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10.1
Introduction

Engineered carbon nanomaterials (ECNMs) have undergone broad technological
developments in fields such as electronics, energy storage, structural materials,
cosmetics, environmental remediation, medical diagnostics, and drug delivery
[1, 2]. With such widespread incorporation into numerous products and uses,
ECNMs’ potential human exposure is to be expected during manufacturing,
incorporation into other products, use, disposal, and release into the environment
[3—5]. Carbon nanotubes (CNTs), a major group of carbon nanomaterials, exhibit
a fibrous morphology and biopersistence similar to asbestos, a known human
carcinogen, and potentially harbor asbestos-like lung cancer and mesothelioma
risks associated with their long-term exposure. Several ECNMs are known to
induce irreversible damage to exposed tissue (e.g., fibrosis) in animal models or
cause genetic damage (i.e., genotoxicity) upon exposure to sensitive tissues/cells, a
key first step at initiating tumorigenesis [6—8]. In addition, ultrafine carbon black
(UFCB) and multiwalled carbon nanotubes (MWCNTSs) have been identified
as potential human carcinogens [9]. It raises urgent occupational, public, and
environment safety and health concerns, and therefore a critical need exists to
understand specific carbon nanomaterial-induced carcinogenesis potential as
well as screen and evaluate methods based on that knowledge.

Lung cancer is the leading cause of cancer-related mortality, and has been
largely associated with smoking and environmental carcinogen exposures. With
a decrease in the smoking population in developed countries as a result of
increased regulations and better control of atmospheric industrial particulates,
the incidence of squamous lung carcinoma in the developed countries has seen a
decline. However, the rate of adenocarcinoma in these countries has continued to
increase, suggesting the rise of unknown environmental factors contributing to
such occurrence [10—-12]. Outdoor air pollution, a byproduct of anthropogenic
activity, is responsible for a significant fraction of ultrafine carbon particulates
(PM 2.5), which are considered a human carcinogen [13] and may contribute to
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lung adenocarcinoma. Furthermore, exposure to man-made nanomaterials such
as ECMNs may contribute to this development.

ECNMs possess novel and unique physicochemical properties that provide
technological advantage over conventional materials, but they may also generate
unknown health consequences (e.g., carcinogenesis) following their exposure.
Assessing the carcinogenic effect of nanomaterials is a huge undertaking due
to their rapid growth and great variety of nanomaterials. Guidelines for estab-
lishing a material’s carcinogenic potential rely on human epidemiological data,
confirmed cases in clinical reports, and animal studies. Studies can be qualitative
and explorative in nature (i.e., yes or no) or quantitative (i.e., dose—response)
to identify the lowest observed and nonobservable effective concentrations
(i.e., LOEC and NOEC, respectively). At present, there is no human case of
ECNM-induced cancer, and ECNM carcinogenic studies in animal models have
only been conducted on a case-by-case basis [14]. These animal studies have used
historical data with similar particles (i.e., fine TiO, and asbestos fibers) to justify
their assessment of nano-sized TiO, and MWCNT. Very few engineered nano-
materials (ENMs) have undergone qualitative assessment for their carcinogenic
potential (i.e., nano-TiO,, MWCNT), and no published studies have assessed
their quantitative risk through expected exposure routes. The U.S. National
Institute for Occupational Safety and Health (NIOSH) is currently conducting
dose—response studies with MWCNTTs, a known lung cancer and mesothelioma
tumor promotor, in a mouse model [15].

With the exponential increase in novel ECNM development, there is an
overwhelming and critical need to assess emerging ECNMs for their carcinogenic
potential. With very few documented cases of chronic disease in humans linked
to prolonged ECNM exposure, the best datasets at present are in sensitive
animal models of tumor development and relevant in vitro screening models to
investigate the unique physicochemical characteristics of ECNMs that can result
in specific interactions and detrimental effects in exposed tissues [16].

The main objective of this chapter is to provide an overview of ECNM genotoxic-
ity, neoplastic transformation, and tumorigenic potential, and how future ECNM
carcinogenesis risk assessment can use current and developing cancer cell biol-
ogy techniques to quickly screen and assess emerging nanomaterials. Here, we
highlight key findings that form the basis of our current understanding of ENM-
induced carcinogenesis and raise important issues that need to be addressed in
future research. Focus of this chapter is on the pulmonary targets and related
pulmonary responses, since the majority of human exposures to ENMs are via
inhalation. Secondary effects as a result of ENMs’ translocation into other tissues
are also discussed. Subsequently, we describe how advances in in vitro neoplas-
tic transformation and in vivo carcinogenesis models may be employed to screen
suspected ENM:s for neoplastic transformation and carcinogenic potential. Such
information could be used to promote safe-by-design and prevention-by-design
strategies that eventually enhance protection for occupational and environmental
exposures and for long-term protection of the nanotechnology industry.



10.1 Introduction

10.1.1
Engineered Nanomaterials and Long-Term Disease Risk: An Introduction

Documented or expected exposures to ENMs include occupational (laboratory
and industrial raw material synthesis), ENM-enabled product manufacturing,
industrial, consumer goods manufacturing, and end-of-life activities including
recycling and waste disposal (e.g., incineration). Based on the projected estimates
of nanotechnology use, release of ECNMs into the environment is expected [14].
Identified primary routes of ECNM exposure include inhalation as well as dermal
and ingestion exposures [17, 18]. Because of their extremely small size and low
biodegradable properties, inhaled ECNMs, such as MWCNTTs, can deposit and
be retained in deep alveolar tissue up to 336 days post exposure [19]. As such,
potential long-term health effects such as carcinogenesis might be expected.

Thus far, there is limited evidence for ENM carcinogenesis. However, ENMs,
once in contact with biological tissues, can harbor similar responses to their
micrometer-sized or bulk counterparts in their ability to induce lung disease.
Examples include crystalline silica versus nano-metal oxides and asbestos
versus CNTs, which induce similar biological effects, including reactive oxygen
species (ROS) generation, inflammation, genotoxicity, and fibrosis [20]. Because
of their smaller size and increased reactivity, ENMs are expected to be even
more potent and cause unpredictable toxicokinetics (e.g., uptake route) and
biological responses. The strongest evidence to date for ENM carcinogenesis is
the high-aspect-ratio nanomaterials (HARNs), which suggests that the current
fiber pathogenicity paradigm, with some modifications, can give guidance for
ENM carcinogenic risk assessment.

