while the toxicology of the most common forms of titanium dioxide
including anatase, rutile, and brookite, are the most studied; other forms of TiO, also
exist. Many toxicological comparisons between anatase TiO, and rutile TiO,
demonstrate that there are stark differences in their cytotoxicity, inflammation, and
oxidant production. For example, in acellular assays utilizing oxidant reactive dyes,
anatase generates greater oxidant production than anatase/rutile mixtures or rutile alone
(Jiang et al. 2008a; Sayes et al. 2006). Sayes et al. (2006) concluded that the anatase
crystal phase was 100 times more toxic than TiO, in the rutile crystal phase according to
cytotoxicity assays using calcein AM and ethidium homodimer (Sayes et al. 2006). On
the other hand, Bradydich-Stolle and others (2009) suggest that crystalline state is only
one mediator of TiO, toxicity and identified different cellular responses including
necrosis and apoptosis for the anatase and rutile crystal phases respectively (Braydich-
Stolle et al. 2009). In the animal model, mixtures of 80% anatase: 20% rutile are more
inflammogenic than exposure to rutile alone (Warheit et al. 2007a; Warheit et al. 2007b).

Similarly, amorphous forms of traditionally inert material may become
biologically active at the nanometer size scale. For example, both amorphous TiO, and

amorphous SiO, generate both oxidant production and oxidative stress in both acellular
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and cellular environments at the nanometer size scale (Jiang et al. 2008a; Lin et al. 2006;
Chang et al. 2007). This increased activity of the amorphous form may be due to the
increased surface defect density which enhances interactions with the external
environment (Carp et al. 2004). Furthermore, an increase in the surface density of
functional groups may contribute to the generation of oxidants. Thus, it is considered
that changes in crystalline form may alter both the surface chemistry of a particle and its
toxicological effects.
1.2.3 Surface Chemistry

While many components are expected to contribute to nanoparticle toxicity,
decreasing nanoparticle diameter leads to exponential increases in particle surface
molecules (Oberdorster et al. 2005). These exponential increases in surface area make
the nanoparticle unique from bulk material. In fact, it has been suggested that particle
surface characteristics may be more important than particle size when determining
nanoparticle cytotoxicity (Warheit et al. 2007a; Warheit et al. 2007b). As an example,
the increased surface area of nanometer size particles provide an enhanced ability to
unintentionally bind contaminants such as organics, transition metals or even
biomolecules (Donaldson et al. 2001). Taken a step further, these surface-adhered
macromolecules may further dictate particle uptake or distribution in vitro or in vivo
(Lundgvist et al. 2008). While unintentional macromolecule surface modification may
lead to unwanted distribution, intentionally coating nanoparticles with various polymers,
including polyethylene glycol (PEG) for medicinal techniques, may increase their

residence time and help avoid macrophage clearance (McNeil 2005).
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Surface chemistry can be determined using a variety of techniques including x-
ray photoelectron spectroscopy (XPS) or Fourier transform infrared spectroscopy
(FTIR). XPS, otherwise known as electron spectroscopy for chemical analysis (ESCA)
utilizes a focused x-ray beam to emit electrons from the surface (~15 nm) of the
materials which may then be analyzed for elemental composition (Murdock et al. 2008).
Furthermore, XPS may be utilized to detect surface labeling of nanoparticles using
fluorescent dyes (Hens et al. 2008). In addition to XPS measurements, FTIR may be
used to verify the presence of surface functional groups. For example, FTIR may be
used to show surface functional groups in SiO, and subsequent amine functionalization
following surface modification as shown in Figure 1.3. While XPS and FTIR are
analytical tools that provide elemental and functional composition at the nanoparticle
surface, the Vitamin C assay may be utilized to determine surface reactivity. The
Vitamin C yellowing test has been previously developed as a means to correlate the
surface reactivity of the nanoparticle to its chemical stability. Available evidence
indicates that the color change mechanism is the formation of a charge transfer complex
between ascorbic acid-6-palmitate and the “active sites” on the nanoparticle surface

(Warheit et al. 2007b; Rajh et al. 1999).
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Figure 1.3 Fourier transform infrared spectroscopy of native and silane
coated Si0,. Native Si0; (red) elicits characteristic peaks of 801, 954, and
1093 cm™ associated with Si-O, Si-OH, and Si-O-Si bonding. Upon reaction
with 3-aminopropyl triethoxysilane (blue), disappearance of the peak at 3749
cm™ associated with surface silanol groups is coupled with an increase in

transmittance at ~1552 cm™ often associated with an amino group
vibrational mode.
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1.2.4 Redox Chemistry

The introduction of reduction and oxidation (redox) chemistry and biology to the
nanotoxicology field allows an enhanced understanding of interactions taking place at
the chemical level. For example, recent work by our lab, has evaluated the usefulness
of XPS by analyzing the surface of carbon black both prior to and after surface oxidation
(Berg et al. 2010). Following surface oxidation of engineered carbon black, the surface
quinone:hydoquinone (Qe):HQ)) ratio was circa 5000 times greater than in the
unoxidized carbon black. Furthermore, we identified potential redox cycling involving
liberated Fe’* from Fe,O; nanoparticle and the surface of carbon black, thus potentially
identifying the reducing component of particulate matter (PM) that may play a role in
hydroxyl radical generation in response to PM;, (Donaldson et al. 1997).
1.2.5 Other Physicochemical Properties Relevant to Toxicology

While the previous physicochemical parameters are necessary measurements for
nanoparticle mixtures, the following properties of nanoparticles should also be
measured.
1.2.5.1 Nanoparticle Size

Many materials typically inert at the micron scale, gain the ability to induce a
biological response at the nanometer size scale at both the cellular and organism level
(L1 et al. 2008b; Li et al. 1999; Kaewamatawong et al. 2005; Nemmar et al. 2003). These
size-dependent effects may be attributed to increased surface area: volume ratio,
increased particle number concentrations per unit mass, altered surface atomic

composition, or discontinuous crystal planes which may increase the presence of
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structural defects on the surface of the particle (Vallyathan et al. 1988). Size-dependent
effects are often well defined within the nanometer size range itself as many biological
dependent mechanisms, such as nanoparticle internalization and cellular signaling, often
respond to slight differences (i.e. 45 nm vs. 10 nm) in nanoparticle size (Jiang et al.
2008b; Chithrani et al. 2006). While size-dependent mechanisms of nanoparticle
induced toxicity dominate the literature, numerous studies suggest other factors that play
a role. For example, Warheit et al. (2007) suggests that particle surface characteristics
may be more important for toxicological purposes than nanoparticle size when utilizing
both fine and nanometer sized quartz (Warheit et al. 2007a). Alternatively, Wagner et
al. (2007) suggests that particle composition in combination with particle surface area
are more influential in the toxicity of Al,O; nanoparticle than size alone (Wagner et al.
2007).

Nanoparticle size is reported in a variety of ways including primary particle size,
aerodynamic diameter, hydrodynamic diameter, and agglomerate size (Hwang et al.
2008; Wuelfing et al. 1999; Zhang et al. 2005; Pauluhn 2009). Although each of these
measurements assumes that nanoparticles are spherical in diameter, each may lend itself
to a different reported diameter. Primary particle size is often obtained through the use
of electron microscopy or calculated through surface area analysis using the Brunauer,
Emmett and Teller (BET) method (Brunauer et al. 1938). The aerodynamic diameter is
often utilized to measure the size of an aerosolized nanoparticle powder. This
aerodynamic size is important in inhalational studies as particles size in this form defines

their impaction and travel within the lower levels of the respiratory tract. If individual
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nanoparticles reach the lower level of the respiratory tract (i.e. not ciliated), particle
clearance may be hindered since various nanoparticles decrease alveolar clearance
mechanisms (Renwick et al. 2001). Hydrodynamic diameter, measured via dynamic
light scattering in a suspension, gives a measure of the nanoparticle size at the
nanoparticle slipping plane. The nanoparticle slipping plane is comprised of the
nanoparticle core with the surrounding layer of water and adsorbed ions (Murdock et al.
2008). Both the aerodynamic and hydrodynamic measurements are subject to alteration
through a process termed nanoparticle agglomeration. Agglomerates of nanoparticles
occur when individual primary particles are held together by weak intermolecular forces
including solvation forces, van der Waals forces, electrostatic attractions, and
hydrophobic interactions (Hakim et al. 2007; Min et al. 2008; Fichthorn and Qin 2008).
In addition to primary particle size as described above, nanoparticle agglomerate
size may also provide an additional property worthy of consideration in
nanotoxicological studies (Pauluhn 2009; Mayer et al. 2009). In an effort to distinguish
the toxicological effects of nanoparticle agglomerates from that of the individual primary
particle size, research involving the synthesis and deagglomertion of particles using
biologically compatible colloidal stabilizers, such as bovine serum albumin (BSA) or
diphosphatidylcholine (DPPC), has become widely prevalent (Thomassen et al. 2009;
Bihari et al. 2008; Vippola et al. 2009; Brigger et al. 2002; Sager et al. 2007; Porter et al.
2008). Therefore, as further research into the deagglomeration of nanoparticles takes
place, an increased understanding of the role of primary particle size may become more

apparent.
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1.2.5.2 Nanoparticle Surface Charge

Nanoparticle surface charge, often measured as zeta potential, is a dynamic
characteristic often dependent upon the microenvironmental conditions in which the
particle is suspended. The zeta potential of the nanoparticle represents the charge of the
nanoparticle at the slipping plane of the electric double layer. This double layer is
influenced by the surrounding ions in solution (Malvern 2008). Nanoparticle zeta
potential is measured using dynamic light scattering combined with phase analysis light
scattering (Berne and Pecora 1976). Because the zeta potential measurement is
influenced by the surrounding ions in solution, the characteristics of the suspension
medium such as pH, ionic strength, and/or presence of surfactants may all influence the
zeta potential (Tiyaboonchai and Limpeanchob 2007; Mayer et al. 2009; Berg et al.
2009; Handy et al. 2008). Alterations in the zeta potential will, in effect, lead to
modification of other physicochemical characteristics such as changes in the
agglomeration state (Berg et al. 2009). The largest nanoparticle agglomeration state is
theoretically present at the nanoparticles isoelectric point. The isoelectric point is
defined as the pH at which the net zeta potential is equal to 0 mV. In fact, zeta potential
values greater than +30 mV or less than -30 mV allow increased nanoparticle
stabilization following deaggregation using sonication techniques (Murdock et al. 2008).
However, sonication alone does not alter the nanoparticle zeta potential.

Alterations in the zeta potential of a nanoparticle will lead to different biological
effects providing that the remaining physicochemical properties remain the same. It has

been suggested that surface protein adsorption is significant to the toxicological
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characteristics of the particle (Lundqvist et al. 2008). This protein adsorption is often
mediated by the surface parameters of the individual particles including surface charge.
Beyond protein modification, surface charge has been shown to play a role in
internalization and distribution of nanoparticles. For example, nanoparticle zeta
potential plays an important role in delivery across the blood brain barrier (Lockman et
al. 2004; Fenart et al. 1999). Similarly, alterations in the zeta potential may mediate the
route of cellular internalization (Dausend et al. 2008; Harush-Frenkel et al. 2008). For
example, when using an ameloride inhibitor of macropinocytosis, Dausend et al. (2008)
noted that only positively charged particles were blocked from cellular entrance while
negatively charged particles were unaffected (Dausend et al. 2008). The zeta potential
of a nanoparticle should be considered in nanotoxicology studies.

While this discussion of the physicochemical characteristics of nanoparticle is
not exhaustive, they represent a basic set of physicochemical parameters that influence
the toxicity of nanoparticles. Future work can utilize these characteristics to develop
mathematical quantitative structure activity relationships (QSARs) which determine the
contributions of these physicochemical properties to biological responses (Sayes and
Ivanov 2010).

1.2.6 The Characterization of Nanoparticle Mixtures

The characterization of nanoparticles and their mixtures is extremely important
and will facilitate future determination of health impacts following nanoparticle
exposure. Characterizing nanoparticles and their mixtures uses several techniques to

measure both particle exposure limits as well as the composition of the particles.
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Natural or incidental nanoparticles may often interfere with measurements of
nanoparticle parameters in an occupational setting. In an effort to eliminate these
background particles, sampled activities can be monitored for potential nanoparticle
release through the use of a high-efficacy HEPA filter in combination with task-based
isolation as discussed elsewhere (Yeganeh et al. 2008; Maynard and Zimmer 2002;
Maynard et al. 2004; Vorbau et al. 2009). Furthermore, the identification and
characterization of background particles should be addressed through the use of current
analytical techniques. As an example, both ICP-MS and STEM-EDS have been utilized
in an effort to identify background nanoparticle sources from incidental sources (Peters
et al. 2009; Maynard et al. 2004; Han et al. 2008). Current efforts utilizing the
Nanoparticle Emission Assessment Technique (NEAT), proposed by Methner at
NIOSH, involve specific combinations of particle measurements with careful chemical
characterization using filter based techniques to provide the most appropriate
characterization of the materials (Methner et al. 2010b; Methner et al. 2010a).

1.3 Cell and Nanoparticle Interactions as a Preliminary Step in Toxicity

Interaction of nanoparticles with biological systems occurs on a size scale similar
to those observed with the entrance of viral pathogens into a cellular system (Diaz-
Griffero et al. 2002; McClure et al. 1990). Similar to viruses, nanoparticles uniquely
access intracellular components both intentionally (e.g. medicinally) or unintentionally
(e.g. occupationally) (Xia et al. 2008b; Ferrari 2008). Viral and bacterial pathogens at
the nanometer size scale infiltrate cellular systems through various endocytic pathways

as a primary means of eliciting cellular or subcellular dysfunction. In this respect,
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nanoparticles are similar to pathogens; however, while multiple pathways for the
internalization of nanoparticles have been hypothesized, the results are conflicting. This
discrepancy in the data has been attributed to many factors — the most common being
the lack of physicochemical characterization of the particle-types tested (Dausend et al.
2008). It has been postulated that many of the physical parameters of nanoparticles can
affect their uptake in cells either through specific or non-specific pathways (Jiang et al.
2008b).  Thus far, the most documented particle characteristics that influence
internalization are nanoparticle size, charge, and surface modification as indicated in
Table 1.2 (Zhang and Monteiro-Riviere 2009).
1.3.1 Influence of Size on Nanoparticle Uptake

Endocytosis is responsible for the sorting, processing, and degradation of
internalized cargo (Gould and Lippincott-Schwartz 2009; Qaddoumi et al. 2003). This
process, which is often tightly regulated, consists of multiple receptor- and non-receptor
mediated routes that are limited by size constraints and may be applicable to the
internalization of nanoparticles. For example, Qaddoumi and others (2004) observed an
inverse relationship between nanoparticle size and quantity of particle internalization
(Qaddoumi et al. 2004). Hence, particulates approaching the nanometer scale may retain

the ability to utilize endocytic routes not available for use by larger particulates.
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Table 1.2 Physicochemical parameters influencing nanoparticle uptake

Endocytic Pathway

Physicochemical Property Reference(s)

Receptor-mediated
endocytosis

Strong positive or negative e (Osaki et al. 2004)

charge e (Harush-Frenkel et al. 2008)
<200 nm primary particle ¢ (Jiang et al. 2008b)

size ¢ (Chithrani et al. 2006)

Likely to be protein and/or ¢ (Zhang and Monteiro-Riviere
surface modified 2009)

Moderate aspect ratio and e (Yuan et al. 2008)

moderate degree of e (Ferrari 2008)

curvature ¢ (Kim et al. 2006)

Non-agglomerated
Most efficient when particle
size ~50 nm

Macropinocytosis

Hydrophobic e (Schoepf et al. 1998)
>200 nm in primary particle e (Osaki et al. 2004)
size ¢ (Qaddoumi et al. 2003)
May be highly agglomerated

Diffusion

Amphiphilic ¢ (Nativo et al. 2008)
Peptide Modified ¢ (Rothen-Rutishauser et al. 2006)
Non-agglomerated ¢ (Verma et al. 2008)

Absorptive endocytosis

Biodegradable ¢ (Qaddoumi et al. 2004)
<200 nm e (Qaddoumi et al. 2003)
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Multiple forms of receptor-mediated endocytosis, including both clathrin- and
caveolin—dependent mechanisms, are subject to size restrictions. Clathrin-mediated
endocytosis, the most common form of receptor-mediated endocytosis, is size restricted
to particles of approximately 200 nm due to protein scaffolding lining the budding
membrane surface. Similarly, uptake via caveolae-mediated endocytosis is limited to
particles ~ 60 nm in diameter due to thermodynamic constraints. However, nanoparticles
with dimensions less 60-200 nm can utilize these pathways as a means of cellular
entrance.  Theoretical calculations, based on size-dependent receptor-mediated
endocytosis, have shown most efficient particle uptake when particle radii are ~25-30
nm (Gao et al. 2005; Aoyama et al. 2003). These theoretical calculations have been
confirmed via experimentation (Jiang et al. 2008b; Chithrani et al. 2006; Osaki et al.
2004; Nakai et al. 2003).

In addition to receptor mediated pathways, receptor independent pathways, such
as macropinocytosis, are an alternate route for both individual nanoparticles and their
corresponding agglomerates to enter the cell. Particles internalized via macropinocytosis
range from approximately 200 nm to 5 um and this process is a more non-specific route
for nanoparticle internalization (Swanson and Watts 1995). Macropinocytosis is
characterized by membrane ruffling which is generated by newly polymerized actin
filaments. As ruffles rejoin the membrane surface, they encapsulate extracellular
nutrients and alternatively provide a way for either single nanoparticle or their
agglomerates to enter the cell. For example, one report suggests that both particles and

fibers can adhere non-specifically to the external cellular membrane (Boylan et al.
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1995). Non-selective membrane ruffling may retain the capacity to accidently
internalize nanoparticles and agglomerates up to 5 um with potentially deleterious
results. This pathway has been observed for internalization of polymer-based positively
charged nanoparticles (Harush-Frenkel et al. 2008).

Size-dependent limitations may not occur with nanoparticles less than ~ 60 nm
due to their ability to traverse the receptor- and non-receptor-mediated routes.
Moreover, the uptake of nanoparticles with specific surface properties may not require
an active process to occur (Rothen-Rutishauser et al. 2006; Geiser et al. 2005).

1.3.2 Influence of Charge on Nanoparticle Uptake

While size-restrictions may limit the specific route of uptake, it has been
suggested that charge, rather than size, is the prominent factor for both the route and
quantity of nanoparticle uptake (Kemp et al. 2008). For example, charged nanoparticles
often exhibit increased uptake compared to neutrally-charged nanoparticles (Zhang and
Monteiro-Riviere 2009). This has been readily observed by the increase in uptake of
negatively charged (-COOH coated) quantum dots by a keratinocyte cell line (HEK)
over either neutral (polyethylene glycol (PEG) coated) or positively charged (PEG-
amine coated) quantum dots (Zhang and Monteiro-Riviere 2009). Similar results were
obtained by Kemp and others (2008), where up to 75% of cells in culture internalized
carboxylate-modified latex particles (Kemp et al. 2008). Charge-directed internalization
of nanoparticles may be influenced by surface modifications via culture media

components; for example, negatively charged gold nanoparticles bind proteins in culture
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media which not only act as colloidal stabilizer, but also may influence endocytosis
(Chithrani et al. 2006).

Results of several studies suggest that generalizations regarding endocytosis of
nanoparticles cannot be made. Previously described studies indicate increased uptake of
negatively charged nanoparticles (Zhang and Monteiro-Riviere 2009; Kemp et al. 2008),
whereas other studies do not confirm this observation (Harush-Frenkel et al. 2008).
Since nanoparticle charge is often modified by the addition of specific functional groups,
the ability to chemically modify the surface of the nanoparticle is a potential source of
discrepancy among studies.