At present, no consistent framework exists to screen and assess ENM carcino-
genicity. A vast majority of the published literature reports on acute exposure
studies in both in vitro and in vivo systems, with little attention focused on
long-term continuous or occasional/repeated exposures in occupational or
public health exposure scenarios. In addition, a majority of published ENM
toxicology studies report on observed toxicity at doses 10- to 1000-fold greater
than the reported or suspected exposure levels [2, 21, 22]. Lack of exposure
characterization studies with sensitive ENM analytical detection techniques
accounts for part of this lack of appropriate dosing in some toxicological studies.
Acute exposure studies have attempted to identify how different physicochemical
properties impact toxicology. A percentage of these studies, however, use non-
standardized materials, either from commercial supplies or synthesized in-house,
with no well-studied control particle to compare across labs and other studies
with similar ENMs. The results have been conflicting reports on known initiators
and promoters of tumorigenesis, such as genotoxicity, ROS, and inflammation
[23]. In addition, no consensus has been reached on the appropriate dose metric.
Although mass is an easy and simple metric to use, it is usually not predictive of
the effect. Surface area or particle number typically shows increased accuracy
and precision in predicting the effect, but these metrics are hard to assess or
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impractical for field studies, do not correlate with toxicity for some ENMs (e.g.,
graphene), or are under-reported in published literature.

A useful screening and prioritization paradigm for ENMs’ carcinogenic
potential is to conduct systematic studies in assessing model ENMs with different
physicochemical characteristics [24]. They should either occur or predicted
to occur with high exposure prevalence throughout its life cycle. By linking
physicochemical characteristics with known initiation (i.e., genotoxicity) and
promotion (i.e., tumorigenesis) effects, these data can then be used in quantitative
structure —activity relationship (QSAR)-like predictive models. For example, the
International Agency for Research on Cancer (IARC)’s recent establishment of
Mitsui #7 MWCNT as a possible carcinogen suggests that the diameter and
length may correlate with its tumor-promoting effect [9]. Examples of such
strategies in other noncarbon ENMs exist. For example, nano-TiO, was found to
be a more potent carcinogen than fine TiO, [25]. A robust and effective future
carcinogenesis assessment framework for ECNM will rely not only on 2 years of
dose—response studies [26] but also incorporate standardized genotoxicity tests,
early disease screening models, and incorporation of new advances in in vitro
and tissue culturing models to screen, assess, and predict ECNM carcinogenesis.

10.1.2
Carcinogenesis: A Multistep Process

As molecular and cellular biology tools advance, the tumorigenesis and cancer
paradigm continues to evolve. Early studies indicated that DNA damage was an
initial hallmark of potential tumor initiation but was not a good predictor since
mammalian cells have robust machineries to repair or remove such damage if it
occurs. Our current understanding of cancer is that it represents a combination of
diseases, each with its own etiology and genomic signatures that rely on multiple
factors for its growth and metastasis including interactions with other cell types,
epigenetic factors, micro-RNA, and the tumor microenvironment [27]. Here, we
aim to give an overview of the current carcinogenesis paradigm to allow toxicolo-
gists, biologists, and other researchers evaluating ENMs to understand what types
of effects and data should be collected and evaluated. ENM exposures in reported
human cases and in vivo models and the resulting adverse effects, namely ROS
generation, inflammation, and hyperplasia, do suggest that some ENMs may pos-
sess carcinogenic potential.

Although advanced-stage cancers have their own unique genotypes and
phenotypes, the working carcinogenesis paradigm relies on three broad steps for
tumor growth within the human body: initiation, promotion, and progression [28].
A carcinogen is defined as a substance, either natural or anthropogenic in origin,
which directly or indirectly induces or promotes cancer by damaging DNA
or by altering normal cellular metabolic processes. A genotoxic substance can
initiate tumorigenesis by causing DNA, chromosomal damage, aneuploidy, or
mutation. A co-carcinogen is not genotoxic and is not tumorigenic, but can either
amplify a genotoxic agent’s ability to damage DNA, thereby modifying initiation
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or enhance the cellular proliferation and altered gene expression associated with
tumor promotion. The co-carcinogenic agent must be present at the same time
as the carcinogenic agent. A tumor promotor is nontumorigenic on its own, but
can increase the growth of DNA-damaged cells [29-35].

10.1.2.1

Genotoxicity and Initiation

Genotoxicity describes the property of an agent to damage or alter the genetic
information (either DNA or chromosomes) within a cell, which may cause
mutations that lead to cancer. Repeated exposure to a genotoxin can initiate
carcinogenesis by increasing the mutation frequency resulting in genome
instability, which allows changes in programmed cell death and cell survival
signaling (Figure 10.1a). Along with DNA damage, nongenotoxic agents can
cause epigenetic changes (e.g., DNA methylation) that can serve as initiating
events, potentially leading to cancer. Spontaneous errors in replication, not due
to genotoxic substance exposure, can lead to mutations and other genetic errors.
Mutations greatly influence key regulatory pathways in lung adenocarcinomas

In vivo carcinogenesis
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[37]. These mutations typically impact the signaling pathways involved in cell
death, proliferation, DNA repair, and cell cycle. Initiation is the first step in the
three-stage model of cancer development and is observed in both in vivo and in
vitro models (Figure 10.1a and b). The end product of a tumor-initiating event is
the inability to repair DNA damage, genomic instability, and potential survival
advantage. However, a cell may still possess DNA repair ability. Since initiation
is the result of permanent genetic change, any daughter cells produced from
the division of the mutated cell will also carry the mutation [38]. Subsequent
mutations and alterations in chromosome number and structure, which can occur
during proliferation of a mutated population, can eventually lead to progression
of the preneoplastic clone into frank neoplasms [31, 39].

Primary genotoxicity occurs through direct (i.e., DNA adduct) or indirect (i.e.,
ROS release from damaged mitochondria) mechanisms. Secondary genotoxicity
occurs via other cell types interacting with a target cell. The inflammatory
response, leukocyte recruitment, and respiratory burst ROS production from
macrophages or polymorphonuclear leukocytes are typical and important
responses to evaluate.

Numerous particles in the environment are known to induce direct and indirect
mutations and oxidative damage of DNA [40]. Many studies report ROS gen-
eration from the particle surface itself (e.g., transition metal), interactions with
cell components (e.g., altered mitochondrial membrane function), and inflam-
mation response (i.e., neutrophils). Although studies report a dose—response
of 8-0x0-7,8-dihydroguanine (8-oxodG) to numerous suspected mutagens, the
chosen doses are usually extremely high and are not representative of known oral
or inhalation exposures and modeled in vivo dose [40]. Depletion of antioxidant
defenses (e.g., glutathione, catalase, superoxide dismutase) may also render
exposed tissues susceptible to clastogenic DNA damage. Given the numerous
direct and indirect genotoxicity modes of action, identifying both genotoxicity
and epigenetic modifications to DNA must be a part of future efforts to effectively
screen ECNMs for tumor initiation potential.