1.3.3 Influence of Surface Modifications on Nanoparticle Uptake

Slight modifications in the surface parameters of a nanoparticle may lead to large
alterations in nanoparticle uptake route and efficacy. These surface modifications may
be made in the form of non-specific adsorption of proteins or through intentional surface
modification with either biological (e.g. ligands) or synthetic (PEG) compounds.
Changes in these surface properties may not only alter the cellular uptake, but may also
modify the intracellular localization of the particle once inside the cell.

Many studies suggest that nanoparticles may adsorb components from serum,
cell culture media and lung fluid in the cellular environment. This coating may
influence both the nanoparticle agglomeration state as well as route of internalization
(Lundqgvist et al. 2008; Chen et al. 2006; Chen et al. 2005; Huang et al. 2007;
Schellenberger et al. 2008). For example, vitronectin, a major adhesive protein found in

serum, leads to enhanced internalization of asbestos fibers and it is likely that proteins
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such as vitronectin could adsorb onto a nanoparticle surface and enhance their
internalization (Boylan et al. 1995).

The potential toxicological effects of nanoparticles of similar size or chemical
composition are often dependent on their surface functional groups. For example,
protein absorption may be enhanced by the adsorbed ionic stabilizers often found in
commercial nanoparticle products and PEG-modified surfaces protect native surface
from further modifications (Nativo et al. 2008). Interestingly, PEGylating the
nanoparticle surface can also limit nanoparticle uptake, suggesting a link between
protein adsorption and internalization (Ferrari 2008; Kanaras et al. 2002). Modification
of nanoparticle surfaces by ligands such as folate, transferrin, or cholesterol may target
particles to the clathrin-dependent pathway (Yuan et al. 2008; Anderson 1998; Rodal et
al. 1999; Damke et al. 1994). Nanoparticles may also be modified with either cell-
penetrating peptides or nuclear localization sequences to direct their internalization to a
specific pathway or bypass the endocytic machinery altogether (Nativo et al. 2008; Levy
et al. 2004).

1.3.4 Intracellular Trafficking of Nanoparticles

Nanoparticle entrance into the cell is important for determining the level of
exposure or dose; however, intracellular trafficking of nanoparticles may also influence
toxicity. These adverse effects may proceed via alterations of the physicochemical
properties of nanoparticles thereby leading to events such as nanoparticle

deagglomeration, release into the intracellular environment, or dissolution into ions.
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Nanoparticle uptake into a cell may occur rapidly following an exposure. For
instance, Kemp and others (2008) observed a rapid increase in cellular fluorescence
within the first 15 minutes following exposure (Kemp et al. 2008). In most cases
reported, this rapid increase in intracellular uptake is an energy dependent process
capable of inhibition by eliminating cellular ATP stores, f-actin polymerization, or low
temperature (4° C) incubation (Qaddoumi et al. 2003). Following the initial surge in
particle uptake, differences in particle uptake kinetics are dependent upon the
internalization route. Chithrani and others (2006) observed a plateau phase in uptake
after 4-7 hrs and reported that uptake occurred through a receptor-mediated event.
(Chithrani et al. 2006). In contrast, uptake of dextran-coated iron oxide exhibited
relatively linear, non-saturable uptake over the time course studied and this is
characteristic of a non-receptor mediated route of internalization (Schoepf et al. 1998).

Internalization of nanoparticles through energy-dependent endocytosis leads to
accumulation of nanoparticles in various endosomal stages and subsequently, lysosomal
transfer. Zhang and Montierro-Rivere (2009) monitored the uptake of fluorescent CdSe-
COOH quantum dots following cellular exposure and observed early endosomal
accumulation (colocalization with EEA1) followed by late endosomal transfer
(colocalized with CD63) and ultimately lysosomal accumulation (colocalized LAMP1)
(Zhang and Monteiro-Riviere 2009). This lysosomal accumulation has also been
observed for ligand-coated, surface modified, and uncoated particles, suggesting
common pathways (Jiang et al. 2008b; Nativo et al. 2008; Uboldi et al. 2009; Rothen-

Rutishauser et al. 2007). While lysosomal fate is common, it is possible to avoid this
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endosomal pathway through the use of liposomal incorporation or surface modification
using cell penetrating peptide moieties (Nativo et al. 2008).

Thus, it may be possible that route of endocytosis and subsequent intracellular
trafficking play an important role in cellular damage in response to nanoparticle
exposure. Multiple studies indicate that the lysosomal environment may alter the surface
properties of nanoparticles. For example, CdTe quantum dots alter their surface charge
when in the lysosomal environment, as the drop in pH alters the nanoparticle zeta
potential (Berg et al. 2009; Nabiev et al. 2007). Similarly, ZnO nanoparticles undergo
dissolution following lysosomal incorporation (Xia et al. 2008a).

However, while lysosomal conditions offer protection from foreign pathogens
under typical cellular situations, in the context of exposure to nanoparticles, it may yield
adverse effects. Nanoparticle uptake may lead to lysosomal rupture through a variety of
mechanisms. For example, it has been suggested that surface modified CdTe quantum
dots may act as lysoomotropic agents by enabling the rupture of the lysosome through
the sequestration of protons identified as the “proton sponge effect” thereby releasing
lysosomal contents into the cytosolic mileau. Additionally Nativo (2008) suggested that
the peptide modification of nanoparticles can disrupt the endosomal membrane and lead
to release of its contents.

The ultimate intracellular fate of nanoparticles may provide a preliminary
glimpse into the toxic effects of individual nanoparticles. For nanoparticles internalized
into endosomes and/or lysosomes, it has been postulated that either lysosomal

incorporation or mitochondrial sequestration may cause or accelerate production of
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intracellular reactive oxygen species (ROS) (Guo et al. 2009; Lamb et al. 2009; Miller et
al. 2007).
1.4 Oxidant Production

Nanoparticle-induced ROS has been reported for carbonaceous, metal-based, and
ceramic nanoparticles in both cellular and acellular environments (Sayes et al. 2004;
Rancan et al. 2002; Wilson et al. 2002; Li et al. 2003; Brown et al. 2001; Brown et al.
1999; Li et al. 1996). The mechanisms linking the generation of reactive oxygen
species, a cumulative name for highly reactive oxygen-containing molecules (e.g. H,O,,
0,", HO’, ROQ"), to the cellular oxidative stress response are unclear; however multiple
hypotheses currently exist. First, a variety studies indicate that “nano-specific” effects,
such as increased surface area and alterations in surface chemistry, may facilitate
induction of ROS by nanoparticles (Schins 2002; Jiang et al. 2008a). Secondly, cellular-
based reactions involving nanoparticles or their remnants (in the case of dissolution)
may also increase oxidative stress through intracellular reactions due, in part, to the
recruitment of inflammatory mediators which themselves act to produce ROS (Brunner
et al. 2006; Xia et al. 2008a).

Increases in intracellular oxidants may lead to alterations in cellular reduction
and oxidation state. For example, generation of oxidative products in the cell will lead
to a shift in the reduced glutathione: oxidized glutathione (GSH:GSSG) ratios, which is
often utilized as a means to assess cellular redox state (Peters et al. 2009). Moreover, a
hierarchical oxidative stress model (Figure 1.4) previously defined by Halliwell and

Gutteridge (1999), suggests that shifts in the reduced glutathione: oxidized glutathione
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(GSH: GSSG) ratios will lead to various cellular responses ranging from cellular
quiescence to proliferation to cellular death via either an apoptotic or necrotic pathways
(Manna et al. 2005; Bello et al. 2008; Peters et al. 2009).

1.4.1 Linking Physicochemical Properties to Oxidant Production

The physicochemical properties of nanoparticles set them apart from their bulk
counterparts of identical composition. However, a variety of physicochemical properties
including surface chemistry, crystalline structure, and chemical composition may
influence the generation of reactive oxygen species.

The surface of nanoparticles is a primary source of oxidant production in the
acellular environment and as the nanoparticle diameter decreases, there is an exponential
increase in surface area which can interact with the external environment. The surface
area-dependent increase in oxidative potential has been measured for a variety of
nanoparticles including traditionally inert materials such as carbon black, amorphous or
colloidal silica, and polystyrene (Lin et al. 2006; Kaewamatawong et al. 2005; Stone et

al. 1998; Brown et al. 2001).
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Figure 1.4 Hierarchical model of oxidative stress. At low levels of oxidative
stress, cytoprotection occurs through the induction of phase II responses and
inflammation; however at higher amounts of oxidative stress, characterized by
a low GSH:GSSG ratio, cellular death via apoptosis or necrosis will occur.
Cell survival is indicated by colored bar where green represents completely
viable, yellow represents cell viability that may proceed to either a viable or
nonviable state and red represents cell death. Adapted from Nel et al. (2006).
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Similarly, novel materials such as the fullerene Cg, also generate both
superoxide anions and hydroxyl radicals in cell free conditions which may be further
enhanced by physiological reductants such as NADH and UV light (Sayes et al. 2005;
Sayes et al. 2004; Rancan et al. 2002). The surface of a nanoparticle may donate or
accept electrons or bind organic molecules (e.g. quinones) which may increase surface
redox cycling in the presence of transition metals (Dockery et al. 1993; Berg et al. 2010).
The ability for carbon black to synergistically modify the toxic effects of transition
metals has been attributed to this reductive ability (Wilson et al. 2007; Wilson et al.
2002).

While many nanoparticles induce ROS without additional cofactors (e.g. light,
UV, and/or transition metals), induction of ROS by other nanoparticles may require
additional cofactor input (Oberdorster et al. 2005). A prime example is the UVA light-
dependent heterolytic cleavage of water by TiO; to yield the hydroxyl radical (Shen et
al. 2006). This reaction does not occur in the absence of light (Limbach et al. 2007).
However, while a majority of TiO, nanoparticles are photocatalytically active, alterations
in crystal phases can result in large differences in ROS production. For example, TiO; in
the anatase crystal phase yields a significantly greater quantity of reactive oxygen
species than TiO; in the rutile crystal phase (Sayes et al. 2006; Warheit et al. 2007b).
This difference in ROS production is attributed to differences in the band gap energies of
anatase and rutile (3.2 eV and 3.0 eV, respectively). Interestingly, the amorphous form

of TiO, generates greater ROS than that of anatase Ti0O; and this has been attributed to
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increases in surface defect densities (Jiang et al. 2008a). Such surface defects may
isolate transition metals and hence increase their catalytic activity.

The use of transition metal-containing nanoparticles as additives or catalysts
plays a large role in the generation of reactive oxygen species in both the cellular and
acellular environment. The role of transition metals in particle toxicology has evolved
from their previous association with diesel exhaust particles, coal fly ash, and other
ambient atmospheric particulates (Cass et al. 2000; Dreher et al. 1997). The effect of
transition metal incorporation, albeit on purpose or accidental, has the potential to alter
the oxidative potential of the particle. This topic was recently investigated through the
intentional incorporation of transition metals into colloidal silica which resulted in
increased oxidant production ex vivo (Limbach et al. 2007). The results suggested that
Fe-doped silica significantly increased in vitro oxidant production compared to an
acellular-based reaction suggesting that the intracellular generation of oxidants proceeds
through both particle-mediated and biologically-mediated routes.

An alternate particle-dependent route of oxidant production stems from the
dissolution of metal ions from the nanoparticle surface. Nanoparticle dissolution may be
enhanced upon co-exposure to other oxidative compounds. For example, the dissolution
of silver nanoparticles is increased in the presence of H,O,, which then leads to a
synergistic effect on the cytotoxicity in vitro (Ho et al. 2010). In effect, any cofactor
which retains the ability to elicit H,O, generation may lead to increased particle
dissolution. In addition to oxidative dissolution, other environmental factors (e.g. pH),

retain the potential to alter the nanoparticle dissolution. For example, ZnO nanoparticles
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are highly soluble at acidic pH and hence, have been shown to rapidly dissolve in cell
culture media and lysosomal fluid (Xia et al. 2008a). Liberated Zn’" ions are
sequestered into the mitochondria where membrane damage increases the release of
electrons from the electron transport chain. These leaky electrons facilitate the
generation of free radicals (Fujitani et al. 2008). Therefore, the release of free metal ions
from transition-metal doped or transition metal-containing nanoparticles may increase
metal bioavailability thus providing a particle-dependent means from which to damage
cellular substrates.

1.4.2 Cellular-Mediated Generation of Oxidants

While the inherent physicochemical properties of nanoparticles may lead to the
generation of intracellular oxidants, adverse effects stemming from cellular exposure to
nanoparticles of various compositions may lead to increased oxidant generation over
what has been reported ex vivo. Multiple nanoparticles have been reported to induce
oxidant generation and subsequent oxidative stress in cellular systems (Brown et al.
2001; Foucaud et al. 2007; Li et al. 2003). This intracellular oxidant generation is likely
to be a cell dependent process resulting from intracellular redox cycling or mitochondrial
dysfunction.

Transition metal cations, such as ferrous iron and the cuprious ion, are excellent
electron sources for the reduction of intracellular dihydrogen peroxide. Hence,
nanomaterials which contain ions with similar characteristics to Fe or Cu, may lead to
the intracellular generation of increasingly toxic oxygen species (e.g. OH'). Increased

bioavailability of transition metals may generate intracellular oxidants through multiple
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well-characterized reactions. First, ferrous (Fe’") ions, in the presence of hydrogen
peroxide, may lead to the formation of more potent oxygen species such as the hydroxyl
radical. This process, discovered in 1894, is known as the Fenton reaction (Fenion
1894). A simple addition to the Fenton reaction allows redox cycling of the Fe’". This
process, termed the Haber-Weiss reaction, provides additional hydroxyl radical
generation through the reduction of ferric (Fe3+) iron to ferrous iron (Fe*") by the
superoxide anion (Farber 1994). While the general formation of oxidant species in many
cellular organelles is commonplace (e.g. peroxisomes and mitochondria), the potential
for adverse effects following nanoparticle exposure may be raised, as the discrete size of
nanoparticles may allow the distribution of iron into different cellular compartments not
normally accessed by iron ions (Brunner et al. 2006).

A second means of intracellular oxidant production occurs in response to
mitochondrial damage following exposure to nanoparticles. Multiple reports suggest
that nanoparticles may preferentially partition to the mitochondria where they induce
major structural damage to both the mitochondrial membrane and christae (Li et al.
2003). For example, both fullerene particles and micellular nanocontainers have
demonstrated passive distribution into mitochondria (Foley et al. 2002; Savic et al.
2003). This mitochondrial partitioning of nanoparticles may have the ability to interfere
with mitochondrial metabolism and thus ROS amplification may be a consequence of
either stimulation of mitochondrial respiration or decreased mitochondrial membrane

efficiency (Wilson et al. 2002; Driscoll et al. 2002). This alteration of mitochondrial
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function may result in excess superoxide anion radical formation thereby leading to
resultant oxidative stress.
1.4.3 Cellular and Acellular Methods to Determine Oxidant Production

Linking nanoparticle physicochemical properties to oxidant production in both
the cellular and acellular environment may help to define and identify novel properties
associated with particle-induced oxidative stress. Fluorescence-based dyes are often a
great alternative to analytical techniques such as electron spin resonance (ESR) or
electron pair resonance (EPR) as a means of observing oxidant production (Sayes and
Warheit 2009). The reactivity of these dyes, as depicted in Table 1.3, range from very
broad (e.g. DCFH) to very specific (e.g. APF). In the nanotoxicology literature, the
dichlorofluorescein diacetate (DCFH-DA) is the most common means to measure
intracellular oxidant production and has been adapted for use in microplate format
(Wang and Joseph 1999). Briefly, a permeable DCFH-DA molecule passes through the
cell membrane where it is hydrolyzed to DCFH. Upon reaction with various
intracellular oxidants (e.g. H,O,, HO", or ROO") DCFH is oxidized to the fluorescent
DCF (Gomes et al. 2005). Similarly, the DCFH-DA assay may additionally be modified
for use in cell free-assays (Limbach et al. 2007). A variety of dihydrodyes (including
dihydrorhodamine 123, dihydrocalcein, hydroethidium) react in a similar manner with
slight alteration in their selectivity (Soh 2006). However, limitations of these dyes

include their relatively non-specificity as well as their ability to undergo autooxidation.
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To address these issues of autooxidation and non-specificity, aminophenyl
fluorescein and hydroxyphenyl fluorescein are often utilized. These dyes are
increasingly selective (OHs,ONOOQ") in their reactivity and have been shown to be more
resistant to autooxidation. While these fluorescent dyes comprise a large portion of
nanoparticle-generated oxidant studies, Table 1.3 is by no means comprehensive. A
great review of fluorescent dyes utilized for oxidant production and their sensitivities
may be found elsewhere (Soh 2006; Gomes et al. 2005).

While fluorescent dyes are highly utilized among the nanotoxicology
community, issues have arisen with nanoparticle compatibility. For example, the
presence of liberated transition metals may alter the fluorescent properties of dyes such
as dihydrocalcein. The presence of metal ions such as Fe*, Co*", Ni*", and Cu*" have
been reported to quench the fluorescence of dihydrocalcein. In an effort to further
elucidate these potential interferences, Griffiths and Singh (2011) have described the
potential for ultrafine dextran-coated iron oxide nanoparticle to alter the background in
both absorbance and fluorescence-based assay and suggest that appropriate controls be

applied (Griffiths et al. 2011).
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1.4.4 Hierarchical Modeling of Oxidative Stress

All aerobically active cells generate low levels of intracellular oxidants resulting
in by-products of cellular respiration. The potency of these intracellular oxidants is,
under normal circumstances, ameliorated by both enzymatic and non-enzymatic cellular
defenses. However, the aforementioned situations involving particle-generated oxidant
production may pose a problem if the production of oxidants is greater than can be
mediated by the cellular antioxidant system. For example, ultrafine carbon black, which
retains greater free radical activity than micrometer size carbon black, leads to
intracellular GSH level depletion upon cellular exposure (Stone et al. 1998).
Furthermore, upon depletion or saturation of cellular antioxidant defense mechanisms,
cellular damage can occur. The main biochemical targets of cellular oxidation are
proteins, lipogenous membranes, nucleic acids and mitochondrial function. A variety of
techniques have been utilized to assess these toxicological endpoints as seen in Table

1.4.
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Table 1.4 Biological markers of oxidative stress and analytical techniques

Biological
Response

Indicator

Reference(s)

Protein Oxidation

Carbonyl Content

* Indicator most commonly used
o Derivatives of P, K, R, T oxidation
e Easy detection using ELISA based
format

e (Oberdorster 2004)
e (Murray et al. 2009)
e (Tedesco et al. 2008)

3-Nitrotyrosine

e Covalent protein modification of
tyrosine
¢ Indicator for oxidative stress
o Biomarker for peroxynitrite formation

o (Yokel et al. 2009)
e (Niu et al. 2007)

GSH Oxidation

o Tripeptide oxidized as immediate
response to ROS
e GSH oxidized to GSSG

e (Yuetal. 2009)

e (Yang et al. 2008)
e (Park and Park 2009)
e (Lin et al. 2006)

e (Stone et al. 1998)

DNA Oxidation

8-OHdG

e Product of oxidative damage by
DNA
* Available for detection in tissue,
serum, plasma, and urine

e (Trouiller et al. 2009)
e (Bhattacharya et al.
2009)
o (Inoue et al. 2006)

COMET Assay

e Known as single cell gel
electrophoresis
o Detects both single and double
strand DNA breaks

e (Yang et al. 2008)
e (Barnes et al. 2008)
¢ (Reeves et al. 2008)

Mitochondrial
Disruption

Mitosox

e Detects mitochondrial superoxide
o Often utilized for live cell imaging

e (Long et al. 2006)
e (Xia et al. 2008a)

MTT Assay

e Conversion to colorimetric product
my mitochondrial metabolism
o Variety of related tetrazolium salts
assays exist

e (Sayes et al. 2005)
e (Berg et al. 2009)
e (Oberdorster 2004)

Lipid Peroxidation

Malondialdehyde

o Oxidative degradation products of
polyunsaturated lipids
e Often measure with the TBARS
assay
e Can initiate multiple oxidation
reactions

e (Yang et al. 2008)
e (Lietal 2004)
e (Eom and Choi 2009)

Transcription Factor
Activation

NRF2

e Cytosolic stabilization and nuclear
translocation
e Upregulation of phase Il antioxidant
genes
e Increased GSH synthesis
e Genes include: NQO1, HO-1, and
GPX

e (Xia et al. 2008a)
e (Lietal 2004)
e (Eom and Choi 2009)

NFxB

e Nuclear Translocation of NFkxB
subunits
e Increased cytokine and chemokine
expression
e Activated by a variety of cellular
stressors

e (Xia et al. 2008a)
e (Manna et al. 2005)
e (Shukla et al. 2000)
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The cellular response to oxidative stress reflects a delicate balance of cellular
processes undertaken in direct response to the quantity of oxidative stress present. For
example, at low to moderate levels of oxidative stress, cell proliferation or senescence
may occur; while high levels of oxidative stress may direct cells to either apoptotic or
necrotic pathways (Martindale and Holbrook 2002). A variety of cellular pathways are
implicated upon the induction of cellular stress, however; both the NF-E2-related factor
2 (NRF2) and the NFkB pathways have been identified to play a regulatory role in the
cellular antioxidant and inflammatory response following stimulation by ROS. The
NRF2 transcription factor is involved in the regulation and induction of multiple phase 11
antioxidant genes. Similarly, the NFxB transcription factor plays a crucial role in the
regulatory mechanism of the immune response.