10.1.2.2

Promotion

Once a cell has been mutated or epigenetically modified by an initiator, it can
experience greater sensitivity to the effects of promoters. These compounds
promote the proliferation of the mutated cell, giving rise to a large number of
preneoplastic or benign daughter cells containing the mutation created by the
initiator. Briefly, cells that enter the promotion stage of carcinogenesis usually
exhibit the inability to repair DNA damage, avoidance of cell death, enhanced
proliferation through self-signals, resistance to tumor suppression factors,
replicative immortality, and angiogenesis ability [27]. Clonal expansion of these
cells in vivo results in the appearance of a papilloma-like tumor. Associated with
these changes, late in the promotion phase is a transformation that impacts the
visual appearance of both a single cell and a mass of cells, which is observable
in both in vitro and in vivo carcinogenesis models. It is a continuous process
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that contributes to various steps in the carcinogenic and metastatic processes.
Morphological transformation relies on numerous cell signaling pathways (e.g.,
epithelial-to-mesenchymal transition, development signaling pathways) that
remodel the neoplastic cell’s cytoskeleton, resulting in changes in cell morphol-
ogy, disorganized patterns in colony growth, and in vitro anchorage-independent
growth (Figure 10.1) [36, 41]. Neoplastic transformation of an in vitro cell culture
is characterized by the acquisition of most cancer cell hallmarks mentioned
above, including invasion and angiogenesis. Malignant transformation describes
a cell culture that has acquired the tumorigenic ability in vivo [36]. A large
amount of research findings also support the role of chronic inflammation,
inherent reprogramming of cell metabolism, and immune system evasion. Cells
experiencing promotion will (i) undergo advancement toward progression and
eventual cancer, (ii) continue to grow with no signs of aggression (e.g., benign
growth), (iii) persist without further phenotypic advancement or reversal, or
(iv) regress [42]. Few chronic ECNM in vivo exposures (e.g., MWCNT) show
carcinogenesis or continued or arrested hyperplasia [15].

For preneoplastic cells to accelerate their proliferation, escape from tumor sup-
pressor genes and death signaling pathways must occur. Decreased expression
or post-transcriptional alterations to p53, p16, check point kinases, and RB1 can
result in unregulated, accelerated growth. Conversely, activation of pro-survival
signaling, including Ras, MAPK/ERK, Akt, and vascular endothelial growth fac-
tor (VEGF) pathways, promotes downstream enhancement of cell proliferation,
apoptosis resistance, and angiogenesis. Many of these pro-survival/proliferation
pathways are sensitive to changes in ROS/reactive nitrogen species (RNS) bal-
ance [43].

In vivo neoplastic growths and neoplastic transformation in cells in vitro usu-
ally involve not one single morphology or cell type. Rather, there is diverse clonal
heterogeneity associated with most neoplasms, consisting of genetically damaged
cells that drive and promote growth, while other associated cells experience the
influence of these genetically damaged cells [42]. Out of the clonal heterogeneity
has arisen the theory of cancer stem cells (CSCs). These cells are thought to have
experienced genetic damage that has reversed differentiation and gained stem-
cell-like properties including self-renewal, de- and differentiation into stem- and
non-stem cell types, aldehyde dehydrogenase (ALDH) overexpression, overactive
drug pumps (e.g., ABCG2), and apoptosis resistance signaling, which assist in the
promotion and progression of precancerous growth [44].

Research studies routinely depict mixtures of different cell populations with evi-
dence of phenotypic equilibrium within the tumor [45]. As with any other living
system, a tumor consists of subpopulations of cells that can undergo population
differences over time. Numerous aggressive cancers exhibit a small number of
cancer cells with stem-cell-like properties, including the abilities to undergo self-
renewal, resistance to death signals, and differentiation into other cell types. CSCs
along with other non-stem-like cells exhibit unique surface markers that change
over time as the tumor grows, encounters chemotherapeutics, and moves toward
metastasis.
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Our increased understanding of the tumor microenvironment has greatly
impacted the view of cancer as not a single tumor cell type, but rather a unique
mixture of primary tumor cells with CSCs, supported by other cell types including
cancer-associated fibroblasts, leukocytes, endothelial cells (i.e., angiogenesis), and
the extracellular matrix [42]. The broad diversity of heterogeneity, both histolog-
ical and molecular, implies that cancers grow and evolve through a wide range of
phenomena including differences in genetic abnormalities, promotion signaling,
interaction with the tumor microenvironment, and epigenetic influences [42].

At present, carcinogenesis is not a simplistic view of one cell type growing to a
large mass and metastasizing on its own. Rather, the carcinogenesis process and
the resulting aggressive tumor are dependent on the tumor microenvironment:
a collection of cancer cells, numerous non-cancer cells that support cancer cell
growth, and the extracellular matrix. As our understanding of epigenetics and the
tumor microenvironment evolves, the opportunities to develop carcinogenesis
screening models early in the developmental process will potentially allow for
effective ENM screening and prioritization for long-term carcinogenesis risk
assessment studies.

10.1.2.3

Progression

This last stage of carcinogenesis is distinct from the promotion stage. Tumor
progression involves more aggressive behaviors of tumor growth away from the
site of the primary tumor and includes distinct morphology from preneoplastic
hyperplasia, invasion, anoikis resistance, and metastasis (Figure 10.1) [27, 28].
Malignant tumors possess multiple heritable changes over the course of initiation
and promotion, which collectively result in aggressive behaviors. It is important to
note that several known human carcinogens do not cause initiation or promotion
but may act as tumor progressors. A recent study showed that SWCNTs, at the
least, have the ability to increase metastatic growth of lung carcinoma [46]. Use
of early disease screening assays or models would not detect this phenomenon.
ECNM carcinogenesis assessments must evaluate each major step of the car-
cinogenesis process using appropriate initiation, promotion, and progression
models.

10.1.3
Current Knowledge and Challenges in Carcinogenesis Studies

Our understanding of carcinogenesis is continually evolving. This is partially
based on key advancements in chemical, biological, and computational technolo-
gies that allow rapid development of new tools to study this complex disease.
In the past, intracellular research has dominated oncology research in attempts
to characterize and understand signaling pathways that control numerous
cancer hallmarks. At the DNA regulation and genotoxicity level, evaluating
how epigenetics, microRNA, and noncoding RNA influence carcinogenesis will
dominate research in the coming years. By identifying additional tumor initiation
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mechanisms, genomic biomarkers for early disease detection, screening, and
preventive strategies can be developed.