The transcription factor NF-E2-related factor 2 (NRF2) is identified as an
essential regulator of a variety of phase Il antioxidant enzymes (Itoh et al. 1997).
Metabolism by phase II enzymes typically result in large increases in compound
hydrophilicity through conjugation with a variety of cofactors (e.g. glutathione;
mercapturic acid synthesis) which promote compound excretion. Generating nrf2
knockout mice, Itoh and Chiba (1997) have suggested that procarcinogens may be
metabolized by phase I metabolism to carcinogens (e.g. Benzo(a)pyrene). These
carcinogens may build up and exert an increased response in nrf2-/nrf2- mice (Itoh et al.
1997). However, while expression of NRF2 is typically beneficial, it regulation has
been described as promising target for chemotherapeutic targeting as a means of altering

drug toxicodynamics (Kensler and Wakabayashi 2010; Wang et al. 2008).



50

With few exceptions, the expression of NRF2 is highly ubiquitous. Under basal
conditions, the NRF2 transcription factor is repressed by KEAP1 in the cytosolic
compartment through sequence-specific binding to the NeH2 domain of NRF2 (Itoh et
al. 1999). Under these conditions rapid proteosomal degradation of NRF2 leads to a
relatively short protein half-life (McMahon et al. 2003). Upon direct stimulation by
either electrophiles or indirect stimulation by kinases (e.g. protein kinase C) at serine 40,
NRF2 is released from the repressor KEAP1 (Jaiswal 2004). This act reveals a nuclear
localization signal and hence, nuclear translocation of NRF2 follows. Once in the
nucleus, NRF2 dimerizes with sMAF proteins and binds to antioxidant response
elements (ARE), otherwise known as electrophilic response element (EpRE), located in
the promoter regions of numerous phase II genes (Itoh et al. 1997). Numerous genes
have been shown to contain an ARE and thus may be subject to regulation by NRF2.
Included in these genes are most notably NAD(P)H: quinone oxidoreductase 1 (NQO1),
heme oxygenase 1 (HO-1), glutathione-s-transferase (GST), and glutamate cysteine
ligase (GCL) and catalase (CAT) (Zhu et al. 2008).

As previously mentioned, NRF2 may provide a current target for
chemotherapeutics, as upregulation of NRF2 often leads to enhanced ability to detoxify
chemicals (Wang et al. 2008). A recent study by Singh and Misra (2006) demonstrates
that a variety of non-small-cell lung cancer cell lines yield mutations in the NRF2
repressor, KEAP1 (Singh et al. 2006). Included in these non-small-cell derived cancers
is the type II lung carcinomatic-derived epithelial cell line A549. Thus, it is suggested

that A549 demonstrates increased NRF2 nuclear localization and transcriptional control
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over non-cancerous cell lines. While the A549 cell line is continuously utilized in the
literature as a model epithelial cell line, it is hence, suggested that other non-cancerous
cell lines be utilized in tandem.

As oxidative stress accumulates, the cellular pool of GSH:GSSH further shifts to
the oxidized state (Nel et al. 2006). This tier II response may lead to the activation of
the NFxB family of transcription factors, which enhances the release of inflammatory
cytokines in a response to recruit inflammatory mediators. NF«B is a key regulator of
inflammatory cytokines such as TNF-q, II-1, 1I-6 and 11-8. Similar to NRF2 activation,
the NFkB pathway is posttranscriptionally regulated through a ubiquitin-dependent
pathway.

The ability for nanoparticles to modulate inflammation has been reported to be
mediated through the NFkB pathway (Romoser et al. 2011; Brown et al. 2001; Manna et
al. 2005). For example, Brown and others (2006) observed increased levels of II-8, a
major inflammatory mediator, following exposure to nanometer sized polystyrene.
Similar I1-8 secretion has been observed with anatase TiO, in the A549 cell line;
however, reported results suggest that activation is cell-line dependent (Sayes et al.
2006). Further implicating the NFkB pathway as a mediator of nanoparticle induced
inflammatory response, Manna and others (2005) report activation of the NFxB pathway
by SWCNT, which is dependent upon MAPK (Manna et al. 2005). This secretion of
cytokines may lead to an inflammatory response in vivo.

Inflammation, typically a response to protect the body from foreign pathogens or

stressors, may retain the potential to yield adverse pathological insults following
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inhalational exposure to nanoparticles. Particles with low solubility retain the potential
to induce a more potent inflammatory response compared with particles of higher
solubility (Warheit et al. 2007a). This may be due, in part, to their increased
biopersistance coupled with the ability to decrease macrophage uptake efficacy
(Renwick et al. 2001). The inflammatory response in vitro may be measured by an
influx of inflammatory mediators (e.g. neutrophils) to the site of insult. For example,
Brown and others (2001) noted significantly more neutrophil influx in the rat lung
following exposure to 64 nm polystyrene particles than was observed following
exposure to either 202 nm or 505 nm particles (Brown et al. 2001). Additionally,
nanometer-sized colloidal silica has been reported to have elicit greater neutrophil influx
in lung alveoli than fine sized colloidal silica (Kaewamatawong et al. 2005). This influx
of polymorphonuclear neutrophils in broncioalveolar lavage fluid may be associated
with increases in oxidative surface potential (Stoeger et al. 2009). While this
inflammation is typically beneficial in the response to foreign pathogens, it retains the
possibility to be deleterious in situations of particulate exposure.

In response to low solubility particles that retain the ability to decrease
macrophage clearance, excessive and persistent inflammation can occur; often with
negative consequences to biological organisms. This effect is due to the fact that
inflammatory mediators may produce a secondary oxidative insult which has been
reported to increase the genotoxicity of particles (Schins 2002; Oberdorster 1995;
Driscoll et al. 2002). This secondary genotoxicity effect, noted as the “respiratory

burst”, is associated with increased consumption of oxygen coupled with production of
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the superoxide anion and NO. The ability to produce this secondary oxidative toxicity is
highlighted as the production of oxygen radicals by macrophages and neutrophils
following exposure to either asbestos or crystalline silica (Quinlan et al. 1994; Fubini
and Hubbard 2003). These effects are conserved at the nanometer size scale as well.
For example, Driscoll and others (2002) noted that ultrafine carbon black increased
mutation frequency in type II cells in the presence of polymorphonuclear nuetrophils
which was preventable by antioxidant addition (Driscoll et al. 2002).

Oxidative stress plays a role in a variety of cell processes ranging from cell
signaling to inflammation to cell death. While nanotechnology retains the ability to be
harnessed, it may be possible to decrease the ability of nanoparticle to produce ROS
through surface oxidation as has been reported with carbonaceous compounds (Sayes et
al. 2004; Berg et al. 2010). The development of both cellular and acellular assays to
measure ROS production will play a crucial role in the health and safety of the
nanotechnology field. For this reason, future efforts should require that nanoparticles
destined for occupational use be analyzed for the potential to generate oxidant
production in either the acellular and cellular-based environment.

1.5 Summary

The novel physicochemical parameters seen at the nanometer size scale, while
often desirable in product development, have the potential to yield adverse effects
following incidental exposure occurring throughout the product lifecycle. Often times,
these exposures are not to a single particle alone, but in essence, a mixture comprised of

multiple particle types and organics. These mixtures have the potential to elicit an
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increased toxicological response which is often attributed to the physiochemical
characteristics of the nanoparticle surface. Subsequently, physicochemical
characteristics often define the particle and its uses.  Simple alterations in
physicochemical properties may lead to large differences in toxicity. Toxicity in
particulates is often synonymous with increased oxidative stress and both cellular and
acellular assays report the generation of reactive oxygen species by nanoparticle which
is different on a nanoparticle basis. Subsequently, the oxidative stress may lead to a
variety of cellular responses ranging from the induction of phase II enzymes to
inflammation, and even cell death. Deciphering the nanoparticle physicochemical
characteristics which play a role in oxidative stress and subsequent cellular toxicity
combined with the identification of actual exposure values, will help to further define

the risks associated with nanoparticle use.
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2. THE RELATIONSHIP BETWEEN pH AND ZETA POTENTIAL OF ~30 NM
METAL OXIDE NANOPARTICLE SUSPENSIONS RELEVANT TO IN VITRO
TOXICOLOGICAL EVALUATIONS*

Zeta potential measurements are common in nanotoxicology. This research
probes the effects of pH and time on nanoparticle zeta potential, agglomerate size, and
cellular viability. The nanoparticles TiO,, Fe;0s, Al,O3, ZnO, and CeO,, were titrated
from pH 12.0 to 2.0. The isoelectric points (IEP) of the nanoparticles were near neutral
with the exception of TiO, (IEP=5.19) and Fe,Os; (IEP=4.24). Nanoparticle
agglomerates were largest at the IEP. TiO, and Fe,0; increased in zeta potential and
agglomerate size over time; while Al,O; and ZnO displayed little change. CeO,
increased in zeta potential; however, the net charge remained negative. Cytotoxicity
studies revealed that TiO, and Fe,O; caused decreasing cellular viability over 48 hrs.
AlLO3;, ZnO, and CeO; cellular viability remained similar to control. Results indicate
that alterations in the pH have a large effect on zeta potential and agglomerate size
which may be used as a predictive measure of nanotoxicity.

2.1 Introduction

Within the nanotoxicology field, increased findings demonstrate the ability of

nanoparticle charge (zeta potential) to influence corresponding cellular responses

ranging from particulate endocytosis to cytotoxicity (Nan et al. 2008; Lundqvist et al.

* “Reproduced with permission from Berg, J.M., Romoser, A., Banerjee, N., Zebda, R. and
Sayes, C. 2009. The relationship between pH and zeta potential of ~ 30 nm metal oxide
nanoparticle suspensions relevant to in vitro toxicological evaluations. Nanotoxicology 3(4):
276-283. Copyright © [2009] Informa UK Ltd.”
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2008; Xia et al. 2006). Reviews of current literature suggest a need for careful
characterization of all classes of nanomaterials including metal colloids, metal oxides,
and carbonaceous particles, prior to their use in toxicity testing (Handy et al. 2008;
Karakoti et al. 2006). The relationship between zeta potential and ambient conditions
surrounding the nanoparticles remains a largely unexplored area which will require
researchers from many scientific disciplines to answer. This research probes the effects
of pH on nanoparticle zeta potential and size using ~30 nm particles in aqueous
suspension. The nanoparticles include titanium dioxide (TiO,), iron oxide (Fe;0s),
aluminum oxide (Al,O3), zinc oxide (ZnO), and cerium dioxide (CeO;). In these
nanoparticle systems, which include both the nanoparticle and the suspension medium,
features such agglomeration, dispersion, and suspension stability may be influenced by
external factors such as the flux of hydrogen ions (H") in solution.

The zeta potential represents the charge of a nanoparticle in relation to the
surrounding conditions. Nevertheless, the zeta potential is not an actual measurement of
the individual molecular surface charge; rather, it is a measurement of the electric double
layer produced by the surrounding ions in solution (i.e. counter ions) (Instruments 2008).
These counter ions play a role in the calculation of zeta potential measurement (Figure
2.1). All particle systems in an aqueous media carry an electric charge which may be
positive, negative, or neutral. For surface-derived nanoparticles, dissociation of an acidic
group, such as a carboxylic acid moiety on a nanoparticle surface will yield a negatively

charged surface; while dissociation of a basic group on a nanoparticle surface will yield
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Figure 2.1 Schematic diagram of the effects of pH on a metal oxide nanoparticle. The
zeta potential plane is measured as the primary indicator of surface charge. Surface
charge is altered when the pH is increased or decreased. The downstream effect of
altered zeta potential is a change in agglomeration state, which influences the
cytotoxicity.
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a positively charged surface. For unmodified nanoparticles, the individual atoms that
comprise the surface of the particle dictate its charge.
2.1.1 Relevance to Toxicology

Agglomeration of nanoparticles occurs when individual particles are held
together by weak inter-particle interactions including solvation forces, van der Waals
forces, electrostatic attractions, and hydrophobic interactions (Fichthorn and Qin 2008;
Hakim et al. 2007; Min et al. 2008). In most instances, agglomeration state is reversible,
but only if additional entropy (e.g. sonication or homogenization) or ions (changing H")
are added to the system. It is suspected that this methodology could be used to size select
for certain nano-populations within a particle suspension. Limitations of utilizing
changes in pH for biological applications are that the resultant suspension could have a
pH that is outside of the physiological range (7.35-7.45), may alter chemistry of drug
delivery vehicles, or change conditions in cell culture media for in vitro use (Klaassen
and Watkins 2003). Further, this methodology could yield insights into the fate and
transport of nanoparticle aggregates after an exposure has occurred.

A likely exposure to nanoparticles may occur orally (Gatti et al. 2009). This
route of exposure would ensure that nanoparticles enter an environment yielding a wide
range of pH values. Initially, the nanoparticle would be exposed to a low pH in the
stomach (pH= ~2) (Rodriguez et al. 1999; Beak et al. 2006). Following acidic
conditions in the stomach, the environment is once again altered in the intestinal tract,
yielding a more basic pH combined with peristaltic movement. Under these

physiological situations, physical properties of the agglomerates such as size, surface
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area, and zeta potential will change. This alteration in physical properties will yield
nanoagglomerates of differing size and may increase likelihood that these nanoparticles
could translocate through the endothelial lining and enter the circulatory system. This
in turn may induce a systemic and/or chronic effect (Semmler-Behnke et al. 2007;
Panessa-Warren et al. 2008; Lockman et al. 2004; Oberdorster 2007; Santhanam et al.
2008).

Altering the pH of the medium in which the nanoparticle is suspended will also
yield differences in nanoparticle dissolution into ions or alter the surface chemistry of a
nanoparticle (Guo et al. 2009). Altering the surface chemistry of nanoparticles may in
turn effect how a nanoparticle binds cellular substituents such as proteins, and may
affect the mechanisms by which these nanoparticles enter cells (Al-Jamal et al. 2008;
Lundqvist et al. 2008).

Discovering the fundamental relationships between the properties of
nanomaterials and certain toxicological responses will require the separation of the
complex kinetics of nanoparticle delivery in vitro from the dynamics of response. This
could be made possible by integrated computational and experimental dose-response
analyses.

2.2. Experimental Procedures
2.2.1 Particle Preparation

Titanium dioxide (TiO,, ~27 nm, 99.8%) particles were acquired from Evonik,

Hanau-Wolfgang, Germany. Aluminum oxide, zinc oxide, and cerium dioxide (Al,Os,

<50 nm, 99.5%; ZnO, <50 nm, 99.5%; CeO,, <25 nm, 99.5%) nanoparticles were
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purchased from Sigma Aldrich, St. Louis, Missouri, USA. Iron oxide (Fe;Os, 23-35 nm,
98%) nanoparticles were synthesized using a flame synthesis method that has been
described in detail elsewhere (Guo and Kennedy 2007; Yang et al. 2001). The stock
solutions of each of the five ~30 nm particles were prepared in Milli-Q ultrapure water
(18.2 mQ). The resultant suspensions were bath sonicated for 30 min prior to material
characterization and in vitro exposures. Nanoparticle size was visualized using dynamic
light scattering (DLS). Zeta potential was measured via electrophoretic light scattering
(ELS) combined with phase analysis light scattering (PALS) (Malvern Zetasizer Nano
ZS). Size and zeta potential parameters were measured over various time points ranging
from t=0 hrs to t=1 wk.
2.2.2 Titration

Nanoparticle titration was performed using the Malvern MPT-2 Autotitrator in
parallel with the Malvern Zetasizer Nano-ZS. This combination allowed automated
titration over a wide pH range and thus made it possible to determine the isoelectric
point (IEP). Nanoparticles were titrated from basic pH (pH=12) to an acidic pH (pH=2)
utilizing HCl and NaOH. At every pH unit (£0.2 U) the zeta potential and size were
determined. The IEP was determined using the Malvern Software Version 5.03. The
concentration of the nanoparticles used was dependent upon the turbidity of the sample.
The zeta potential and agglomerate size of ZnO, Al,O; and CeO, were measured at a
concentration of 200 ppm (mg/L); TiO, was measured at a concentration of 50 ppm

(mg/L); and Fe,O3 was measured at a concentration of 25 ppm (mg/L).
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The differences in nanoparticle concentration for IEP measurements were necessary due
to the refractive indices of the nanoparticles probed; however, as a note, a higher
concentration of nanoparticles would facilitate increased incidence of collision, thus
leading to agglomeration when compared to a lower concentration of nanoparticles.
2.2.3 Cytotoxicity

Cytotoxicity studies were performed by dosing cultured mouse hepatocytes
(AML12, American Type Tissue Collection, Manassas, VA, USA) with 10 mg/L
nanoparticles in 24-well plates. Dosed wells differed only by the type of nanoparticles
used and not the concentration of nanoparticles. A control was added for comparison.
DMEM/F-12 media was used for all cells. The dosed-cell plates were incubated at 37°C.
Cell viability was determined using a Countess Automated Cell Counter (Invitrogen
Corp., Carlsbad, CA, USA) in combination with trypan blue dye at 1 hrs, 24 hrs, and 48-
hrs post-exposure time points. Dead cells exhibit a compromised membrane, which

allows the dye to penetrate, providing for differentiation from live cells.
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Figure 2.2 Titration of nanoparticles in ultrapure water. (A) In a model nanoparticle
system, the largest aggregate size would be observed at its isoelectric point (zeta
potential=0 mV). The farther the zeta potential deviates from 0 mV, the smaller the
particle agglomerate due to increasing repulsive forces. Titrations of (B) TiO,, (C) ZnO,
(D) ALLOs, (E) CeO,, and (F) Fe,Os3 from basic (pH>10) to acidic (pH<3) conditions.
All nanoparticles exhibit an isoelectric point (IEP). Results indiciate that zeta potential
and size are dependent upon pH. Dashed vertical line represents isoelectric point.
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2.3 Results