Currently, a transition is under way, shifting from intracellular signaling to
investigating carcinogenesis at the extracellular, tissue, and systems-biology
levels. Tumor heterogeneity and the different cell types found in the tumor
microenvironment may unlock key carcinogenesis mechanisms and identify the
preventative targets. Key cell types under study include CSCs, cancer-associated
fibroblasts, and several different leukocytes. From these studies, some of the first
approved immunotherapies now show promising results in extending patient
survival.

Lastly, the role of other health issues, namely environmental pollutants,
nutrition, metabolism, and endocrine signaling impacting carcinogenesis, have
taken the forefront in evaluating cancer at the systemic or exposome level.
Environmental factors along with environmental xenobiotic exposures greatly
influence the impact of neoplasm initiation events and the evolution of tumor
growth [47, 48]. In addition, occupational exposure to known and suspected
carcinogens greatly increases the duration and repeated exposure to documented
DNA-damaging initiation agents, thereby greatly escalating the risk of carcino-
genesis [48]. Understanding how ECNM exposure impacts the genetic tumor
microenvironment and affects long-term health risk is a major challenge over the
next few decades. Promising new techniques and models associated with these
advances should be utilized in evaluating ECNM carcinogenesis.

10.2
Carbon Nanomaterials: Genotoxicity and Carcinogenic Potential

10.2.1
Physicochemical Properties of ECNMs

Nanotechnology development and research on the effects of ENMs within bio-
logical systems have largely focused on how distinct physicochemical properties
impact the desired or adverse outcome. Identifying how changes in each property
impact ENM bioactivity is the key to developing predictive models for effective
and safe-by-design nanotechnology. Genotoxicity and carcinogenesis studies have
and should further expand upon this strategy by developing systematic screening
assays for each step of the carcinogenesis process.

Certain physicochemical properties of ECNMs such as CNTs, for example,
their aerosolizability, biopersistence, and structural similarity to asbestos, which
is a Group I human carcinogen [49, 50], may pose asbestos-like lung cancer and
mesothelioma risk [20, 51]. According to the major U.S. think tank (RAND Cor-
poration), widespread exposure to asbestos has been described as the worst occu-
pational health disaster in U.S. history and the cost of asbestos-related diseases
is expected to exceed $200 billion. Predicting and preventing potential ENM-
induced lung cancer has thus become a critical and urgent public health issue.

275



276

10 Genotoxicity and Carcinogenic Potential of Carbon Nanomaterials

Size, shape, surface area, surface charges, and agglomeration/dispersion are all
physiochemical properties of ECNMs that provide unique and novel technolog-
ical applications. These same properties, however, can harbor unknown adverse
health effects, including chronic diseases such as cancer, as described in this
section for each major ECNM discussed. In addition to ECNMs’ physicochemical
characteristics, particle toxicokinetics (i.e., uptake, biopersistence, elimination/
clearance and ultimate fate) must be evaluated since they will determine the inter-
nal dose. Translocation within the body away from the primary area of exposure
must be considered given ECNMs’ small size, surface charge, protein corona, and
other physicochemical characteristics (e.g., hydrophobicity) that greatly impact
toxicokinetics. Movement of ECNM:s into blood circulation or lymphatic system
may impact sensitive tissues and organs away from the exposed organs [52].
For example, several studies have reported ECNM presence in the liver, kidney,
spleen, and bone marrow following pulmonary or other routes of exposure.

Furthermore, comparative studies within and across classes or groups of
ECNMs are vital to identify those physicochemical properties that harbor
enhanced genotoxic and cell transformation effects. These types of studies,
however, are costly and, at present, do not fully consider vitally needed toxicoki-
netic and toxicodynamic effects following exposure. For example, a recent study
performed a gastrointestinal exposure comparison of diesel exhaust, Printex 90
UFCSB, fullerenes, and SWCNT [53]. Both oral instillation to rats and in vitro cell
culture exposure of diesel exhaust elicited the largest amount of 8-oxodG followed
by Printex 90, probably associated with oxidative damage from ROS generation.
SWCNT and C60 fullerene showed little effect. Although informative in ranking
different ECNMs against a particle exposure with robust literature, this did not
report potential uptake differences or the potential role of other xenobiotics [e.g.,
metals or polyaromatic hydrocarbons (PAHs)] on diesel exhaust effects. Here we
highlight recent advances, findings, and short comings in assessing how differ-
ences in physicochemical properties impact ECNM carcinogenesis potential.

10.2.2
Ultrafine Carbon Black

Nano-scaled UFCB is widely and primarily used in rubber, plastics, inks, and
paints. Occupational exposures usually consist of UFCB with known low levels
of sorbed PAHs and metals [54, 55], and therefore its primary physicochemical
property leading to adverse effects is its insoluble nature. Ultrafine particles
with carbon core from combustion processes are known to cause lung damage
following inhalation [56]. At present, carbon black is a Group 2B [57, 58]
carcinogen, supported by numerous human epidemiology, in vivo, and in vitro
studies. Its primary basis as a possible human carcinogen is due to elevated rates
of lung cancer in workers in the carbon black manufacturing setting, although the
available datasets are inconsistent at best. Most in vivo data conclude that UFCB
is negative for mutagenicity. Prevailing theory for UFCB is indirect genotoxicity
via oxidative damage caused by ROS release from infiltrating inflammatory cells.
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DNA breaks, oxidized bases, and lipid peroxidation are frequently observed
post exposure. Prevailing hypothesis for poorly soluble particles involves par-
ticle deposition, uptake via phagocytizing cells, improper clearance, release of
pro-inflammatory cytokines and growth factors, inflammation, cell injury and
proliferation, ROS release, oxidative damage, and DNA mutation leading to
tumorigenesis [58, 59]. Ultrafine carbon particles are routinely found to harbor
greater inflammation and ROS generating ability than fine and bulk carbon
[60, 61]. Several studies have suggested that ROS [59, 62] generation occurs via
direct generation on carbon core or other sorbed ROS-promoting xenobiotics.
PAHs are usually tightly bound to the carbon core and pose reduced risk
relative to free PAHs [54]. Regardless of other sorbed xenobiotics, long-term
in vivo exposure studies with pristine carbon black have shown increased tumor
incidence above unexposed controls [58].

10.2.2.1

In Vivo Studies

Extensive research and description of UFCB deposition, retention, and effects in
murine models is available (reviewed by IARC [58]). DNA adducts are not fre-
quently observed above control levels. If they do occur, they are usually particle/
cell type-specific [54, 58, 59]. UFCB inhalation results in pro-inflammatory
response in rats that is greater than with its fine particle counterpart [63].
A recent low-dose study (7 pg per dose) using multiple aspiration dosing in mice
found massive macrophage infiltrate, increased phospholipids, collagen produc-
tion, and enhanced IL-6 production [64]. Post-exposure chronic inflammation
results in oxidized DNA [65, 66]. Additional studies have reported DNA strand
breaks in lung and liver tissues following inhalation exposure of UFCB [67-70].
Recent dose—response research at doses below levels known to induce ROS
from the inflammatory response indicates that UFCB can damage DNA in the
bronchoalveolar lavage (BAL) and lung tissue cells [71]. Although inflammation
was not present, low-dose Printex 90 could still generate intracellular ROS in
target cells resulting in oxidative damage.

Several long-term inhalation and intratracheal (i.t.) instillation studies have
reported that prolonged UFCB exposure causes a positive dose —response tumori-
genesis in exposed lung tissue in rats at high doses but not in mice. The majority
of these studies reported proliferating cysts with squamous cell morphology
following exposure; however, its importance to lung cancer is unclear [58]. Rat
lung tumor incidence at 30 months following a 24-month inhalation exposure
ranged from 28% to 39% [72]. Conversely, a 9.5-month inhalation exposure
study in mice found no difference compared to controls in lung tumor incidence
[73]. Two separate groups of rats, exposed for 43 and 86 weeks, displayed 18%
and 8% incidence above controls, respectively [74, 75]. The main difference in
tumor rate between mice and rats is that mouse models are naturally resistant
to particle-induced tumorigenesis [76, 77]. In addition, it has been suggested the
rat’s response is driven by the “overload phenomenon,” where particle number
overloads the clearance ability, thus provoking inflammation, excessive ROS,
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and lung tumor response [78]. In summary, the size and presence of the carbon
core in carbon black are driving factors at moderate to high doses resulting in
inflammation and ROS generation. Based on recent evidence of positive direct
genotoxicity at doses well below inflammation, long-term inhalation studies
should consider the potential absence of a robust inflammatory response in
assessing tumorigenesis risk. This would also address issues associated with
“overload” in sensitive in vivo tumorigenesis models.

10.2.2.2

In Vitro Studies

In general, in vitro studies suggest that UFCB (e.g., Printex 90) exposure causes
ROS generation and is weakly to moderate mutagenic. Acute and subchronic
exposure studies with murine cell lines resulted in increased mutation fre-
quency in lacZ and cll transgenes, oxidized purines, strand breaks [79],
induction of micronuclei (MN) and cytoskeleton disruption [80], hypoxanthine
phosphoribosyltransferase (HPRT) mutations [81], and sister chromatid exchange
accompanied by cell transformation [82]. Incubation of epithelial cells with acti-
vated neutrophils resulted in oxidative DNA lesions [83]. Human cell line
exposures result in strand breaks and oxidative damage, although lung surfactant
could mitigate these adverse effects [84, 85]. UFCB with sorbed benzo[a]pyrene
(BaP) caused single strand breaks and cell cycle changes, NF-xB and AP-1
activation, and altered p53 phosphorylation [86]. Nanoparticles including urban
dust are known to induce single and double strand breaks with subsequent p53
activation, similar to other known carcinogens [87]. The mutation spectrum
associated with UFCB exposure suggests an ROS-mediated mechanism [88].
Prolonged UFCB exposure caused dose- and time-dependent proliferation due
to stimulation of several ROS-sensitive signaling pathways in human bronchial
epithelial cells [89]. A low-dose (0.02 ug cm~2) 6-month UFCB exposure (Elftex
12) to small airway epithelial cells (SAECs) resulted in slow-growing cells with a
pre-senescent transcriptome signature [90].

10.2.3
Carbon Nanotubes

As one of the most promising classes of ECNMs for use in numerous industrial,
consumer, and biomedical applications, CNTs are poised for wide production and
distribution over the next few decades. Although they possess favorable strength
as well as electrical and mechanical properties, they have received some of the
most skepticism due to concern regarding their striking similarities to asbestos
fibers, a well-established human carcinogen. SWCNTs, double-walled carbon
nanotubes (DWCNTs), and multiwalled carbon nanotubes (MWCNTs) possess
high aspect ratio (HAR), fiber morphology, high surface area, and limited amount
of transition-metal catalysts that contribute to their toxicity in exposed tissues. In
addition to these asbestos-like qualities, they vary in their length, width, chirality,
structural defect, surface charge, and functionalization, which impact their
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toxicokinetics (i.e., protein corona formation and lipid partitioning), tissue distri-
bution, and biopersistence. Upon exposure and deposition in deep airways and
terminal bronchioles, CNTs elicit varying degrees of inflammation and ROS gen-
eration, resulting in granulomas and fibrosis, all with striking similarity to asbestos
(reviewed below). Even though numerous similarities with asbestos exist, some
in vivo and in vitro evidence suggests that CN'Ts may possess their own unique
modes of action for long-term health consequences (i.e., fibrosis and cancer).
Assessment of genotoxicity has shown that CN'Ts can damage DNA in vitro and in
vivo [91]. CNTs disrupt mitosis by interrupting proper centrosome function, and
create mono- and poly-polar centrioles, chromosome breaks, mutations, i vitro
cell transformation, and in vivo tumor promotion. Recent IARC review labeled
Mitsui #7 MWCNT (Hodogaya, Inc.) as a Group 2B carcinogen (possibly carcino-
genic), while other SWCNTs and MWCNTs were placed in Group 3 (not classifi-
able) due to insufficient evidence [9]. Present research efforts strive to understand
those physicochemical properties that influence adverse biological effects (i.e.,
fibrosis, tumor promotion) to provide information for “safe-by design” and/or
“prevention-through-design” strategies for safe technological implementation of
these unique ENMs. Here we review studies showing CNT-induced inflammatory
and ROS generation, genotoxicity, and carcinogenic potential (Figure 10.2).

10.2.3.1

In Vivo Studies

A continuously evolving and published literature details pulmonary toxicological
responses to CNTs upon i.t. exposure, pharyngeal aspiration, or inhalation
exposure. Upon exposure, CNTs elicit macrophage activation, transient inflam-
mation, neutrophil recruitment, ROS generation, partial clearance, interstitial
penetration, biopersistence, epithelial Type II and fibroblast cell proliferation,
onset of pulmonary fibrosis, immune suppression, DNA damage, and hyperplasia
[17,22,92,93].