Results indicate that the pH has a pronounced effect on the zeta potential of each
nanoparticle tested in this study. The change in zeta potential was found to alter the
stability of the nanoparticle suspension. Figure 2.2 B-E illustrates the titration curves of
TiO,, ZnO, Al,O;, CeO,, and Fe,O3;. A hypothetical model nanoparticle exhibits the
largest agglomerate size at the point where it’s zeta potential is 0 mV (Figure 2.2A), as
was determined empirically for the remainder of the tested nanoparticles (Figure 2.2B-
E). The point at which the nanoparticle exhibits no net charge is termed the isoelectric
point (IEP). ZnO, Al,O;, and CeO, each display an IEP (IEP = 7.13, 7.06, and 6.71
respectively) at a pH relevant to interstitial fluid, broncheoalveloar lavage fluid, lymph,
and blood (Klaassen and Watkins 2003). However, this trend does not continue for
Ti0O, and Fe,O; nanoparticles. The TiO; and Fe,Os nanoparticles exhibited an IEP at pH
5.19 and 4.24, respectively. The largest nanoparticle agglomerate size was dependent
upon chemical composition and ranged from 1,772 + 47.56 nm in the Fe,O3 sample to
3,185 £ 541.0 nm in the Al,O; suspension. Further, the smallest agglomerate size
throughout each nanoparticle suspension existed at the pH where the nanoparticle
displayed a strongly charged surface. The intense charge on the surface increases the
charge-charge repulsions between the particles, thus maintaining a more stable and
monodisperse suspension. The smallest nanoparticle size was found in the ZnO sample
(203.8 nm). This size is indicative of the hydrodynamic radius of the nanoparticle.
In addition to changes in pH, the zeta potential of a nanoparticle changes over time when

held in aqueous suspension. Figure 2.3 demonstrates that the nanoparticles tested
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demonstrate a wide range of agglomeration states and zeta potentials over a time period
t=1 hrs to t=1 wk. Over the course of this experiment, TiO, and Fe,O3 nanoparticles
displayed a large zeta potential increase, which consequently affected their
agglomeration state. TiO, and Fe,O3; nanoparticles originally exhibited zeta potentials of
-29 mV and -32 mV respectively; however, after the 1 week time point, the zeta
potential rose to -15 mV. As witnessed in both of these nanoparticles, a more neutral
surface charge led to larger agglomeration state. On the contrary, ZnO and Al,O;
nanoparticles retained their negative surface charge over time. In these samples,
stability was due to the strongly negative-charged zeta potential and the lack of
agglomeration. CeO; nanoparticles demonstrated a slight increase in zeta potential over
the 1 week time course. Interestingly, this slight increase still led to a very negative zeta
potential of -27.8 mV. Because the zeta potential remained close to -30 mV, a number
commonly used to indicate solution stability, the agglomeration state of the

nanoparticles decreased slightly.
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Figure 2.3 Alterations in zeta potential over time. The zeta potential of various metal
oxide nanoparticles were measured over a time period of t=0 to t=1 week. Here, the
Ti0; nanoparticles (A) and the Fe,O; nanoparticles (B) had an increasing zeta potential
value (smaller absolute value). This increasing zeta potential corresponds with an
increase in aggregate size. Both the Al,Os; nanoparticles (C) and the ZnO nanoparticles
(D) remained highly negative, thus their aggregate size remained the same or decreased.
CeO, nanoparticles (E) tend to decrease in size slowly over time despite the apparent
small increase in zeta potential (smaller absolute value).
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Cellular viability in the AML12 mouse liver hepatocyte was examined at 24 and
48hrs (Figure 2.4 A-F). It was noted that while the TiO, and Fe,Os dosed samples
exhibited heightened cellular viability at 1 hrs, they showed a decrease in viability each
time thereafter. The ZnO and Al,O; samples displayed increasing cell viability at 48
hrs, with viability of 91.5% and 91.75% respectively. This percentage is compared to
the control cell viability of 96.0% after 48 hrs. CeO, nanoparticles, which exhibited
only a slight change in cell viability, initially yielded 85.25% with a final 48 hrs post-
exposure time point viability of 90%.

2.4 Discussion

Results indicate that alterations in the pH have a large effect on zeta potential and
agglomerate size which may be used a predictive measure of nanoparticle toxicity. The
suspension stability is dependent upon physical characteristics of both the suspended
nanoparticles and their suspension medium. One of the major factors involved in the
agglomeration process is electrostatic stabilization. Altering the zeta potential to the
point at which it exhibits zero net charge, or the IEP of the nanoparticle, decreases

stabilization forces and promotes agglomeration.
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Cellular viability correlates

with the nanoparticle aggregation trend. AMLI12 cells were analyzed for cellular
viabiliy at times t=0 to t=48 hrs post exposure. Both the TiO, nanoparticles (A) and the
Fe,Os nanoparticles (B) displayed a decrease in cell viability until 48 hrs. This contrasts
the AlLOs (C) and the ZnO (D) nanoparticle data, which implies that cell viability
increases over time. CeO; nanoparticles (E) displayed no significant change in viability.
Control cells increased in cellular viability. *p < 0.05 vs. lhrs post-exposure time point

within the same graph.
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In accordance with Figure 2.2, all of the nanoparticles tested displayed unique
isoelectric points. While the ZnO, CeO,, and Al,O3; nanoparticles possessed IEP at a
physiologically-relevant pH, such as blood or interstitial fluid (pH=7.4), Fe,O3 and TiO,
nanoparticles possessed IEP at acidic conditions. Conversely, the Fe,Os; and TiO;
nanoparticles exhibited a charged surface at pH=7.4. This data, when compared with the
difference in cellular viability seen in Figure 2.4, suggests that the presence of a charged
surface on the nanoparticle agglomerate at physiological pH of 7.4 may correlate with a
decrease in cellular viability in hepatocytes.

The study is pertinent due the possibility that many environments present in the
body such as gastric secretions, urine, and lysosomal fluid are known to have a varying
degree of pH which correlate with our findings regarding nanoparticle surface charge.
Table 2.1 shows the representative pH of various bodily compartments which the
particle would potentially be exposed to over the course of the pharmacodynamic
process. Specifically, a pH of 2 present in the acidic gastric secretions from parietal
cells, would likely alter the agglomeration state of the nanoparticles which have been
examined in this study. Physiological conditions such as these would yield the smallest
nanoparticle agglomerates seen by the body. In addition, for many of the nanoparticles
tested, a strongly positive zeta potential may further yield electrostatic or covalent
interactions with cellular components such as DNA or proteins as well as determine the

specific route of uptake into the cell (Dausend et al. 2008).
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Table 2.1 Prediction of metal oxide nanomaterial properties in various
pharmacodynamic environments

pH
Metal oxide <2.00 4.50 5.00 7.40
nanomaterials
TiO, +46.0/1573 +22.0/1860 +7.00/2390 -37.0/460
Zn0O +50.0/360 +44.0/945 +16.0/1200 -3.00/1170
Al,O4 +45.0/561 +38.0/1750 +27.0/2400 -4.00/3050
CeO, +32.6/1440 +26.0/2340 +20.0/2590 -6.00/2850
Fe,O3 +25.4/1800 -9.00/1740 -15.0/1700 -47.0/830

*reported as zeta potential (mV) / average agglomerate size (nm)

Table 2.1 indicates that agglomerate size varies significantly, depending upon a
variety of factors, including both pH and nanoparticle chemical composition. One
possible condition not explored in this paper is the influence of ionic strength due to the
addition of Na" and CI  ions introduced during the titration. Increasing the ionic strength
of the suspension medium may lead to an altered agglomeration state through possible
charge shielding and condensation of the charge at the electric double layer (Handy et al.
2008; Tiyaboonchai and Limpeanchob 2007). This often poses a challenge when
working with a biocompatible suspension medium. In addition, a buffered suspension
medium (such as phosphate buffered saline) influences the particle agglomeration state
(Sager et al. 2007). While these agglomerate sizes seen in the nanoparticle titration are
representative of what would be seen in an aqueous suspension, it is important to note
that both in vitro and in vivo conditions contain biomaterial, such as proteins and/or
lipids that may coat the nanoparticle surface, altering both the chemistry and
agglomeration state. This emerging hypothesis has proven valuable as shifts in the zeta

potential and the isoelectric point have been reported after proteins adsorb onto the
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particle surface (Cael et al. 2003; Xia et al. 2006). It has been suggested that this protein
adsorption is just as significant to toxicology as the inherit physicochemical
characteristics of the nanoparticles themselves (Lundqvist et al. 2008). Even in an in
vivo model, specific nanoparticle-protein interactions will not only influence the
agglomeration state of nanoparticles, but also provide a possible route of entry into cells.
Although many reports have cited interactions at the nanomaterial-biological interface,
these dynamic properties are influenced by the zeta potential and agglomeration state.
This research strives to make a connection between these physicochemical
characteristics as a predictive measure of nanomaterial toxicity.

Cellular viability was influenced by a variety of factors including zeta potential
and agglomeration state. Results indicate that, of the nanoparticles tested, cellular
exposure to Fe;O3 and TiO; yielded a decrease in viability over time. This alteration in
cellular viability correlates with the charged surface and altered agglomeration state
demonstrated by only these nanoparticles. It is hypothesized that the potential toxicity
of nanoparticles is due to not just one, but many characteristics of the nanoparticle
system. Our data suggests that both pH and agglomeration state show an association
with cytotoxicity. Figure 2.3 shows that these nanoparticles increase in agglomeration
size over time, coupled with a zeta potential trending towards neutral. These
experiments were carried out in ultrapure water (pH=5.9). When suspended in a solution
where pH=7.4, as that which is seen in cell culture media, Fe,O3 and TiO, were the only
materials which were found not to be at or near their IEP. These results indicate that

surface charge has the potential to influence cell viability.
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Overall, it is important that nanoparticles be classified as an entire system that
encompasses the nanoparticle, its suspension medium, and the ions in solution. This
careful characterization is necessary to interpret which components of a nanoparticle
may contribute to alterations in surface charge and toxicological effects. We have
shown that factors such as pH can influence the zeta potential of different nanoparticles.
Additionally, it was observed that changes in zeta potential lead to a change in cellular
viability. In the future it will be important for researchers to carefully observe the

conditions under which the zeta potential is measured when reporting results.
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3. INTERNALIZATION OF CARBON BLACK AND MAGHEMITE IRON
OXIDE NANOPARTICLE MIXTURES LEADS TO OXIDANT PRODUCTION*
Potential human exposure to mixed nanomaterials in consumer, occupational,
and medicinal settings is increasing as nanomaterials enter the both the workplace and
the marketplace. In this study, the toxicity of mixed engineered carbon black (ECB) and
maghemite iron oxide (Fe,Os) nanoparticles was investigated in a cellular system in
order to understand the mechanism of toxicity and potential methods of toxicity
mitigation. Lung epithelial cells (A549) were exposed to mixed Fe,Os; and ECB
nanoparticles, mixed Fe,O3; and ECB nanoparticles with addition of L-ascorbic acid, and
mixed Fe,O3 and surface-oxidized engineered carbon black (ox-ECB) nanoparticles. The
nanoparticles were characterized using transmission electron microscopy, nitrogen
adsorption surface area measurement (BET), x-ray diffraction, and surface charge
measurement. The carbon black nanoparticles were also characterized with a reductive
capacity assay and by x-ray photoelectron spectroscopy (XPS). Cellular uptake of
nanoparticles was analyzed via transmission electron microscopy and fluorescence
microscopy; cellular uptake of iron was quantified using inductively coupled plasma
mass spectrometry (ICP-MS). Both the MTT assay and the ethidium homodimer and
calcein AM live/dead assay were used to measure cellular proliferation and cytotoxicity,

respectively. The dichlorofluorescein diacetate (DCFH-DA) assay was used to measure

* “Reproduced with permission from Berg JM, Ho S, Hwang W, Zebda R, Cummins K, Soriaga
M, Taylor R, Guo B, and Sayes C.M. 2010. Internalization of carbon black and maghemite iron
oxide nanoparticle mixtures leads to oxidant production. Chemical Research in Toxicology
23(12): 1874-1882. Copyright © [2010] American Chemical Society.”
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intracellular generation of reactive oxygen species. Results show that both Fe,Os and
ECB (or Fe;O; and ox-ECB) are co-internalized in intracellular vesicles. Additionally,
after exposure to the mixture of nanoparticles, the amount of acidified lysosomes
increases over time. Cellular uptake of Fe,O3 nanoparticles was unaffected by mixing
with ECB. Significant oxidant production occurred in cells exposed to mixed Fe,O3; and
ECB, but not in cells exposed to mixed Fe,O; and ox-ECB, nor in cells exposed to Fe;O;
and ECB with ascorbic acid addition. Furthermore, exposure to mixed Fe,O; and ECB
exhibited a dose-dependent decrease in cellular proliferation (MTT assay) and a decrease
in cellular viability (ethidium homodimer and calcein AM live/dead assay) that were not
seen in the Fe,O3; and ox-ECB scenario. The results support the hypothesis that
exposure to mixed Fe,O; and ECB produces oxidants that are mediated by the surface
reductive capability of ECB when both particle types are co-localized in acidic cellular
compartments. This oxidant production mechanism may lead to oxidative stress, but it
can be mitigated by an anti-oxidant such as ascorbic acid, or by surface treatment of the
ECB to decrease its surface reductive capacity.
3.1 Introduction

Metal oxide nanomaterial systems are promising candidates for many industrial,
consumer, and medical applications due to their unique physicochemical properties (i.e.
high surface areas and extraordinary electronic properties) (Li et al. 2008a; Provenzale
and Silva 2009; Choquenet et al. 2008; Hexsel et al. 2008). Given the widespread
applications and their commercialization, there is an increasing potential for humans to

be exposed to a multitude of nanomaterials. While much work in nanotoxicology has
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focused upon the etiology of specific nanoparticle effects, little attention has been given
to the effects of mixtures, or combinations, of various nanoparticles on biological
systems.

However, real-world exposure is very likely a mixture of multiple substances,
such as airborne particulate matter. Previously, epidemiological data had suggested that
airborne particulate matter (a mixture of many different substances) were more toxic
than the sum of its parts. This was attributed to some sort of “synergistic” effect due to
the mixture nature of airborne particulate matter (Valberg et al. 2006). In the
nanotoxicology setting, human exposure to mixed nanomaterials is likely because
multiple types of nanomaterials are often used simultaneously. For example, both metal
oxide nanoparticles (e.g. Fe,Os) and graphitic carbon nanoparticles (e.g. carbon black)
are likely to be used in various industrial applications (Alcantara et al. 2004; Bulushev et
al. 2002; Martirosyan et al. 2007). Therefore, it is imperative to understand the
toxicological effect of exposure to mixed nanomaterials. Recent publications have
highlighted the importance of studying multiple nanoparticle exposure scenarios
(Schulte et al. 2009; Sharma 2010). Additionally, while the nanoparticles used in this
study (carbon black and iron oxide) are specific nanoparticle-types, they may be
considered as representative elemental carbon or transition metal oxides found in the
urban atmosphere (Cass et al. 2000).

Previously, we have evaluated the oxidative stress of cells after simultaneous
exposure to iron oxide (Fe,O3) and engineered carbon black (ECB) nanoparticles. This

oxidative stress was measured by both protein and lipid oxidation (Guo et al. 2009).
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Results indicated that exposure to both materials simultaneously, induced a synergistic
oxidative stress effect to a human lung epithelial cell, even though exposure to either
nanomaterial alone induced no significant oxidative stress. Our findings indicated that
the ECB and Fe,;O; caused a synergistic effect greater than the sum of each particle
tested individually.

We explained the synergism between engineered carbon black and iron oxide
nanoparticles through an oxidative stress paradigm. This effect was largely attributed to
the surface reductive capacity of the carbon black nanoparticles, which enabled redox
cycling of the iron ions and hence caused significant oxidative stress in cells (Guo et al.
2009). Graphitic (non-diamond) carbon nanomaterials such as carbon black have
chemically active sites (functional groups) on their surfaces that give rise to surface
redox capabilities. In aqueous solutions, carbon black nanoparticles can reduce Fe** ions
to Fe*" (Guo et al. 2009). This may be schematically represented by the oxidation of the
surface hydroquinone (H,Q) groups by Fe’ to surface quinones (Q) (Fu et al. 1993;
Kung and McBride 1988):

HxQqs) + 2Fe™ ag) = Qo+ 2Fe” g + 2H ) (eq.3.1)
where the subscript (s) represents surface moieties. Fe®' is membrane permeable and has
the ability to undergo further intracellular Fenton reactions in the cytosol (Hediger 1997;
Rauen et al. 2004). Thus, Fe*" can facilitate the generation of reactive oxygen species,
for example, through the Fenton reaction:

Fe*" + H,0, — Fe’ + OH- + OH (eq. 3.2)
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It should be noted that nanoparticles could induce reactive oxygen species (ROS)
production through abiotic and/or biotic pathways. For example, nanometer sized TiO,,
in the anatase crystal form, is able to generate "OH radicals from water in the presence of
UV light (Serpone et al. 2001), which may then elicit a biological response such as
inflammation or oxidation of cellular substructures (Warheit et al. 2007a; Sayes et al.
2006). This type of ROS generation apparently has little dependence on the biological
system, because TiO; nanoparticles are known to generate ROS in abiotic aqueous
environments under UV irradiation. On the other hand, the ROS generation that was
proposed in the previous study requires the dissolution of the Fe’™ from Fe,Os
nanoparticles, which would be pH-dependent and hence related to the locality within the
biological system (Guo et al. 2009). Also, the synergism mechanism proposed above
requires the Fe,O3 nanoparticles and the carbon black nanoparticles to be co-located in
the same cellular compartments so that the dissolved Fe’* ions would have access to the
reductive sites on the surface of carbon black particles; this is evidently dependent on the
interaction between the particles and the biological system.

With this study, we set out to elucidate the mechanism behind the synergistic
toxicological effect of mixed Fe,Os; and carbon black. One objective of the study was to
determine whether the two types of particles were indeed co-localized inside acidic
cellular compartments. The second objective of this study was to determine whether
there was a synergistic effect between Fe,Os nanoparticles and surface-oxidized ECB
(ox-ECB). Since the reductive capacity of engineered carbon black nanoparticles may be

diminished by surface oxidation, we hypothesized that exposure to mixed Fe,O3 and ox-
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ECB (with a decreased reductive capacity relative to ECB), would have a mitigated
synergistic effect in comparison to the mixed Fe,O3; and ECB.
3.2 Experimental Procedures
3.2.1 Nanomaterial Preparation

Maghemite iron oxide (Fe;Os;) nanoparticles were produced using a flame
synthesis method that has been described in detail elsewhere (Guo and Kennedy 2007).
Carbon black particles were produced in a hydrocarbon/air diffusion flame. Ethylene
(C,H4) was used as a hydrocarbon fuel gas for the flame-engineered carbon black (ECB)
nanoparticle synthesis. The burner features a fuel/oxidant co-flow structure described in
Guo et al. (Guo and Kennedy 2007). Oxidized engineered carbon black (ox-ECB) was
prepared by vigorous stirring in a neutral aqueous suspension under O, purge in
continuous light for 2 weeks (Cheng et al. 2004). Fe,O3, ECB, and ox-ECB nanoparticles
were suspended in deionized water (Guo et al. 2009).
3.2.2 Chemical and Physical Characterization

Nanoparticle size was measured via transmission electron microscopy (TEM).
Nanoparticle zeta potential was measured with a Malvern Nano-ZS (Malvern Inc,
Worcestershire, UK) using dynamic light scattering (DLS) combined with phase analysis
light scattering (PALS) (Berne and Pecora 1976). Samples for surface charge
measurements were suspended in ultrapure water (18.2 MQ) at a pH of 5.9 and bath
sonicated for 30 minutes at 40 kHz. Nanoparticle specific surface area (SSA) was
measured via the BET method under N, absorption (Brunauer et al. 1938). Size from

SSA measurements was calculated. Discrepancies between TEM size and SSA size are
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discussed elsewhere (Guo et al. 2009). Surface oxygen species for the ECB and ox-ECB
samples were quantitated via X-ray photoelectron spectroscopy (XPS) following
published procedures (Fairley et al. 2005; Briggs and Seah 1990; Xie and Sherwood
1991; Canas-Ventura et al. 2006; Popat et al. 1995; Estrade-Szwarckopf 2004; Szab6 et
al. 2006). Samples were dried onto a micro coverslip and analyzed on a Kratos Axis
Ultra Imaging X-ray photoelectron spectrometer.
3.2.3 Reductive Capacity of Engineered Carbon Black and Oxidized Engineered
Carbon Black Nanoparticles, Ex Vivo Analyses

The reductive capacities of the engineered carbon black and oxidized engineered
carbon black particles were measured using a spectrophotometric method that was
modified from a previous method (Guo et al. 2009; Guo and Kennedy 2007). Briefly, 30
mg of ECB (or ox-ECB) nanoparticles and 9 mg of Fe,(SO4); was added to 75 ml of
ultrapure water to obtain a suspension of carbon black nanoparticles in ferric sulfate
solution. This suspension was incubated in a water bath at 37 °C for 16 hrs. Then the
carbon black particles were filtered out to obtain a clear solution containing Fe’* and
Fe”" jons. To this clear solution, 0.25 ml 20% sulfuric acid was added to adjust the pH;
then the solution was diluted to 100 ml in a volumetric flask. The concentrations of Fe>"
and Fe®” ions in the solution were determined using the spectrophotometric method at an
absorbance wavelength of 512 nm, as described previously (Guo et al. 2009; Guo and

Kennedy 2007).
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3.2.4 Cell Culture Conditions

A549 Human lung epithelial cells (CCL-185, ATCC) were cultured using F-12K
media supplemented with 10% fetal bovine serum and 1% penicillin, streptomycin, and
amphotercin B (Sigma Aldrich, St. Louise, MO). Cells were seeded at 1.5 x 10*
cells/well in 96 well-plates. This cell seeding concentration was predetermined to yield
~90% coverage of the cell plate surface at time of analysis. After allowing 24 hrs for
attachment, cells were exposed to known concentrations of nanoparticle suspensions
ranging from 0.01 pg/mL to 100 pg/mL. Cells were co-exposed to differing ratios of
Fe,03:ECB or Fe;03:0x-ECB, including 0.01:4, 0.1:4, and 1.0:4 and 100:4 pg/mL. For
exposure scenarios, a stock solution of Fe,O3;, ECB, or ox-ECB (1000 pg/mL) was
prepared in ultrapure water and briefly sonicated (40 kHz) to break up nanoparticle
agglomerates. Stock solutions were serially diluted in F-12K medium containing serum.
Care was taken to preserve similar osmolarity between samples.
3.2.5 Intracellular Nanomaterial Localization Analyses

A549 cells were treated with 10 pg/mL Fe,O; nanoparticles and 4 ng/mL ECB
(or 0x-ECB) nanoparticles for 25 hrs. The inoculated culture media was replaced with
3% (v/v) glutaraldehyde in 1X Hank’s balanced salt solution (HBSS). After incubation,
the cells and fixative were placed in a PELCO Biowave cold microwave (Ted Pella,
Redding, CA) at 250 W for a 6 minute cycle. Following washing, post-fixation was
performed with a 1% osmium tetroxide (wt/v) solution overnight. Samples were then
washed with HBSS and dehydrated in increasing methanol steps. An epoxy formula was

prepared using Quetol 651, Araldite, and DDSA (A:E ratio 1:1) with benzyldimethyl-
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amine (BDMA) used as the accelerant. Following polymerization, the blocks were
sectioned and mounted on grids. Post staining was performed using both 2% uranyl
acetate (wt/v) and Reynolds lead citrate (Reynolds 1963). The grids were washed, dried,
and examined using transmission electron microscopy (TEM). TEM analysis was
performed using a Morgani Electron Microscope (FEI corp.) at 100 keV.
3.2.6 Intracellular Metal Analysis

Iron content within the cells was analyzed using inductively coupled plasma-
mass spectroscopy (ICP-MS). A549 cells were seeded, exposed to 50 pg/mL of Fe,Os,
or co-exposed to equal parts of 50 ug/mL ECB and Fe,Os; nanoparticle suspensions.
Following 25 hrs exposure time, the cell culture media was removed from cells and kept
for analysis. Cells were washed with warm PBS repeatedly to remove residual
nanoparticles on the surface of the cells. Following washing, exposed cells were
detached from the culture dish with 1X Trypsin-EDTA and collected by centrifugation.
All suspensions were digested under heat (60°C) and acid (5% HCI and 1% nitric acid,
by volume), and analyzed for iron content via ICP-MS using an Elan DRC II, Perkin
Elmer SCIEX (Waltham, MA).
3.2.7 Lysosomal Characterization

Visualization of lysosomal presence was performed using florescence
microscopy techniques. Briefly, A549 cells were incubated with 10 pg/mL Fe,Os
nanoparticles and 4 pg/mL ECB (or ox-ECB) nanoparticles for 1 hrs, 3 hrs, or 24 hrs.
Following nanoparticle incubation, Lysotracker™ (75 nM, Invitrogen Corp., Carlsbad,

CA) was added to both control (unexposed) and nanoparticle exposed cells and
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incubated for 1.5 hrs. Cells were fixed with paraformaldehyde and subsequently
counterstained with DAPI (4',6-diamidino-2-phenylindole) (300 nm, Invitrogen Corp.,
Carlsbad, CA) . Following staining, cells were preserved with Slo-fade® (Invitrogen
Corp, Carlsbad, CA) and imaged on an Olympus inverted fluorescent microscope.
3.2.8 Cellular Proliferation

The 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) assay (Sigma
Aldrich, St. Louise, MO) is a spectrophotometric way to assess cellular proliferation via
quantification of the enzyme mitochondrial dehydrogenase. Actively respiring
mitochondria reduce the tetrazolium salt to a water insoluble purple formazan dye which
is solubilized in MTT solubilization solution (10% Triton X-100 in 0.1 N HCI in
anhydrous isopropanol). After solubilization in acidic isopropanol, the product was
quantified by measuring absorbance at 570 nm. Briefly, cells were co-exposed to
differing ratios of Fe,O3:ECB or Fe,;03:0x-ECB, including 0.01:4, 0.1:4, and 1.0:4 10:4
and 100:4 pg/mL. After 25 hrs, MTT (5 mg/mL) was added to each well and incubated
for 4 hrs. Subsequent experiments were performed using the ECB and ox-ECB
nanomaterials in cell-free conditions to verify the absence of ex vivo reduction of the salt
by the particles themselves.
3.2.9 Cellular Viability

Cellular viability was assessed using the live/dead viability/cytotoxicity assay
(Molecular Probes, Invitrogen Corp., Carlsbad, CA). This assay utilizes the fluorescent
dyes ethidium homodimer and calcein AM. Ethidium homodimer (red) increases in

fluorescence intensity upon binding to DNA. Calcein AM (green) is hydrolyzed by
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intracellular hydrolases found in living cells and subsequently increases in fluorescence
intensity. Therefore, in this assay, viable cells fluoresce green while non-viable cells
fluoresce red. Briefly, cells were co-exposed to differing ratios of Fe,O3:ECB or
Fe,03:0x-ECB, including 0.01:4, 0.1:4, and 1.0:4 10:4 and 100:4 pg/mL. Following 25
hrs exposure, cells were washed and incubated with 2 uM ethidium homodimer and 1.5
uM calcein AM for 40 minutes. Positive control samples (nonviable cells) were
incubated with 70% methanol in phosphate buffered saline for 0.5 hrs. Nanoparticle-
only controls were incorporated to assure no interference with the assay. Following dye
incubation, stained cells were viewed under an inverted fluorescence microscope.
Multiple field images (~2500 cells) were collected and cell viability was assessed as

follows:

Number of dead cells

Percent Dead Cells (%) = x 100 (eq. 3.3)

Total cell count

3.2.10 Intracellular ROS Detection

DCFH-DA (2°7’-dicholorfluorescin diacetate) was used to measure the levels of
intracellular reactive oxygen species (Sigma Aldrich, St. Louise, MO). Briefly, a 20 uM
DCFH-DA solution in Hank’s balanced salt solution (HBSS) was made without serum
or other additives. A549 cells were cultured and exposed to nanoparticle suspensions as
described above and incubated for 2.5 hrs or 25 hrs. After washing, cells were then
incubated with the DCFH-DA working solution for 0.5 hrs. Fluorescence was measured
at 485/520 nm (excitation/emission) using a fluorescence plate reader (Synergy MX,

BioTek).
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3.2.11 Antioxidant Addition

A 1 mM L-ascorbic acid (Sigma Aldrich, St. Louis, MO) solution in ultrapure
water (18.2 MQ) was prepared fresh each day. A549 cells were incubated in appropriate
media and inoculated with Fe,O3:ECB, as described above. For the 2.5 hrs nanoparticle
co-exposure, ascorbic acid was added at t=0 hrs. For the 25 hrs co-exposure, ascorbic
acid was added 19 hrs post nanoparticle exposure. L-ascorbic acid was added to yield a
concentration of 0.083 mM in total cell culture media volume. Intracellular reactive
species were probed via DCFH-DA, as described above, after either 2.5 hrs or 25 hrs
post-exposure.
3.3 Results
3.3.1 Physicochemical Characterization

Nanomaterial characterization was assessed with a variety of methods and
reported in Table 3.1. The size of the Fe,O; particles, assessed by transmission electron
microscopy, was 41 £ 17 nm, while that of ECB and ox-ECB (surface oxidized ECB)
was 47 £ 7 nm. Surface charge was assessed through measurement of the zeta potential.
All three types of nanoparticles displayed highly negative zeta potentials when dispersed
in ultrapure water. Iron oxide nanoparticles had a zeta potential of -44.2 = 5.9 mV. The
zeta potentials of ECB and ox-ECB were -51 £ 6.02 mV and -52 + 6.02 mV,
respectively. The flame-synthesized iron oxide particles were of very high purity
(>99.99%, mass ratio of Fe to total metal) based on ICP-MS elemental analysis (Guo
and Kennedy 2007). The reductive capacity of ECB towards Fe’™ was measured to be

9.0 x 10” g(Fe*")/g(carbon). Following surface oxidation, the ability for ox-ECB to
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reduce Fe'" was decreased significantly to 2.4 x 10 g(Fe*")/g(carbon). This represents
a 97.3% loss of ECB reductive capacity following surface oxidation. The XPS
measurements showed that surface oxidation of the ECB resulted in a 15% increase in
the ratio of oxidized to unoxidized C, from 0.113 in ECB to 0.130 in ox-ECB.
Quantitation of the deconvoluted (Fairley et al. 2005; Briggs and Seah 1990; Xie and
Sherwood 1991; Canas-Ventura et al. 2006; Popat et al. 1995; Estrade-Szwarckopf 2004;
Szabo et al. 2006) C1s XPS peaks for ox-ECB further indicated a remarkable increase in
the fraction of interfacial quinonoid moieties: the ratio Qy/H»Q(s) in 0x-ECB was found
to be ca. 5000 times greater than in ECB. Based upon a molecular model of the carbon
nanoparticles, estimated from TEM experiments to be cubic with a 50-nm edge, in
conjunction with the escape-depth properties of X-ray photoelectrons, at least 90% of the
XPS carbon peaks may be presumed to emanate from edge-sites. This is important
because surface redox activity is possible only on such edge-sites and not on the terrace
(graphene) sheets and hence modification (oxidation) of these sites will alter the redox
capacity. Whereas specific surface area (SSA) was found to be 49 m?/g for the iron
oxide nanoparticles and 63 m?/g for the ECB nanoparticle sample, none was measured

for the ox-ECB sample as it remained in aqueous suspension.
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Table 3.1 Characterization of Fe,O3, ECB, and ox-ECB nanoparticles

Property Fe,O3 ECB ox-ECB
Size, nm 41 + 17 477 477
Zeta Potential, mV -44.2+5.9 -51.2 +6.02 -52.4 +6.02
Crystalline Structure Maghemite Amorphous Amorphous
Specific Surface Area, m?/g 49 63 Not measured
SSA Calculated Size, nm 23.5 52.8 N/A
NI | et S0x10° 24x10°
%C:%0 Not 89.88:10.12 88.53:11.47
(O/C Ratio) measured (0.1126) (0.1295)
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3.3.2 Intracellular Nanomaterial Localization Analyses

Figure 3.1 shows TEM images of ultrathin sections of A549 human lung
epithelial cells following incubation with mixed Fe,Os; and ECB for 25 hrs. The TEM
results indicate that both Fe,O; and ECB were internalized into micron-sized vesicles
within lung epithelial cells. These intracellular organelles most resemble endosomal-like
and/or lysosomal-like structures (Li et al. 2008c; Sadauskas et al. 2009). Ultrathin, 2-D
sections revealed the presence of either ECB (or ox-ECB) and Fe,O3 nanoparticles co-
localized within the same intracellular vesicle. In exposures to both ECB and Fe,0;
(Figure 3.1A & 3.1B) and 0x-ECB and Fe,O; (Figure 3.1C), intracellular uptake and co-
localization the two types of particles occurred. The presence of large agglomerates of
both Fe,O; and ECB or 0ox-ECB nanoparticles was observed. The ECB and the Fe,Os
particles were readily distinguishable in the electron micrographs due to their
morphological differences; Fe,O3 particles exhibited multifaceted sides whereas ECB
particles exhibited a more amorphous, rounded shape. Electron micrographs of particles

under cell free conditions can be seen in Guo et al. (2009) (Guo et al. 2009).



Figure 3.1 Intracellular nanomaterial localization analyses. (A) Internalization of both Fe,O; and ECB agglomerates into
A549 cells visualized through the use of electron microscopy. (B) Magnified image of vesicles in panel A. (C)
Internalization of both Fe,O3 and ox-ECB agglomerates into A549 cell line. White arrows point to Fe,O3; nanoparticles,
while black arrows point to ECB or ox-ECB nanoparticles. Nuclei (N) and vesicles (V) are labeled in each panel when

present.

L8
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3.3.3 Additional Intracellular Metal Analysis

The presence of intracellular Fe,O3 was confirmed through inductively coupled
plasma-mass spectroscopy (ICP-MS) (Figure 3.2). These measurements show the
intracellular iron (cells), iron remaining in the culture medium (CCM), and total iron in
the exposure medium (total). Results indicate similar Fe,O; uptake in both the single
and co-exposure scenarios (0.175 pg/mL vs 0.177 pg/mL, respectively). Similarly, the
iron content in the cell culture media removed from cell culture after Fe,O3 exposure
was 0.017 pg/mL while the iron content in the cell culture medium in a mixtures
situation involving both ECB and Fe,0; was 0.014 ng/mL. Identical Fe,Os3 exposure in
both the single exposure and mixture exposure was confirmed via measurement of the
total iron present in the combination of cellular lysate and spent medium (0.193 pg/mL
vs 0.192 png/mL)  Furthermore, the sum of Fe,O;3 in the spent cell culture medium

(CCM) and total intracellular iron (cells) agrees with the exposure concentration (total).
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Figure 3.2 Intracellular metal analysis of lung epithelial cells. Cells were dosed with
either Fe,Os; nanoparticles or ECB and Fe,O; nanoparticles alone via inductively
coupled plasma-mass spectroscopy. These measurements show the intracellular iron
(cells), iron remaining in the culture medium (CCM), and total iron in the exposure

medium (total).
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3.3.4 Lysosomal Characterization

The increased presence of lysosomal compartments was confirmed through
florescence microscopy with the use of Lysotracker™ red dye. Lysotracker™ dye
consists of a fluorophore linked to a weak base that accumulates in cellular
compartments with a low internal pH. Additionally, cell nuclei were counterstained with
DAPI. Figure 3.3 indicates a low basal level of lysosomal presence in many control
cells at 1 hr, 3 hrs, and 24 hrs. While a low basal level may be seen in the control cells,
actively proliferating cells exhibited higher fluorescence intensity. Additionally, by
visual inspection, the A549 control cells appeared to be increasing in number and
confluency as the time points progressed. In cells exposed to 10 pg/mL Fe,O; and 4
pg/mL ECB, an increase in fluorescence was observed at all time points. At 1 hrs
following exposure, a low basal level of lysosomal presence was observed similar to the
control; however, some individual cells exhibited increased punctate fluorescence. At 3
hrs, this trend was exacerbated, coupled with a moderate degree of fluorescence.
Following 24 hrs exposure, the A549 cells continued to proliferate, albeit with slightly
different cell densities, with fluorescence intensity comparable to 3 hrs post-exposure

time point. Similar trends were observed in the co-exposure consisting of 10 pg/mL

Fe,O3 and 4 pg/mL ox-ECB.



Control Fe,O,+ ECB Fe,O, + ox-ECB
1hr ..-
3hr ...

- ...

Figure 3.3 Lysosomal characterization. Lung epithelial cells were exposed to both
Fe;Os3 and ECB/ox-ECB nanoparticles for a variety of time points ranging from 1 hrs to
24 hrs and subsequently incubated with Lysotracker™ red dye. Low basal levels of
lysosomes were found in control cells at all time points with an increase seen in actively
dividing cells. Acidified lysosomes (pH<5.2) (red) are increasingly visualized in both
Fe;O3 and ECB (or ox-ECB) co-exposed samples. Lysosome fluorescence is found to
increase throughout both exposed cell populations as the time increases from 1 hrs to 24
hrs. This increase in acidified lysosomes yields conditions which may promote
dissolution of the surface of the Fe,O; nanoparticle. Cell nuclei were counterstained
with DAPI (blue). Scale bar = 100 pum.
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3.3.5 Oxidant Production

The DCFH-DA assay provides an estimate of instantaneous intracellular ROS
(Figure 3.4). While relatively non-specific, the DCFH-DA is a cell based assay for
measuring relative concentrations of oxidants (i.e. hydroxyl, peroxyl, etc.) and has been
suggested as a good measure of the oxidative status in cells in culture (Wang and Joseph
1999; Foucaud et al. 2007). Control cells exhibited little intracellular ROS. This is
hypothesized to be a byproduct of normal cellular respiration. While the lower
concentration of Fe,Os3, at 2.5 hrs, did not generate significant or increasing amounts of
oxidative species as determined by fluorescence spectroscopy (increase of 6.9% for 0.01
pg/mL and 5.4% for 0.1 pg/mL), Fe,O; at a higher dose (100 pg/mL) showed a
heightened response (increase of 28.1%) when compared to the control. At 25 hrs, the
cells exposed to 100 pg/mL Fe,Os still exhibited a heightened response, however the
difference between the high (increase of 35%) and low doses (increase of 31.3% for 0.01
pg/mL and 24.0% for 0.1 pg/mL) is not as significant as was observed at 2.5 hrs. In
addition, A549 cells were exposed to mixtures of both Fe,O; and ECB simultaneously.
This scenario produced a significant amount of ROS when compared to the control.
Mixture scenarios at 25 hrs produced an increase of 103.6% for the 0.01 pg/mL Fe,Os:4
pg/mL ECB ratio, 51.9% for the 0.1 pg/mL Fe,03:4 ng/mL ECB ratio, and 34.8% for
100 pg/mL Fe;03:4 ug/mL ECB ratio. A similar pattern existed at 2.5 hrs. This response
was proportionally related to the increasing ratios of ECB to Fe,O3; Confirmation that

the generation of intracellular ROS was not, in fact, an artifact produced by the
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Figure 3.4 Intracellular oxidant production. Human lung epithelial cells were exposed to
Fe,;Os only, Fe,O; and ECB, a combination of Fe,O3;, ECB and L-ascorbic acid, or Fe;O3
and ox-ECB for both 2.5 hrs (top) and 25 hrs (bottom). Results indicate that co-
exposure to Fe,Os; and ECB generate intracellular oxidant production that can be
lessened by the addition of L-ascorbic acid or through surface oxidation of the ECB (ox-
ECB). Values given are means = SD (*p < 0.05 relative to control cell population).
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nanoparticles, was studied via the addition of L-ascorbic acid. L-ascorbic acid is a well
characterized antioxidant that is able to function as an oxygen scavenger, thus limiting
intracellular ROS. DCFH oxidation was diminished with the use of L-ascorbic acid.