Although no clear ENM-driven tumorigenesis mechanism has been described,
we highlight those studies that point to potential initiation and promotion
mechanisms that drive CNT exposure-associated tumorigenesis. In general,
prolonged CNT exposure activates several known and possibly unknown mech-
anisms that may initiate and promote carcinogenesis. Mechanisms of HAR fiber
carcinogenesis include mitotic disruption and DNA breaks, free-radical genera-
tion (i.e., ROS and nitric oxide synthase, NOS), stimulation of tumor-promoting
cell signaling pathways, and chronic inflammation [17, 92, 94, 95]. It may be
decades before ENM-fiber-associated human cancer is observed, if ever. The
long latency period between asbestos exposure and mesothelioma development
is possibly due to the multiple steps in genetic and cellular changes during
carcinogenesis [96].

In consideration of the projected CNT life cycle, the highest risk exposure and
the resulting adverse health effects, including potential tumorigenesis, are dur-
ing CNT manufacturing, handling, and incorporation into other products [5, 22,
92]. Dry CNTs exhibit high dispersion into the air, suggesting that pulmonary
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Figure 10.2 Mechanisms driving carbon nanotube carcinogenesis potential.

inhalation and dermal exposures are most likely. Several CNT occupational expo-
sure studies report airborne concentrations and personal breathing zone of worker
exposures of >1 pgm=3 [21, 97, 98]. Airborne CNT concentrations in several U.S.
manufacturing facilities average 10.6 ug m~3, with a majority near the NIOSH-
recommended exposure limit of 1 pug m~2 [21]. These recent field studies show that
>75% of airborne CNTs are inhalable, but not respirable [21, 97, 98]. Administra-
tion of dispersed CNTs in either pharyngeal aspiration or inhalation exposure to
model respirable fraction exposures results in deep lung deposition, primarily in
terminal bronchioles and in the bronchiole/alveolar duct (BAD) region [99—-101].
Alveolar macrophages, lung epithelial cells, and fibroblast cells are the first group
of cells to interact with CNTs with different potential routes of cell uptake and
interaction. CNTs interact with cells through either passive diffusion (i.e., random
motion) or active uptake (i.e., phagocytosis). Each uptake route has implications
for the overall effect and downstream signaling processes, leading to development
of potential long-term health consequences.

Passive uptake of CNTs is due to Van der Waals forces and CNT surface—lipid
membrane interactions (e.g., hydrophobicity) resulting in CNTs puncturing the
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cells and persisting in the cytoplasm of cells. Direct interaction with cytoplasm
and cellular structures has several important toxicological consequences for the
affected cells. First, sorption and desorption of proteins to and from the protein
corona may impact cell signaling and metabolic processes. Second, graphene sur-
face may participate in redox reactions by either sequestering or assisting in the
generation of ROS, thereby affecting ROS-sensitive signaling and/or cell dam-
age. Lastly, CN'Ts show morphology similar to that of microtubules, suggesting
that mimicry or interference of microtubule-associated processes may occur. Dinu
etal. [102] demonstrated that tubulin associates with CNTs and that kinesin activ-
ity is impacted in the presence of CNTs. Both SWCNTs and MWCNTs were
shown to integrate into the mitotic spindle and centrosome apparatus in human
SAECs. Similar to asbestos [103], CNTs are able to disrupt mitosis, causing mono-
or poly-polar centrosomes, resulting in chromosome breakage and aneuploidy
[6, reviewed later].

Phagocytosis of CNTs can result in complete uptake and compartmentaliza-
tion of CNTs within phagolysosomes. Several enzymes are capable of breaking
down CNTs; however, their occurrence is cell-type-specific and is an extremely
slow process. Rigid and long CNTs, however, are unable to undergo complete
phagocytosis resulting in “frustrated phagocytosis” [104]. This phenomenon is
also observed with asbestos fibers where macrophages are unable to completely
engulf the HAR fibers. Phagosome rupture can cause cathespin B release from
damaged membrane, activating NRLP3 inflammasome and caspase-1, which in
turn activates IL-1p, an important inflammatory cytokine.

Pulmonary exposure to respirable fractions of MWCNTs results in deep pene-
tration, alveolar and interstitial deposition, and extra-pulmonary translocation to
subpleura and other sensitive organs. CNTs are known to experience penetration
to subpleural tissue [105—108]. At present, it is unclear what adverse health effects
inhalable fractions of MWCNT possess [21, 98]. Several reports demonstrated
MWCNTSs possessing an asbestos-like biopersistence ranging from months to
1 year post exposure [6, 19, 100, 101, 107, 109] and possibly longer. For example,
Mitsui #7 MWCNT fate was evaluated in pulmonary and extra-pulmonary tissues
at 1 and 336 days after a 12-day whole-body inhalation to 5mgm=3 MWCNTs
(49 nm width). At 336 days post exposure, 4.2% of the initial lung burden was
found in the airways and 95.8% of the initial lung burden remained in the alveolar
region, including 4.8% in the subpleural tissue region [19]. Singlet MWCNT was
observed in several extra-pulmonary organs including the chest wall, diaphragm,
kidney, and liver. Lymph nodes were especially noted as a significant site of
MWCNT accumulation. Notably, tracheobronchial lymph nodes experienced an
increase in MWCNT burden going from ~1% at day 1 to 7.3% at day 336 post
exposure. A similar increase in extra-pulmonary deposition of MWCNT was
observed in the chest wall, other lymph nodes, and organs. In addition, this study
suggested that small MWCNT aggregates (>4 fibers) disassociate over time in
vivo, resulting in persistent singlets that increased 10-fold over the course of
the study. These studies highlights the fact that CNTs are not static in tissues
once deposited at their primary site of exposure. It appears that through their
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biopersistence and novel properties, they exhibit dynamic translocation ability
and experience wide systemic distribution and may impact other sensitive areas
with known tumor susceptibility. A recent study with *C-labeled MWCNTs
(40 nm width) highlights this fact by finding MWCNTTs deposited in spleen, liver,
and bone marrow of mice following pulmonary aspiration at an occupationally
relevant dose (20 ug bolus ~ 38 working years, Figure 10.3) [110]. Given that
liver is sensitive to toxicants and many physiological functions depend on bone
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Figure 10.3 Systemic fate of '#C-labeled organs. (c) High-resolution optical (top) and
MWCNTs following 20 ug per lung aspi- radioimaging (middle) of spleen and bone
ration exposure in female mice. (a) Fol- marrow. (Reprinted with permission from
lowing exposure, MWCNTs were found to [110]. ©2014 American Chemical Society.)

move out of the lung (b) and into several
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marrow progenitor cells (e.g., stem and immune cells), this finding is, at least,
worrisome. Future studies should evaluate the long-term health effects of CNT
deposition and persistence in these sensitive tissues.

SWCNTs, although more difficult to identify, also exhibit this quality with slow
degradation over time [111—-113]. Alveolar macrophages phagocytose a signifi-
cant portion of deposited CNTs and move them up the mucus ciliary escalator. It
appears, however, that fiber morphology plays a role in macrophage recognition
of CNT as a foreign particle. For example, alveolar macrophages only cleared 10%
of SWCNTs compared to equal mass dose of well-dispersed MWCNTs [108].
This difference in clearance suggests that lower mass concentrations of SWCNT
exposure elicit a response similar to that of higher MWCNT concentrations. The
ability of SWCNTs to escape macrophage recognition, phagocytosis, and clear-
ance allows for greater CNT reactivity with epithelium and penetration into the
alveolar interstitium and subsequent interaction with lung fibroblasts. How this
difference impacts in vivo carcinogenesis remains to be evaluated. Regardless,
CNTs’ ability to penetrate exposed tissue with prolonged biopersistence indicates
that chronic CNT exposure at relatively low doses to sensitive tissues harbors
increased risk for long-term health risks, potentially including cancer.

Physicochemical factors of CNTs that impact inflammatory and fibrotic effect
in exposed lungs include length, width, surface charge, surface functionalization,
surface area, dispersion stability, rigidity, and transition-metal content. Similar to
asbestos, fiber length and dispersion in single fiber morphology are major fac-
tors determining biological responses. For example, well-dispersed SWCNTs and
MWCNTs elicit potent inflammatory and fibrotic responses [99, 101, 114, 115],
while CNT agglomerates are less reactive and mirror generalized response to large
inhaled particles [116].

In early studies evaluating CNT-induced toxicity, several research groups
reported data that would support early mechanisms of carcinogenesis. Inhalation
exposure of SWCNTs caused a more robust ROS, inflammation, and KRAS
mutation response than aspiration exposure using the same material [114]. This
mutation is a known factor in increased risk of lung cancer associated with
smoking and chemical-induced carcinomas [117]. In addition, several studies
evaluating CNT inflammation and fibrosis via whole transcriptome array analyses
have identified cancer signatures and known lung cancer prognostic markers
in exposed mouse lung tissue [118, 119]. Interestingly, an identified lung cancer
gene signature, including Bcl-2 and caveolin-1, has been implicated in CNT in
vitro cell transformation studies [120, 121]. These genes may play a role in early
CNT neoplastic transformation mechanisms. In a follow-up study by Guo et al.
[122], using the same dataset, a 35-gene signature from MWCNT-exposed mice
was able to predict human clinical lung cancer survival rates.

Given CNT’s striking similarities to asbestos in subpleural translocation, as well
as inflammatory and fibrotic reactions in the lung, recent concern has shifted to a
potential for CNT induction of mesothelioma. HAR fiber-associated bioactivities
include translocation out of alveoli to mesothelial tissues, biopersistence, epithe-
lial and mesothelial cell injury, and activation of macrophage phagocytosis [123].
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Several in vivo studies report that translocation of long CNTs from exposed lung
to the parietal pleura impart inflammation, mesothelial hyperplasia, granuloma-
tous lesions, and fibrosis [124—127]. The current CNT hypothesis for mesothelial
disease closely mirrors that of asbestos in that long fibers tend to become trapped
around parietal stomata in attempts to drain to the lymphatic system. This results
in penetration, cell damage, and chronic inflammation, all likely key events pro-
moting tumorigenesis [49, 128].

Although CNTs exhibit HAR fiber behavior with striking similarity to asbestos,
several studies report deviations of CNT behavior from that of asbestos including
lung transport mechanisms, transient inflammation, rapid onset of fibrosis, and
prolonged progression of fibrosis in the absence of persistent inflammation [100,
101, 106, 129]. Such differences in both toxicokinetics and toxicodynamics sug-
gest that CNTs possess unique properties, resulting in unknown mechanisms with
potential unpredictable effect.

Presently, CNTs are thought to harbor elevated risk of carcinogenesis compared
to other ECNMs. Recently, a large number of in vivo studies evaluated specific
CNTs (most notably Mitsui #7) for neoplastic lesions or tumorigenesis. Overall,
based on one report of MWCNT promotion of lung adenocarcinoma [15]
and several reports of mesotheliomas following intraperitoneal (i.p.) injection
(discussed later), the IARC Working Group concluded that there was sufficient
evidence of carcinogenesis of Mitsui #7 in experimental animals. Although the
evidence for neoplasia in rats and mice was strong and mechanisms in model
systems associated with neoplasia were demonstrated, no neoplastic outcome
has been observed in humans. The IARC committee therefore classified the
Mitsui #7 MWCNT as a Group 2B carcinogen. Although there were mechanisms
of carcinogenesis in experimental models that would be reasonable in humans,
the IARC Working Group noted there was no evidence for carcinogenicity in
humans. They also cited the lack of systematic and coherent evidence to support
generalization to other CNTs [9]. Given no evidence of excess human cancers,
short CNT production history (~10years), and expected latency for detectable
HAR fiber-induced tumors, excess cancers may not be observed for another two
decades. Rigorous dose—response studies evaluating how key physicochemical
properties contribute to CNT lung adenocarcinoma and mesothelioma are
urgently needed to form adequate risk assessment and contribute to further
“safe-by-design” CNT technology development.

Injection of suspected carcinogens with HAR fiber morphology via i.p. admin-
istration is a well-established technique to screen for mesothelioma risk [130].
Several studies using different lengths, widths, morphologies, and dispersibili-
ties of MWCNT have reported that the physicochemical properties of MWCNTs
impact their ability to promote HAR fiber-like lesions and mesotheliomas. Four
key features of HAR fibers for adverse effects are translocation out of alveoli to
mesothelial tissue, biopersistence, epithelial and mesothelial cell injury, and acti-
vation of macrophage phagocytosis [123]. In one of the first studies, two short
and two long MWCNTs with different fiber thickness were i.p. injected to evalu-
ate inflammation (7-day) and granulomatous lesion (28-day) potential [124]. Long
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CNTs (>15pm) caused asbestos-like inflammation and lesions, while short and
tangled CNTs («15 pm) showed minimal effect. A study by Muller et al. [131]
reported that short MWCNTs (<1 pm) did not induce mesothelial tumors fol-
lowing i.p. injection to the peritoneal cavity in male Wistar rats over the course
of 2years. Intrascrotal injections of MWCNTs (Mitsui #7) into male F344 rats
caused a robust mesothelioma response, stronger than positive asbestos fiber con-
trol, resulting in early death of the majority of animals (37 —40 weeks) prior to the
52-week endpoint [132]. Mesotheliomas were noted as aggressive in nature and
metastatic in lung tissue.