Similarly, a secondary means of ameliorating the ROS generation via oxidation
of the ECB to form ox-ECB was examined. Here, it was discovered that the oxidation
of the surface of ECB resulted in oxidant production (as measured by DCF fluorescence)
that was not significantly different from the control. Additionally, it was noted that for
all co-exposure exposure values, at 25 hrs, ox-ECB produced less ROS than did the co-
exposures incubated with L-ascorbic acid although these differences were not
statistically significant.
3.3.6 Cellular Proliferation Assay

The MTT assay was used to compare the proliferative ability in both control
samples as well as those exposed to mixed Fe,O3; and ECB (or ox-ECB) (Figure 3.5).
Results indicate that there is a decrease in formazan formation at higher exposure limits
in the Fe,O3; and ECB scenario, thus indicating a dose-response relationship. Throughout
the dose-response curve, the Fe;O3; and ECB-exposed cells demonstrated a decrease in
cell proliferation at 0.01 pug/mL Fe,O; (4 ng/mL ECB) by 16.8% relative to control, at
0.1 pg/mL Fe;Os (4 pg/mL ECB) by 16.9%, and at 1 ug/mL Fe,O3 (4 ng/mL ECB) by
16.8%; however at the higher doses of 10.0 ug/mL Fe,O; (4 pg/mL ECB) and 100
pg/mL Fe,O; (4 pg/mL ECB), the cells exhibited a significant decrease in cell
proliferation by 24% and 29.6%, respectively. However, the cells exposed to both Fe,0;

and ox-ECB did not exhibit this dose-dependent response. The highest exposure scenario
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(100 pg/mL Fe,0O5 and 4 pg/mL ox-ECB) did not exhibit a significant difference when
compared to the control. Background absorbance values, due to nanoparticles, were
subtracted out of final absorbance value. As a number of reports suggest reduction of the
tetrazolium salt to formazan by exogenous sources, ex Vivo (cell free) incubations of
ECB and ox-ECB nanoparticles incubated with MTT showed no interference (data not
shown) (York et al. 1998; Wang et al. 2010; Maioli et al. 2009; Babior 1984).
3.3.7 Cellular Viability

A live/dead cytotoxicity assay was employed to determine the absolute
percentage of dead cells following co-exposures to the aforementioned nanoparticles
(Figure 3.5). Results indicate a slight dose-dependent decrease in cellular viability
following co-exposure to 0.01 pg/mL Fe,O3; combined with 4 pg/mL ECB to 10 pg/mL

Fe,O3 and 4 pg/mL ECB. This decrease ranged from 0.69% dead to 7.62% dead. At an

exposure of 100 pg/mL Fe,Os and 4 ng/mL ECB, a decrease in the amount of death was

noted (3.48% dead).
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Figure 3.5 Cellular proliferation and viability. Human lung epithelial cells were exposed
to both Fe,Os; nanoparticles and ECB nanoparticles or Fe,O3; nanoparticles and oxidized
ECB nanoparticles at varying degrees of particle concentrations. (A) Cellular
proliferation, as measured by mitochondrial dehydrogenase activity, of cells exposed to
Fe,0O3 (concentration noted on x-axis) spiked with 4.0 ug/mL ECB measured after 25 hrs
exposure. (B) Cellular proliferation of cells exposed to Fe,Os (concentration noted on x-
axis) spiked with 4.0 pg/mL oxidized ECB measured after 25 hrs exposure. (C)
Live/dead cytotoxicy assay of cells exposed to 10 ng/mL Fe,O; and 4 pg/mL ECB. Live
cells cytoplasm fluoresce green, while dead cell nuclei fluoresce red. (D) Live/Dead
cytotoxicity assay of cells exposed to 10 pug/mL Fe,Os and 4 pg/mL ox-ECB. (E)
Analysis of multiple field shots (comprising ~2500 cells) with the absolute percentage of
cell death. A slight decrease is noted in the co-exposure with ECB, which is not noted,
to a similar extent, with ox-ECB. ~ p<0.05 as compared to the control.
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This decrease in cellular viability was not noted in the co-exposed samples dosed
with Fe;O; and ox-ECB. In the ox-ECB co-exposure results indicate a slight dose-
dependent decrease in cellular viability following co-exposure to 0.01 pg/mL Fe,O;
combined with 4 pg/mL ECB (0.39% dead) to 10 pg/mL Fe,O; and 4 ug/mL ECB
(1.75% dead). These results indicate that while a slight decrease in cellular viability
exists in a co-exposure scenario (max. 7.62% dead, 10 ug/mL Fe,0; and 4 ng/mL ECB)
at 24 hrs; this decrease may be eliminated by surface oxidation of the ECB nanoparticle.
3.4 Discussion

Over the course of this examination, we aimed to continue to investigate the
cellular response to exposure to a synergistic mixture of Fe,O3; and ECB nanoparticles in
an in vitro model. While the A549 lung epithelial cell line is not a phagocytic cell line,
it is routinely used to assess uptake of inhaled particulate in situations where the capacity
of the alveolar macrophage to mitigate particle clearance has been exceeded. The
human lung epithelial cell line A549 has been previously shown to be of utility for
alveolar epithelial cell interaction with micro-sized particles and dusts (Stringer et al.
1996; Guo et al. 2009). Previously, Guo et al. (2009) suggested that mixtures of Fe,O;
and ECB nanoparticles induced cellular toxicity through an oxidative stress mechanism
because the ECB nanoparticles were able to reduce Fe’" to Fe’" through surface
functional groups. This paper expands upon this toxicity paradigm by not only
confirming previous results, but elucidating a mechanism through which these

nanoparticles elicit their effect.
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3.4.1 Intracellular Localization and Lysosomal Analysis

All three nanoparticle-types were seen to be internalized into the cell in co-
exposure scenarios. This study confirms the ability of both Fe,O3; and ECB and/or ox-
ECB nanoparticles to enter the intracellular environment in a time-dependent fashion.
Interestingly, the nanoparticles were localized in vesicles (i.e. endosomes and/or
lysosomes) as either a single species (i.e. either Fe;O; or ECB) or as a mixture of species
(Fe,O5 and ECB). This leads to the possibility that each type of nanoparticle enters the
cell through independent events, either through a type of receptor-mediated endocytosis
or non-specific fluid phase uptake. Recent work has demonstrated the ability for
nanoparticles to bind biological molecules including proteins in the physiological
environment (Lundqvist et al. 2008). This protein adherence may lead to differences in
the mechanism responsible for each specific endocytic event. Furthermore, many
studies have demonstrated that nanoparticles enter a cellular system through a variety of
mechanisms including clathrin-mediated endocytosis, macropinocytosis, phagocytosis,
as well as simple passive diffusion (Dausend et al. 2008; Chithrani et al. 2006; Davada
and Labhasetwar 2002; Qaddoumi et al. 2003; Harush-Frenkel et al. 2008). Intracellular
trafficking normally directs endocytosed macromolecules into endosomal or lysosomal
compartments. It is in these locations that the decrease in pH is responsible for not only
the hydrolysis of ligands from their receptors, but additionally the degradation of
macromolecules. Examinations by TEM and fluorescence microscopy confirm a similar
fate (lysosomal incorporation) for both the carbonaceous and metal oxide nanoparticles

studied here.
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Zhang et al. (2009) demonstrated similar results with quantum dot nanoparticles.
They examined an increase in lysosomal accumulation at 24 hrs as verified by
fluorescence co-localization of quantum dot and CD63/Lamp-1 in an HEK cell line
(Zhang and Monteiro-Riviere 2009).  Nanoparticle accumulation in lysosomal
compartments after 24 hrs provides the correct conditions (acidic pH) to begin the
intracellular release of Fe** ions from the surface of the Fe,0; nanoparticle.
3.4.2 The Production of Oxidants

The oxidative stress paradigm has thus far had a major impact in the
nanotoxicology literature. The data here indicates that this particular particle-cell
interaction is no different. While Fe,O; at the highest dose exhibits a significant amount
of oxidant production, Fe,Os alone at lower concentrations (0.1 pg/mL and 0.01 pg/mL)
does not produce oxidant species at the time points reported in this study. At 2.5 hrs
post-exposure, oxidation of DCFH is seen at similar levels throughout all the co-exposed
ratios, however at 25 hrs this is not the case. The lowest ratio (0.01 mg/pL Fe;03:4.0
pg/mL ECB) of nanoparticles exhibited the highest oxidative stress of all the co-
exposure scenarios. This effect may be due to the decrease in cellular proliferation and
slight decrease in cellular viability occurring at the higher nanoparticle ratios as
evidenced by the MTT assay.

Co-exposures to Fe;O; and ECB demonstrated significant oxidative stress in
previous cell culture studies, while exposures to Fe,O3 or ox-ECB alone did not induce
significant oxidative stress (Guo et al. 2009). In this study, we have shown that after cell

culture inoculation to mixed Fe,O; and ECB and/or ox-ECB, both materials are
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endocytosed within the same vesicular structure. Additionally, after exposure to the
mixture of nanoparticles, the amount of acidified lysosomes increases over time.
Furthermore, intracellular reactive oxygen species were found. However, the oxidant
production of Fe,O; and ECB was mitigated when the surface of the carbon black was
oxidized before co-exposure or prevented after addition of L-ascorbic acid to the culture
medium as an antioxidant.
3.4.3 Cellular Proliferation and Viability

Cellular proliferation was measured via the MTT assay. The MTT assay is very
widely accepted in the literature as a measure of cell proliferation, mitochondrial
activity, and/or cytotoxicity (Mosmann 1983). However, in this manuscript, we conclude
that while the MTT assay shows a decrease in cellular proliferation, a similar degree of
cell death was not observed using the live/dead assay. Therefore, it remains possible
that exposure to ECB and Fe,O; causes inhibition of cellular proliferation without
appreciable cell death occurring. Similar results have been shown by Stone et al. (1998)
(Stone et al. 1998). In the manuscript by Stone et al., the MTT assay was used to study
the relative inhibitory effects of particles. Furthermore, it is indicated that the A549 cell
line shows inhibition of proliferative effects following exposure to fine-sized carbon
black, which may be recovered at later time points. Similarly, a decrease in proliferation
rate, combined with no reduction in cellular viability was shown in A549 cells grown
under hyperoxic conditions (McGrath-Morrow and Stahl 2002). As only slight cell
death was noted at 24 hrs, it may be possible that the cells utilized for this experiment

yield a different cytotoxic response at a later time point.
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Previously, we asked if this oxidative stress was particle generated or if the
oxidative stress had basis within a cellular mediated event. We concluded that this
mechanism demonstrates qualities of both. In Figure 3.1, we have shown that both
Fe,0; and ECB (or Fe,03 and ox-ECB) are internalized within cells. Also, Figure 3.3
shows that after exposure to these nanoparticles, the amount of acidified lysosomes
increases over time. Based on these two conclusions, we ascertain that these acidified
lysosomes contain both Fe;O3; and ECB (or Fe,O3 and 0ox-ECB). From ex vivo analysis,
we have previously shown that under acidic conditions (i.e. lysosome), Fe’" is released
from the surface of the Fe,O3 nanoparticles. Interactions between nanoparticles in close
proximity allow ECB to reduce the Fe’* to the soluble Fe*". These Fe*" ions are then
thought to proceed through well documented intracellular redox cycling reactions, such
as the Fenton Reaction, in which ROS are generated. Furthermore, we have shown that
this reaction can be mitigated by prior oxidation of the ECB to ox-ECB before exposure.
Oxidation of the ECB surface (from ECB to ox-ECB) was shown to drastically increase
the fraction of interfacial quinoid moieties as the ratio Q/H>Q(s) in 0x-ECB was found
to be ca. 5000 times greater than in ECB. This remarkable increase in Q)/H>Qs) ratio
may be responsible for the alterations in reductive capacity towards Fe’" in solution
(Kung and McBride 1988). Furthermore, our data indicates that decreased conversion of
Fe’" to Fe’" (by ECB) is associated with intracellular oxidant production and changes in
cellular proliferation and viability that is not statistically different from the control.

Toxicity data sets collected from cellular systems exposed to a nanomaterial or a

mixture of nanomaterials can aid in the material design process and risk assessment.
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Nanoparticle-specific modes/mechanisms of toxicity are, in some cases, complex. This
is especially true when combining the enormous range of nanoparticle-types,
morphologies, and redox capacities with the uncertainty of both occupational exposures
and subsequent consumer use of nanoparticle-enabled products. Particle toxicology in
this emerging area must provide a basis for predicting how the biological behavior after
a nanomaterial exposure relates to the nanomaterial physicochemical properties,
including chemical composition and reduction capacity.

Our aim is that this work will establish a new direction for future efforts to
characterize the environmental and health impacts of nanoparticle mixtures. This
proactive approach is necessary to safeguard the nanomaterial design and regulatory

environment.
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4. CELLULAR RESPONSE IS ASSOCIATED WITH ANTIOXIDANT ABILITY:
A COMPARISON BETWEEN HUMAN PULMONARY EPITHELIAL AND
MESOTHELIAL CELLS EXPOSED TO SI10, NANOPARTICLES

As the literature on nanoparticle toxicity continues to expand, there is an
emergent need to examine and understand the differences among cell-types utilized in
nanotoxicological studies. Here, we analyze the antioxidant capacity of both human
pulmonary epithelial (A549) and human mesothelial (MeT-5A) cell lines as models for
detecting nanoparticle-induced oxidative damage. The nanoparticle utilized in these
studies was colloidal 33 nm SiO,. Mutations in NRF2-KEAP1 antioxidant response
system, previously reported in the A549 cell line, were expected to yield increased
antioxidant activity and decreased sensitivity towards oxidative stress. Basal expression
of superoxide dismutase (Mn & Cu/Zn) was found to be higher in MeT-5A cells, while
catalase expression and activity, along with glutathione content, were higher in A549
cells. Cellular proliferation in response to hydrogen peroxide (H,O,) and silica
nanoparticles (SiO;) was measured using an absorbance-based MTT assay. MeT-5A
cells were significantly more sensitive to both peroxide and SiO, than A549 cells.
However, in both cell lines, significant oxidant production was detected, as measured by
the DCFH-DA assay, and was associated with decreased glutathione. Furthermore,
stabilization of the NRF2 transcription factor coupled with subsequent induction of
catalase activity was observed. This study suggests that MeT-5A cells are a more
sensitive model for nanoparticle toxicity and that markers of oxidative stress are

differentially expressed with cell type variation. The identification of susceptible cell-
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types or tissues is a critical step in the development of comprehensive nanomaterial risk
assessments.
4.1 Introduction

The inclusion of nanomaterials into consumer-based products is increasing at an
exponential rate. These nanomaterials, which include colloids, metal oxides, and
carbonaceous particles, are at the forefront of basic and applied research, product
development, and environmental health and safety assessments. The nanotechnology
sector, when combined with the biotechnology sector, is expected to generate revenue
upwards of $2.6 trillion by the year 2014 (Dai 2010). Nanomaterials hold the potential
to generate added value to consumer products through the addition of novel properties
such as increased scratch resistance, insulating capacity, or antibacterial abilities
(Richardson 2010). One of the most widely studied nanomaterials to be used in a variety
of consumer goods are silica (SiO,) nanoparticles. SiO, on the nano-size scale is often
used to increase strength of polymers, improve UV resistance, and increase insulating
ability. However, the incorporation of nanomaterials into consumer products elicits the
need to develop risk-mitigating methods associated with potential increased exposure.

Traditionally, silica describes a group of minerals containing particulates ranging
from ultrafine (<100 nm) to micrometer (> 5 um) in size. These particulates are formed
(naturally or synthetically) as either amorphous or crystalline materials. Data on silica
exposure is gathered primarily in occupational settings with the inhalation route of
exposure being the primary focus in research. Throughout epidemiological efforts,

differences in toxicological responses between amorphous and crystalline SiO, are
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attributed to differences in physicochemical properties relating to factors such as
biopersistance and solubility. The toxicity of crystalline SiO, (namely, quartz) is widely
established and has a well-developed epidemiological basis in severe respiratory
diseases including both silicosis and fibrosis. Crystalline silica is classified by the
International Agency for Research on Cancer (IARC) as a probable carcinogen, and is
often used as a positive control in particulate toxicological studies (Donaldson and Borm
1998; Schottenfeld and Beebe-Dimmer 2006; IARC 1997; Fubini and Hubbard 2003;
Shi et al. 1998). The differences in pathogenicity between crystalline and amorphous
SiO, have been previously well defined. For example, Pratt (1983) determined that
crystalline SiO,, while cleared more effectively from the guinea pig pulmonary system,
produces greater cellular damage than amorphous silica (Pratt 1983). Additionally,
Johnston et al. (2000) observed greater respiratory cell damage after exposure to
crystalline SiO, when compared to amorphous SiO, (Johnston et al. 2000). In vitro
studies suggest that reactive oxygen species derived from crystalline surface parameters
(i.e. freshly fractured crystal planes) are a potential progenitor able to increase
production and release of proinflammatory cytokines and chemokines both in vitro and
in vivo (Vallyathan et al. 1988; Vallyathan et al. 1995; Ovrevik et al. 2006; Barrett et al.
1999). Hubbard et al. (2002) observed activation of the NF-xB pathway in pulmonary
epithelial cells and macrophages following exposure to crystalline silica (Hubbard et al.
2002). Contrary to crystalline silica, amorphous silica is known to elicit either minimal
or no fibrogenicity following exposure and, in inhalational studies, adverse effects seen

were partially or completely regressed after short periods of time (Ruezel et al. 1991;
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Johnston et al. 2000). Similarly, epidemiological studies by McLaughlin et al. (1997)
suggest no evidence of silicosis or carcinogenicity from amorphous SiO, exposure
(McLaughlin et al. 1997). Due to the low toxicity of amorphous SiO,, it is an
established additive in many consumer applications including medicinal diagnostics,
cosmetics, and plastics (Wang et al. 2006; Barbe et al. 2004; Tago et al. 2003).

As nanometer sized amorphous SiO; particles find their way into consumer
products and applications, it may be necessary to reevaluate the risks associated with the
use of this material of identical chemical composition to micron-sized SiO; but on a
different size scale. Numerous studies have determined that ultrafine particles have the
ability to elicit greater pulmonary effects than their fine-sized counterparts of identical
composition (Brown et al. 2000; Zhang et al. 2003). Amorphous silica literature has
reported similar conclusions (Kaewamatawong et al. 2005). For example, reports of
ROS production and cytotoxicity stemming from amorphous nanosilica exposure have
become pronounced in in vitro studies (Lin et al. 2006; Chang et al. 2007; Yu et al.
2009). These cytotoxicological findings have been attributed to the physicochemical
characteristics of nanoparticles. For example, Donaldson (2001) has suggested that the
higher surface area of ultrafine particles can play a role as carriers for co-pollutants such
as organics or transition metals (Donaldson and MacNee 2003).  As the use of
nanometer sized amorphous Si0, increases in the consumer setting, it is meaningful to
elucidate the safety measures for precautionary reasoning. Therefore, we have utilized

two cell lines with differing antioxidant capacities to determine if ROS generation plays
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a critical role in amorphous silica toxicity in vitro. In addition, elaboration on the
antioxidant differences between the two cell types tested will be given.

To our knowledge, this is the first work in the nanotoxicology literature
deciphering the difference in cellular response following SiO, nanoparticle exposure
between the cancerous lung epithelial cell line A549, and the mesothelial cell line MeT-
5A. The A549 cell line is often utilized throughout particle toxicology literature as a
model epithelial cell type; however simple genetic modifications, such as mutations in
the NRF2 repressor protein, KEAP1, enable increased basal levels of a variety of phase
IT enzymes and low molecular weight antioxidants (Singh et al. 2006; Wang et al. 2008;
Kensler and Wakabayashi 2010). A549 cells have been shown previously to exhibit
relatively high levels of intracellular antioxidant mechanisms (i.e. low molecular weight
antioxidants and enzymes) (Jarvinen et al. 2000). On the other hand, mesothelial cells
(MeT-5A), derived from the pleural mesothelium, are more susceptible to foreign
materials which drive the production of intracellular oxidants. Human studies suggest
that pleural mesothelium exhibits much less y-GCS expression (rate-limiting enzyme in
glutathione synthesis) than the bronchial epithelium (Puhakka et al. 2002). It is
hypothesized that the A549 cell line will be less susceptible to damage by toxicants
which are presumed to proceed through an oxidative stress mechanism (i.e. SiO,
nanoparticles), when compared to cell types with low antioxidant capacity, such as
mesothelial cells. Exposure to nanoparticles is likely to occur through multiple
pathways. Common among most exposure pathways is the potential of nanoparticles to

translocate to different cells, tissues, and organs (Kreyling et al. 2002; Oberdorster et al.
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2004; Oberdorster et al. 2002). Similarly, nanometer sized particles have also been
shown to decrease the macrophage uptake efficacy, thus increasing the possibility that
these particles will interact with both local and distant targets (Renwick et al. 2001).
Due to the distinct ability of nanoparticles to migrate from their primary site of exposure,
this study highlights the importance of testing multiple cell lines at a variety of
nanoparticle doses between “overload” (100 pg/mL) and “non-overload” (0.01 pg/mL)
concentrations.

The purpose of this manuscript is two-fold. First, we performed a comparative in
vitro toxicological study of a more highly susceptible versus a less susceptible sub-
population of cells which are predisposed to damage by ROS. By comparing the basal,
and induced levels of antioxidant capabilities of A549 and MeT-5A cells, we distinguish
differences in antioxidant defenses. Second, we utilized these characterized cell models
to measure oxidant production, as well as subsequent cellular enzymatic and genetic
responses following exposure to SiO, nanoparticles. These particles not only represent
the shape and size of the most commonly studied particle-types, but are also expected to
be mass-produced and incorporated into a variety of consumer products.

4.2 Experimental Procedures
4.2.1 Nanoparticle Preparation

SiO, nanoparticles were purchased from NanoAmor (Houston, TX). Particles
were characterized for size using both transmission electron and scanning electron
microscopy. Zeta potential measurements of the nanoparticle were performed as

discussed elsewhere (Berg et al. 2009). Particle density was assessed using a
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pycnometer (Micromeretics, Norcross, GA) via helium gas absorption. Surface area was
assessed using the BET method under N, adsorption (Brunauer et al. 1938).
Nanoparticles were suspended in ultrapure water and briefly bath sonicated (40 kHz)
prior to dilution in serum-containing cell culture media for in vitro experiments.
4.2.2 Cell Culture

A549 human lung epithelial cells (CCL-185, ATCC Manasas, VA) were cultured
using F-12K cell culture medium (ATCC) supplemented with 10% fetal bovine serum
and 1% penicillin, streptomycin, and amphotercin B. MeT-5A mesothelium derived
epithelial cells (CRL-9444, ATCC) were cultured using Medium 199 (Invitrogen Corp.,
Carlsbad, CA) as a base medium. Complete medium for the MeT-5A cell line contained
10% fetal bovine serum, 3.3 nM epidermal growth factor, 400 nM hydrocortisone, 870
nM insulin, 20 mM HEPES, trace elements B and 1% penicillin, streptomycin, and
amphotercin B. Both A549 and MeT-5A cells were cultured at 37°C in a humidified
incubator with 5% CO,.
4.2.3 Western Blotting

Western immunoblotting was utilized in an effort to compare the basal
expression of catalase, Cu/Zn SOD, and Mn SOD enzymes as well as the NRF2
induction following SiO, exposure. Proteins were isolated from the respective cell lines
using a high salt lysis buffer with protease inhibitor cocktail. Following protein
determination, equal amounts of protein was loaded into a 10 % Mini-PROTEAN®
TGX gel (BioRad, Hercules, CA). Subsequent to electrophoretic separation, proteins

were transferred to a PVDF membrane and incubated with primary antibody. Rabbit
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anti-catalase primary (ab16731) antibody was purchased from Abcam (Cambridge, MA).
Rabbit anti-Mn-SOD (ADI-SOD-110) and Rabbit anti-Cu/Zn-SOD (ADI-SOD-100)
were purchased from Assay Designs (Plymouth Meeting, PA). Goat anti-rabbit IgG
secondary antibodies (sc-2004; Santa Cruz Biotechnology, Santa Cruz, CA) provided
chemiluminescent detection. Throughout the study, b-actin (p-8340; Sigma Aldrich) and
GAPDH (#AM4300, Ambion) were utilized as loading controls. In experiments
involving cell line comparison, preliminary data revealed differential expression of 3-
actin between the A549 and MeT-5A cell types. Therefore, in studies involving a
comparison among the cell types GAPDH was utilized as a loading control.
4.2.4 Real-Time Polymerase Chain Reaction

Nrf2 mRNA in the MeT-5a cell line was analyzed using real-time polymerase
chain reaction (RTPCR). Briefly, mRNA was harvested using a RNeasy ® mini kit
(Qiagen, Valencia, CA) followed by subsequent generation of corresponding cDNA
using the First Strand ¢cDNA Synthesis Kit (Roche, Indianapolis, IN). Primers from
Sigma Aldrich included both NRF2 and GAPDH and were received as follows. Nrf2
forward (5°-3’) ACCCAACCAGTTGACAGTGA and nrf2 reverse (5°-37)
CTCAGCTATGAAAGCAGAATAAAATTCA. Gapdh forward (5°-3%)
CCTCCCGCTTCGCTCTCT and gapdh reverse (5’-3’) GCTGGCGACGCAAAAGA.
RTPCR was performed on an Applied Biosystems 7500 Fast Real Time PCR machine
using a FastStart Universal Sybr Green master mix (Roche). Nrf2 expression was

normalized to gapdh expression.
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4.2.5 Total Glutathione Measurement

Total intracellular glutathione was measured using a GSH-Glo ™ assay
(Promega Corp, Madison, WI). Briefly, 10,000 cells were isolated, washed and
suspended in phosphate buffered saline (PBS). This cell suspension was deposited into a
white-walled 96-well plate in an effort to eliminate well crosstalk and decrease light
absorbance. GSH-Glo ™ reagent consisting of luciferin-NT, glutathione s-transferase,
and GSH-Glo ™ reaction buffer was added to each well and incubated for 30 minutes.
Subsequently, luciferin detection reagent was added to each well and, following a 15
minute incubation, luminescence intensity was acquired. To measure total glutathione
(GSH and GSSG), tris(2-carboxyethyl)phosphine (500 uM) was added to the sample
lysate to reduce any oxidized GSSG present to measureable GSH. Luminescence
readings were then compared to a provided GSH standard.
4.2.6 MTT Assay

The 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazin (MTT) assay (Sigma
Aldrich, St. Louis, MO) is a spectrophotometric technique to assess cellular proliferation
via quantification of the enzyme mitochondrial dehydrogenase. Actively respiring
mitochondria reduce the tetrazolium salt to a water insoluble purple formazan dye which
is then solubilized in MTT solubilization solution (10% Triton X-100 in 0.1 N HCI in
anhydrous isopropanol. After solubilization in acidic isopropanol, the suspension is
quantified by measuring the absorbance at 570 nm. AS549 cells were seeded at a
concentration of 5 x 10° cells/well, while MeT-5A cells were seeded at 1 x 10*

cells/well. Differences in cell seeding were due to differing cellular proliferation rates.



112

4.2.7 Reduced Glutathione (GSH) Analysis

GSH response following SiO, nanoparticle exposure was measured using the
GSH-GLO™ assay as described above, with few modifications. A549 cells were seeded
in a 96-well plate with white walls at 5 x 10 cells/well. MeT-5A cells were seeded at 1
x 10* cells/well. Differences in cell seeding densities were due to differing cellular
proliferation rates. Following 24 hrs of SiO, nanoparticle exposure, cells were lysed in
the plate using the provided lysis buffer and GSH concentrations were measured via
luminescence as discussed previously.
4.2.8 Catalase Activity Assay

Catalase activity was measured using an Amplex Red® Catalase Activity Assay
(A22180, Invitrogen Corp.). Briefly, a saturating amount of H,O, is supplied to the
sample of interest. After an allotted time, unreacted H,O, is quenched with the Amplex
Red® reagent providing colorimetric (or fluorometric) detection. The change in H,O,
concentration was compared to a catalase-free control. Results are reported as a change
in fluorescent units (A) when comparing within the same cell line. When making
comparisons between cell lines, measured catalase activity was normalized to total
protein content.
4.2.9 DCFH-DA Assay

A 20 uM 2°, 77 — dichloroflourescein diacetate (DCFH-DA) solution (Sigma
Aldrich, St. Louise, MO) in Dulbecco’s phosphate buffered saline (DPBS) was prepared
without other additives. Both cell types were incubated with DCFH-DA for 15 minutes.

After washing once with D-PBS, cells were then exposed to SiO, nanoparticle
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suspensions at concentrations of 0.01 — 100 ug/mL. Cells were then incubated for 24
hrs, washed briefly, and fluorescence was measured at 485/520 nm (excitation/emission)
using a fluorescence plate reader (Synergy MX, Biotek).
4.2.10 NRF2 Immunofluoresence

Localization of the transcription factor NRF2 was assessed through
immunofluorescence techniques. Viable A549 and MeT-5A cells were cultured on
sterile glass coverslips prior to exposure to SiO, nanoparticle or tBHQ (positive control).
Following 24 hrs incubation with SiO, or tBHQ, cells were washed and fixed with a 4%
paraformaldehyde solution. Membranes were permeabilized with 0.25% (vol/vol) Triton
X-100 in PBS. A 1% bovine serum albumin solution (0.3 M glycine) was used as a
blocking agent. Cells were incubated with rabbit anti-NRF2 (Ab62352, Abcam) primary
antibody followed by an Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary
(A11008, Invitrogen Corp.). Fluorescence detection was achieved using an Olympus
IX-71 inverted fluorescence microscope. Micrograph exposure conditions remained

identical within each cell type.
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4.3 Results
4.3.1 Cellular Antioxidant Characterization

In an effort to examine the basal intracellular antioxidant levels, a variety of
enzymatic proteins as well as intracellular glutathione levels were examined using both
western blot and fluorescence-based techniques. Catalase is responsible for the
degradation of moderately reactive cellular peroxides to water and oxygen. Western blot
analysis revealed increased basal catalase expression in the A549 cell line over the MeT-
S5A cell line (Figure 4.1, top), which, when approximated with semi-quantitative
densitometric analysis, was estimated at an increase of 39%. A fluorescence-based
assay was also utilized to examine catalase activity. Confirming western blot
expression, the basal catalase activity in the A549 cell line exhibited a statistically
significant increase when compared to the MeT-5A cell line (34.35 = 0.20 vs. 31.63 +
0.01 mU/mL protein solution/mg total proteins, respectively). Similar techniques were
employed to assess both Cu/Zn SOD and Mn SOD levels. Cu/Zn SOD (SOD1), highly
conserved among eukaryotes, is located in the cytosol. Mn SOD (SOD?2) confined to the
mitochondria. Both forms of SOD are responsible for the degradation of the superoxide
anion (O, ") to peroxide and water. Results indicate that both Cu/Zn SOD and Mn SOD,
basal expression was greater in the MeT-5A cells (increases of 48% and 105%,
respectively) than in the A549 cells. Expression was compared using the loading control

glyceraldehyde 3-phosphate dehyrogenase (GAPDH).
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Figure 4.1 Cellular antioxidant characterization.  Constitutive levels of
catalase, Mn SOD, and Cu/Zn SOD in human lung (A549) and human
mesothelial (Met-5A) cell lines were measured using western blot analysis
(top) combined with densitometric analysis (middle). While greater
expression of both SOD isoforms was noted in the MeT-5A cell line,
catalase expression was significantly higher A549 cells than MeT-5A cells.
Catalase activity measurement (bottom) confirmed the results of the western
blot. Furthermore, total glutathione was found to be significantly higher in
AS549 cells when compared to MeT-5A cells.
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Following enzymatic analysis, total basal intracellular glutathione was measured
via a luminescence-based assay (Figure 4.1, bottom). Glutathione content was assessed
in 10,000 cells each of both cell lines. The A549 cells exhibited a 38% higher GSH
level when compared to the MeT-5A cells (2.34 £ 0.19 vs. 1.69 £ 0.14 uM/10,000 cells,
respectively).

Following characterization of intracellular antioxidants, both A549 and MeT-5A
cells were exposed to a range of H,O, concentrations (50 uM-2mM) for a period of 24
hrs (Figure 4.2). At doses ranging from 50 to 800 uM, A549 cells exhibited little to no
change in growth as evidenced by the metabolized tetrazolium salt. Significant
decreases in metabolized tetrazolium salt were evidenced at doses of 1500 uM to 2000
uM. The MeT-5A cell line was far more susceptible to peroxide damage with
statistically significant cell viability decreases beginning at 100 pM peroxide (66.28% of
control). Furthermore, at doses above 100 uM (up to 2000 uM), MeT-5A cells exhibited
total cell death, as evidenced by little MTT conversion (<10 % of control). This data
indicates that the MeT-5A cell line is significantly more susceptible to damage from
H,0O, exposure than the A549 cell line. These results were confirmed by a live/dead cell
viability assay (data not shown).

4.3.2 Nanoparticle Characterization

Si0, nanoparticles were characterized in-house. = TEM analysis revealed a size
of 33.5 £ 7.73 nm (Figure 4.3A and Appendix A.1). Furthermore, size results were
confirmed through measurement with SEM (Appendix A.1). It is important to note that

these nanoparticles in their powder form agglomerate to the micron scale (Figure 4.3B).
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Figure 4.2 Dose-response relationships to hydrogen peroxide. A549
and MeT-5A cells were incubated with increasing concentrations of
hydrogen peroxide for 24 hrs. Following incubation, cellular
proliferation was measured via the MTT assay. MeT-5A cells were
more susceptible to peroxide-induced damage. * p<0.05 when
compared to the unexposed (negative control) A549 and Met-5A
cells.
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Elemental composition was confirmed with energy dispersive x-ray spectroscopy
(EDS). The spectral peak at 0.52 KeV represents oxygen while the peak at 1.74 KeV
represents silicon (Figure 4.3C). Surface area analysis was measured at 576.23 m?/g.
4.3.3 Intracellular Oxidant Production

Intracellular ROS was determined using the DCFH-DA assay (Figure 4.4, top).
Within this assay, the non-fluorescent DCFH molecule is converted to fluorescent DCF
upon reaction with intracellular oxidants. Both the A549 and MeT-5A cells were
incubated with various doses (0.01 — 100 pg/mL) of SiO, particles for 24 hrs. In both
cell lines exposed to particle concentrations greater than 1 pg/mL, statistically
significant increases in fluorescence were noted, with maximum oxidant production at
75 ug/mL. At this particular concentration, A549 cells attained an increase in
fluorescence greater than 166% of the control while the MeT-5A cells elicited an
increase of 187% over the control. At a concentration of 100 pg/mL, both cell lines
exhibited a decrease in fluorescence when compared to the 75 pg/mL exposure. This
decrease may be associated with increasing particle agglomeration and decreasing
particle uptake at a higher dose of 100 pg/mL. DCFH oxidation was more prevalent in
the MeT-5A cells than in the A549 cells, with an increase in fluorescence values in 5 of
the 8 points measured. Throughout the DCFH-DA assay, controls experiments were

performed to ensure that SiO, particles did not interfere with DCF fluorescence

(Appendix A.2).
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Zeta Potential (mV) -47.6 £5.39
Crystalline System Amorphous
Density (g/cm3) 1.948 + 0.0065
Specific Surface Area (m2/g) 576.23

Figure 4.3 Characterization of SiO, nanoparticles. SiO, nanoparticles
were thoroughly characterized prior to experimentation utilizing a
variety of techniques. Although primary particle definition is evident
under TEM (A), micron-sized agglomerates predominate in powder
form, as examined by SEM (B). Furthermore, the elemental
composition of silica was confirmed as silicon and oxygen via energy
dispersive x-ray spectroscopy on box in panel B (C). Additional
physicochemical properties are included in the table.
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Figure 4.4 Intracellular oxidant production and dose-response relationship.
Following incubation with SiO, nanoparticles for 24 hrs, differences in
intracellular oxidant production were observed. MeT-5A cells revealed
increased DCFH oxidation when compared to A549 cells. The highest
intracellular oxidant production measured in either cell line (75 pg/mL; 24 hrs)
was associated with the largest decrease in cellular proliferation in the Met-5A
cell line. Similarly, differences in cellular proliferation between cell lines were
evident following exposure to SiO, nanoparticles. A549 cells displayed high
tolerance to SiO; nanoparticle exposure (93% viable at highest dose), while the
Met-5A exhibited more susceptibility (67% viability at highest dose). *
p<0.05 compared to A459 and Met-5A unexposed (control) cells, respectively;
* p<0.05 when comparing both A549 and Met-5A cells at same exposure values.
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4.3.4 Cellular Proliferation

Cellular proliferation was assessed using the absorbance based MTT assay
(Figure 4.4, bottom). This assay measures the conversion of a tetrazolium salt to a
formazan dye. Both A549 and MeT-5A cells were exposed to various concentrations
(0.01 — 100 pg/mL) of SiO, particles for 24 hrs and, subsequently, cellular proliferation
was measured. The A549 cell line exhibited a slight decrease in cellular proliferation at
the higher concentrations (minimum 91.4% of control; 75 pg/mL). Similarly, the MeT-
5A cell line experienced decreases in cellular proliferation at the higher doses, albeit a
more significant decrease was observed at 50 pg/mL (decrease 60.7% of control).
Exposed MeT-5A cells exhibited a minimum viability at 75ug/mL (53.3% of control).
Statistically significant differences in MeT-5A cellular proliferation were seen at the
highest three concentrations tested in this study (50, 75, 100 pug/mL). As with the
DCFH-DA assay, controls were incorporated to ensure SiO, nanoparticles did not
interfere with the absorbance based readings (Appendix A.3).
4.3.5 Glutathione Measurements

Glutathione (GSH in its reduced form, only) was measured following 24 hrs
exposure to SiO, nanoparticles (Figure 4.5). GSH levels in the A549 cells slightly
decreased GSH levels after 24 hrs exposure to SiO; particles. Conversely, all exposure
concentrations (0.01 — 100 mg/mL) decreased GSH levels in the MeT-5A cells.
Interestingly, only a slight dose-response relationship was noted throughout the range

(Figure 4.5).
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Figure 4.5 Glutathione depletion following exposure to SiO;
nanoparticles. Cellular glutathione (GSH) concentration was measured
following exposure to SiO, nanoparticle for 24 hrs. In both the A549
and Met-5A cell lines a decrease in GSH level was noted at all doses
used in this study. However, statistically significant decreases were
evident to a higher extent in the Met-5A at every concentration tested. *
p<0.05 compared to A459 and Met-5A unexposed (control) cells,
respectively.
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Figure 4.6 NRF2 translocation schematic. NRF2
cytosolic stabilization and nuclear translocation
stems from the release of NRF2 from KEAP-1 in
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degradation which persists under normal redox
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4.3.6 NRF2 Stabilization

The KEAP1-NRF?2 transcription factor provides an excellent sensor for oxidative
stress (Figure 4.6). Therefore, in a more concerted effort to examine the oxidative stress
response, we analyzed the cytoplasmic stabilization and nuclear translocation of the
NRF2 transcription factor. Whole cell NRF2 protein expression in both cell lines was
examined with western blotting techniques. NRF2 expression exhibited a time-
dependent increase with a maximum peak at 8 hrs following SiO, exposure, although all
time points were enhanced over the loading control in both cell lines (Figure 4.7). Using
immunofluoresence techniques, it was possible to assess the levels and location of NRF2
following 24 hrs exposure to 75 pg/mL SiO, particles (Figure 4.8). In subsequent
experiments, 75 pg/mL was chosen as the exposure dose due to its highest oxidant
production combined with the minimum cell proliferation in both cell lines. NRF2 was
detected using a green fluorophore (AlexaFluor 488). Cell nuclei were counterstained
with DAPI. Both cell lines exhibited cytoplasmic stabilization and nuclear translocation
of NRF2, as evidenced by increasing nucleic and cytoplasmic fluorescence when
compared to the control. Similarly, both cell lines displayed overlapping fluorophores in
the nuclear region, which is characteristic of NRF2 nuclear translocation. Tert-
Butylhydroquinone (tBHQ) (50 uM; 24 hrs) was incorporated as a positive control.
Single channel micrographs indicated minimal cellular autofluoresence or non-specific

antibody binding (Appendix A.4 & A.5).
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Figure 4.7 Time-dependent NRF2 protein expression. A549 and MeT-5A cells
were exposed to Si0; nanoparticles for up to 48 hrs. NRF2 protein increases in
quantity as either a direct or indirect response to oxidative stress. In both cell
lines, NRF2 expression exhibits a maximum intensity at 8 hrs and 48 hrs.
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Figure 4.8 Stabilization of NRF2 transcription factor. Cytoplasmic stabilization
and nuclear translocation of NRF2 (green) is shown following treatment with
tBHQ (50 uM; positive control) or SiO; nanoparticles (75 pg/mL) for 24 hrs in
both cell lines. Stabilization of NRF2 is evidenced by the increase in green signal
fluorescence located in both the cytosol and nucleus. Nuclear translocation is
indicated by the overlay of green (NRF-2) and blue (DAPI) fluorescence. Scale

bar = 10 pm.
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Figure 4.9 mRNA levels of nrf2 transcript. The mRNA levels of the nrf2 transcript in
the MeT-5A cell line were analyzed in an effort to ensure that the NRF2 protein was
posttranscriptionally regulated. No significant differences were observed in the nrf2
mRNA level over the time course studied.
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In an effort to ensure increased NRF2 protein was posttranscriptionally regulated,
nrf2 mRNA expression was analyzed in the MeT-5A cell line (Figure 4.9). No
significant increases in Nrf2 mRNA expression were observed over the time course
studied (0.5 hrs to 48 hrs).

4.3.7 Catalase Induction

In an effort to further characterize the downstream response to intracellular
oxidant production induced after SiO, exposures, we examined the induction of the
antioxidant gene catalase activity in both cell lines following exposure to 75 pg/mL SiO,
nanoparticles (Figure 4.10). Catalase activity measurements were taken 48 hrs post-
exposure and compared with an unexposed control. In both cell lines, statistically
significant differences were noted pertaining to increased catalase activity. Catalase
activity (measured as a change in fluorescence units) in the A549 cell line was
significantly greater after 48 hrs (A fluorescent units 34,350 vs. 38,020, respectively).
Similar confirmation was seen in the MeT-5A cell line with a significant increase

following 48 hrs exposure (A fluorescent units 31,620 vs. 34,680, respectively).
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Figure 4.10 Cell line and time dependent induction of catalase. In both cell
lines, catalase activity was significantly higher after 48 hrs exposure to
SiO, than when compared to an unexposed (negative) control. * p<0.01
when compared to respective cell line control.
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4.4 Discussion

Expression of enzymes and low molecular weight antioxidants present in the
intracellular environment remains a critical aspect of toxicology when dealing with
compounds that act through an oxidative stress mechanism. While the eukaryotic cell
lines tested here are generally exposed to ROS through their aerobic environment as well
as from byproducts of normal cellular metabolism, an increase in intracellular oxidants
may lead to damage of protein, lipids, and DNA. Results indicate that the A549 cell line
contains higher basal levels of both catalase and glutathione than the MeT-5A cell line.
Higher levels of these antioxidants may be associated with their location in relation to
the external environment (i.e. lung airway vs. plural space). The difference in basal
catalase expression agrees strongly with the dose-response curve generated using H,O,.

As with catalase, glutathione may play a role in the metabolism of H,O, by
acting through the enzyme glutathione peroxidase. Glutathione peroxidase catalyzes the
oxidation of GSSG to GSH and water (Heffner and Repine 1989). Studies have shown
that differences in glutathione levels may be due to differences in the rate of GSH
synthesis. For example, Jarvin and others (2000) have shown that expression of y-GCS,
the rate limiting enzyme in glutathione synthesis, has been shown to be higher in A549
cells than M14K cells (Jarvinen et al. 2000). Similarly, in vivo experiments dictate that
normal bronchial epithelium contains increased y-GCS over normal mesothelium
(Puhakka et al. 2002). Our observations demonstrating differences in glutathione levels

between two cell types from adjacent locations complement these results.
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Additionally, we found that both superoxide dismutase (SOD) isoforms assessed
were present in lower amounts in the A549 cell line when compared to the MeT-5A cell
line. Similar results have been noted in a variety of tumor cell lines (Oberley and
Buettner 1979). It has been suggested that Mn-SOD may act as a tumor suppressor
gene, thus cancerous cell lines which exhibit this decreased SOD level may be more
susceptible to damage by superoxide generating nanoparticles (Li et al. 1995). Elevated
Cu/Zn SOD in the Met-5A cell line may be due to either decreased Cu/Zn SOD found in
tumor cells (Oberley et al. 1978) or elevated SOD levels after SV40 transformation
(Yamanaka and Deamer 1974). While basal catalase and GSH levels in A549 cells were
well-correlated with the pattern observed in the dose-response curve to SiO;
nanoparticles used in this study, SOD isoforms were not. Therefore, we conclude that
SOD is not a primary enzyme involved in metabolism of oxidants produced by cell-SiO,
interaction.

Although the SOD expression is an unlikely participant in the metabolism of
oxidants produced by SiO, nanoparticles, we hypothesized that both catalase and GSH
may play a protective role in Si0, nanoparticle exposure. Both cell lines were exposed to
Si0; nanoparticles over a wide dose range (0.01 — 100 pug/mL). Following exposure to
these nanoparticles, we assessed an array of toxicological endpoints including oxidant
production, cell proliferation, GSH depletion, NRF2 stabilization and translocation, and
downstream catalase activity induction. To examine oxidant production, the DCFH-DA
assay was utilized to provide an estimate of intracellular ROS. While the DCFH-DA is

non-specific (i.e. it reacts with multiple oxidants), DCFH-DA has been suggested as an
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excellent tool for measuring the status of oxidative stress of cells in culture (Foucaud et
al. 2007; Wang and Joseph 1999). Both cell lines exhibited a classic dose-response
relationship at doses up to 75 pg/mL. Significant increases in DCFH oxidation were
noted at all doses above 1 pug/mL. A similar relationship was observed by Lin et. al.
(2006); however our data suggests that this oxidant production occurs at least 24 hrs
prior to the results reported in their work (Lin et al. 2006). On the contrary, Yu et al.
(2009) suggests that while both 30 nm and 48 nm amorphous silica increased cellular
membrane damage and decreased cellular viability, they did not observe any difference
in ROS production or GSH decrease with the exception of the highest concentration
tested (200 ug/mL) (Yu et al. 2009). Work by Limbach et al. (2007) suggests that pure
SiO; at 30 pg/ml did not induce ROS production but upon the intercalation of FeO
within the SiO; nanoparticle, increases in ROS were evident (Limbach et al. 2007). At
most exposures, the MeT-5A cell line exhibited heightened DCFH oxidation over the
AS549 cells. This could be due to direct competition between DCFH and GSH, which is
higher in A549 cells.

The MTT assay revealed an inverse relationship between DCFH oxidation and
cellular proliferation. The proliferation of A549 cells, while trending downward, did not
exhibit any significant decreases when compared to the undosed control. Similar results
have been elucidated in other cell lines including MSTO and 3T3 cells at doses of up to
15 pg/mL (Brunner et al. 2006). Alternatively, the Met-5A cell line exhibited significant
decreases in cellular proliferation at doses at or above 50 pg/mL. This decrease in

proliferation may be related, in part, to the decreased ability to detoxify ROS measured
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throughout the duration of the DCFH assay. However, when examining the levels of
GSH in both cell lines following 24 hrs exposure to SiO, particles, neither cell line
exhibited a dose-dependent response. Rather, a general decrease in GSH levels was
evident following inoculation with SiO, particles. Tirumalai et. al. (2002) examined
GSH levels following exposure to acrolein and found significant decreases in GSH at
time points as early as 30 minutes. However, at 24 hrs GSH concentrations had almost
fully recovered to that of the control cell population (Tirumalai et al. 2002). Therefore,
in our study, it may be possible that at any time point prior to 24 hrs, GSH levels could
have exhibited a more significant decrease than what is evidenced here. Due to
significantly decreased levels following 24 hrs of exposure, it is possible that SiO,
particle-induced generation of ROS may be an insult that is more continuous in nature
than instantaneous with subsequent rapid oxidant metabolism.

Treatment of cells with electrophilic xenobiotics often invokes the transcriptional
activation of genes involved in both detoxification and metabolism. This reaction, often
known as the electrophile counterattack response, is, in part, mediated by the binding of
sensitive transcription factors to the antioxidant response element located in the
promoter regions of genes involved in ROS detoxification (Ishii et al. 2000; Prestera et
al. 1993). Central to this response is the NRF2-KEAP1 transcription factor. NRF2, a
cap ‘n’ collar basic leucine zipper transcription factor, remains bound to KEAP1 in the
cytosol under normal redox conditions. In this state, forced proteosomal degradation of
NRF2 limits intracellular accumulation. However, under conditions of oxidative stress,

the NRF2-KEAP1 bond is cleaved resulting in increased overall NRF2 levels and
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subsequent nuclear translocation. Recent literature suggests that a variety of lung cancer
cell lines, including A549, H460, H838, and H1435 harbor loss of function mutations in
KEAPI, which increase basal stabilization and translocation of NRF2 (Singh et al.
2006). NRF2 has been reported play a role in the regulation of both catalase and
glutathione synthesis, however; NRF2-null cells demonstrate no change in SOD activity
(Zhu et al. 2005). Our results demonstrating the differences in antioxidant capability
between cell lines are consistent with these findings. While Singh et al. (2009) suggests
that regulation of NRF2 is decreased in the A549 cell line, several studies indicate that
this signaling pathway in the A549 cell line may still be activated (Tirumalai et al. 2002;
Kode et al. 2008). Such increases in NRF2 activation have been thoroughly
characterized using tert-Butylhydroquinone, a positive control utilized in our
experimental design (Yueh and Tukey 2007; Li et al. 2009; Rao et al. 2010).

In both cell lines, an increase in overall NRF2 protein expression and nuclear
translocation, combined with no significant increases in mRNA nrf2 levels, occurred
after treatment with SiO, nanoparticles. Similar results have been obtained for CeO,
nanoparticles (Eom and Choi 2009). While NRF2 stabilization and nuclear translocation
were documented, confirmation of a protein with a gene that lies downstream of the
NRF2 consensus binding sequence was needed. Catalase, for which the basal expression
was earlier assessed, has previously been reported to be regulated by NRF2 and was thus
identified as an ideal candidate (Zhu et al. 2005). In both cell lines, catalase was induced
after 48 hrs, as reported through a catalase activity assay. While the induction of

catalase was examined here, increased expression of various antioxidant phase II genes
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may also play an important role in the response to oxidative stress driven by
nanoparticles.

As the field of nanotoxicology increases its breadth and depth in human and
environmental health research, the utilization of in vitro toxicological tests will play a
central role in the identification of potential targets (e.g. mesothelial-like cells). The
goal of these findings is to supplement the current particle toxicology literature and serve
as a basis for future in vivo hypothesis-driven research. Additionally, the use of multiple
cell types in a mechanistic toxicity study could further strengthen hazard identification
and exposure evaluations, thereby contributing to future comprehensive nanomaterial

risk assessments.
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5. CONCLUSIONS

The science of nanotechnology is growing rapidly. With the exponential
increase in the number of consumer products utilizing nanomaterials, there is a need to
determine if the potential for negative human health effects exists. This “precautionary
principle” approach is necessary because it remains possible that the same
physicochemical properties which make nanomaterials, including nanoparticles,
beneficial, may also yield negative toxicological consequences. These negative
conditions may occur if nanoparticles are present in the right dose at the right place and
for long enough duration to elicit a biological response. Even though there is currently a
broad array of nanoparticles synthesized, this number is increasing daily. Because of
this, it may not be feasible to examine the toxicological profiles of each particle
individually, and thus, identifying a structure-activity relationship based each
nanoparticle’s physicochemical parameters is a necessary development (Sayes and
Ivanov 2010).

Numerous exclamations in the nanotoxicology community link the
physicochemical properties of nanomaterials to an oxidative stress, inflammatory, or
cytotoxic response. While a variety of factors have been implicated in playing a role in
nanoparticle toxicity (e.g. size, crystallinity, surface functionalization), the work here
demonstrates that the nanoparticle surface charge, or zeta potential, may be a physical
parameter worthy of consideration. As previously discussed, the nanoparticle zeta

potential often influences the agglomeration state of particles in suspension. These
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measurements are often very dynamic and influenced by the suspension medium
parameters such as pH and ionic strength.

While the zeta potential is often impacted by the nanoparticle’s environmental
conditions, it may also be influential in determining a potential biological response. For
example, it was observed that nanoparticles which exhibited a charged surface at
physiological pH (TiO, and Fe,0s3) lead to decreases in cell viability, while those with
near neutral charges did not. However, this decrease in cell viability may not be due to
the nanoparticle zeta potential alone, as charged particles often exhibit an increased
tendency to bind biological macromolecules and enter the cellular environment.
Therefore, careful characterization of each nanoparticle is necessary prior to
experimentation.

While the identification of physicochemical parameters is often useful in an
exposure involving one particle type, it becomes more complicated upon the exposure to
a mixture of nanoparticles that is more representative of the real world. As visualized in
Table 1.1, occupational studies measuring nanoparticles released from workplace
activities often result in the conclusion that background particles from other external
sources (e.g. combustion derived ultrafine particles) were present along with the chosen
nanoparticle of interest. In an effort to examine the potential toxicological implications
of nanoparticles mixtures, an in vitro experiment was developed using Fe,O; (a
transition metal oxide) nanoparticles co-exposed with flame synthesized carbon black.
Not surprisingly, the mixtures of nanoparticles exhibited greater toxicity (as measured

by decreases in cellular proliferation). This phenomenon was believed to be due to the
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nanoparticles tendency to proceed through an oxidative stress mechanism. Additionally,
we confirmed and expanded upon a previously published paper by identifying a more
specific mechanism through which this oxidative stress occurs (Guo et al. 2009).

The unique combination of transition metals and carbonaceous nanometer sized
particles are present in large amounts in diesel exhaust. Previous reports have concluded
that a there is possibly a reducing agent present in such particulate mixtures which may
act to yield increased oxidative stress (Donaldson et al. 1997). However, beyond this
conclusion, little research involving the mechanism behind this effect is available. In an
effort to increase the knowledge in the fields of both nanotoxicology and ultrafine
particle toxicology, we set out to identify the potential mechanism behind this
synergistic reaction. Our studies indicate that both transition metal oxides (Fe,Os3) and
carbonaceous nanoparticles (ECB) were incorporated into the endosomal or lysosomal
environment following cellular internalization. This acidic environment may release
Fe’™ from the nanoparticle surface where it may be reduced to Fe*" by hydroquinone
moieties bound to the surface of the combustion-derived ECB. This reduction in Fe,
coupled with intracellular responses such as the Fenton and Haber-Weiss reactions, may
lead to increased oxidant production through redox cycling which, if proceeds
uninhibited, may lead to cellular oxidative stress.

Oxidative stress i1s defined as the cellular response to reactive oxygen species
which are present in high enough concentrations to strain the cellular antioxidant defense
system. This imbalance in oxidation status of the cell has been implicated in many

biological diseases ranging from atherosclerosis to Alzheimer’s. Therefore, any
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toxicological process which retains the ability to generate reactive oxygen species may
pose a threat to human health. In this respect, many materials which are traditionally
inert at the micron scale have been shown to exhibit greater oxidative effects at the
nanometer size scale. In the last section of this work, a model in vitro system utilizing a
previously reported KEAP1 genetically mutated cancer-derived lung epithelial cell
(A549), in comparison with a transformed mesothelial cell line (MeT-5A), was
characterized for use in nanotoxicology studies (Singh et al. 2006). Furthermore, this
model was utilized to identify the oxidant production and subsequent cellular antioxidant
response (e.g. NRF2 stabilization, GSH depletion) stemming from exposure to silica
nanomaterials. SiO; nanoparticles were observed to induce oxidant production and
antioxidant responses in both cell lines, however, only a significant decrease in cell
proliferation were observed for the MeT-5A cell line.

Understanding the cellular response of multiple cell types in vitro could help to
strengthen the hazard identification of the risk assessment process. Currently,
comprehensive risk assessments in the arena of nanotoxicology remain implausible due
to the vagueness of hazard identification and exposure values. For example, the hazard
identification process may be complicated by the presence of multiple background
particles or organics bound to the nanoparticle surface. Alternatively, it remains to be
answered if actual exposures to engineered nanoparticles are at a level high enough to
lead to adverse health effects. This has been highlighted by Beckett et al. (2005) who
suggests that human exposure to zinc oxide nanoparticles at a concentration of 500

pg/m’ for 2 hrs did not yield any significant increases in leukocyte surface markers,
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hemostasis, or cardiac electrophysiology (Beckett et al. 2005). While no markers of
acute systemic effects were witnessed in this previously reported study, it has yet to be
determined the disease endpoints that are appropriate for nanoparticle toxicology. In this
respect, may we rely on previously determined endpoints from classical particulate
toxicology, or will a novel biological response be observed?

As with broad classes of organic compounds, one nanoparticle cannot generally
be expected to behave like another particle even within the same composition. This has
been highlighted by the numerous studies showing that slight alteration in nanoparticle
size or charge will lead to a different cellular response (Jiang et al. 2008b; Dausend et al.
2008). Similarly differences in particle solubility may require alternate methods in
toxicological testing as their effects may be more chronic than those of soluble particles.
With the large increase in the amount and diversity of nanomaterials currently being
synthesized, proper characterization of both material and biological systems prior to
toxicology testing will help to further define and illustrate the nanoparticle

characteristics relevant to toxicology.
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APPENDIX A

200
Figure A.1 Representative SEM and TEM images of SiO, nanoparticles. Scanning
electron microscopy was performed on the SiO, nanoparticles in their powder form (A-
C). Furthermore, transmission electron microscopy (D-F) of grid-deposited SiO,

nanoparticles assisted in primary particle size determination.
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Figure A.2 SiO; nanoparticles do not interfere with the DCFH-DA assay. SiO;

nanoparticles do not exhibit fluorescent properties that interfere with the DCFH-DA
assay.  Measurement of fluorescence in SiO,-containing media did not differ

significantly from media alone.
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Figure A.3 SiO; nanoparticles do not interfere with the MTT assay. SiO; nanoparticles
incubated at various doses (0.01 -100 mg/mL) did not cause altered media absorbance

from that of control medium at 570 nm.
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Figure A.4 Single channel micrographs of NRF2 translocation in A549 cells. Single
channel micrographs indicate minimal cellular autofluorescence or non-specific antibody

binding in the A549 cell line. Scale bar =10 uM.
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Figure A.5 Single channel micrographs of NRF2 translocation in MeT-5A cells. Single
channel micrographs indicate minimal cellular autofluorescence or non-specific antibody

binding in the MeT-5A cell line. Scale bar = 10 uM.
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