Injection (i.p.) of MWCNTs (Mitsui #7; 1-20pum length) results in dose-
dependent induction of mesothelioma in p53 heterozygous mice [133, 134].
Doses ranging from 106 to 108 fibers per mouse resulted in 25-95% mesothe-
lioma incidence. Interestingly, in the latter study, the time to tumor onset was
dose-independent. All exposed mice exhibited mesothelial hyperplastic lesions,
widely considered preneoplastic, with underlying macrophage infiltrate with
single MWCNT fibers. This study suggests that frustrated phagocytosis and the
resulting inflammation in the mesothelial lining microenvironment promote
early tumorigenic events. A significant subset of human population has some-
what faulty p53 behavior, and human cancers possess faulty p53 signaling, so
heterozygous p53 models have relevance in carcinogenesis studies [135].

Next, Nagai et al. [136] compared thin versus thick MWCNTs using both in
vitro and in vivo models. One month following i.p. injection at low and high doses,
thin and crystalline MWCN'Ts caused fibrosis around most i.p. exposed organs.
A 1-year follow-up study found that thin MWCNTs caused mesothelioma that
harbored CDKN2A/2B homozygous deletions, a common feature in human and
rodent mesothelioma. Thick and tangled MWCNTs were less inflammatory and
carcinogenic. In vitro exposure studies found that thin, crystalline-like MWCNTs
pierced cells and induced cytotoxicity. Two types of mesothelial cells in vitro did
not experience active MWCNT uptake, while asbestos did associate with these
cells. Further investigation found that thin, crystalline MWCN'Ts passively punc-
ture the plasma and nuclear membranes in vitro, leading to their potent cytotoxic
effects. The authors systematically ruled out other physicochemical factors con-
tributing to the differences in effect including length, ROS generation, surface
area, fiber number, and transition metals. Diameter may be a determining factor
for carcinogenesis; however, more systematic evaluations are needed.

A 2-year carcinogenic study in rats was conducted to compare four different
MWCNTs to asbestos-induced mesothelioma [137]. A total of 5x 108 to 5x 10°
CNTs/animal were injected (i.p.) and compared with 108 asbestos fibers/animal.
All MWCNTs ranged from 7.9 to 10.2 pm in length and 37 to 85nm in width.
Given their similar lengths, MWCNTs primarily differed on their widths and
straight versus curved morphology. Tumor incidence and time to onset was dos-
and CNT-particle dependent. Earliest onset was observed in animals exposed
to straight MWCNTs with large diameter (85nm). Curved and narrow width
(37nm) MWCNTs exhibited the longest time to tumor onset. A majority of
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MWCNT mesotheliomas were either sarcomatoid or biphasic with high simi-
larities to asbestos-induced mesothelioma. The authors concluded that aspect
ratio and curvature of MWCNT appeared to influence mesothelioma potential,
although width appeared to contribute to mesothelioma induction potency.

Although i.p. injections provide a model for mesothelioma screening, they do
not consider the toxicokinetics and fate in a physiologically relevant exposure
(i.e., inhalation). Recent studies have begun to assess the expected exposures,
the chronic toxicokinetics of CNTs in vivo, and their carcinogenic risk in
both lung epithelium and pleural/subpleural mesothelium. Although only a
few CNT inhalation studies to date have been conducted, they indicate that
CNTs are probably human carcinogens. Sargent et al. [15] conducted a classic
initiation/promotion evaluation of inhaled MWCNTS’ carcinogenic potential
by evaluating their ability to affect tumorigenesis in the absence/presence of a
well-known DNA-damaging agent and carcinogenic initiator, namely methyl-
cholanthrene (MCA). First, B6C3F1 mice, a National Toxicology Program (NTP)
wild-type model, were i.p. exposed to vehicle-only or 10 pg MCA per gram body
weight. At 1week, mice were exposed to filtered air or 5mgm™ of Mitsui #7
MWCNTs for 15 days, 5 h per day, via whole-body inhalation with a reported lung
burden of 31.2 ug per lung. MWCNT-only exposed mice evaluated MWCNT’s
ability as a complete carcinogen, while MCA+MWCNT evaluated MWCNT’s
cancer promotion potential. Approximately 52% of MCA-only and 90.5% of
MCA+MWCNT mice at 17 months post exposure showed bronchioloalveolar
adenomas and adenocarcinomas. Conversely, 26.5% of MWCNT-only and
23% of filtered-air-only exposed mice possessed similar tumors. Interestingly,
MWCNT-only exposed mice exhibited focal hyperplasia in lungs characterized
by crowded alveolar cells spaced randomly along alveolar septa (Figure 10.4).
These foci were termed “focal adenomatous hyperplasia” since atypical hyperpla-
sia is a commonly observed preneoplastic lesion in humans exposed to numerous
carcinogens. As expected, singlet and small loose agglomerates of MWCN'Ts were
found in the lung tissue or in subpleural (e.g., diaphragm) tissues (Figure 10.4).
Metastasis was observed and potentially contributed to early euthanasia in mice
exposed to MCA+MWCNT (Figure 10.5). Nine percent of the MCA+MWCNT
mice showed tumors consistent with sarcomatous mesothelioma, as indicated
with positive podoplanin and marginal cytokeratin staining (Figure 10.5). Sargent
et al. [15] concluded that inhaled dispersed Mitsui #7 MWCNT is a lung cancer
promoter.

A small pilot study (7 =6 per group) performed 100 pg i.t. injection of pristine
MWCNT (7 pm long) versus acid-treated MWCNT (0.57 pm long) into C57BL/6
male mice Yu et al. 2013 [138]. After 6 months, more potent autophagy accumula-
tion, hyperplastic adenoma, and adenocarcinoma regions response were observed
with pristine MWCNT compared to acid-treated MWCNT in exposed mouse
lungs.

Xu et al. [139] compared MWCNT’s and asbestos fiber’s ability to induce
mesothelial lesions in F344 rats. MWCNT was found to translocate to pleural
cavity, resulting in mesothelial hyperplasia following five different i.t. sprayings
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Figure 10.4 Promotion of lung adeno-
carcinoma and mesothelioma following
MWCNT inhalation exposure. (a) MWCNT-
only-exposed mice possess regions of focal
adematous hyperplasia with unique mor-
phological characteristics. (b) Enhanced
dark-field imaging at 17 months post expo-
sure, showing deposited MWCNTs (white

arrows) in alveolar (top) and extra-pulmonary
(diaphragm) regions. (c) Lung adenocarci-
noma (top) and metastatic tumor in pul-
monary blood vessel (bottom) in mice
exposed to MCA+MWCNT. (Reprinted with
permission from [15]. ©2014 Particle and
Fibre Toxicology.)
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Figure 10.5 Sarcomatous mesothelioma in liver. (Bottom panel) Cytokeratin staining
mice exposed to MCA+MWCNT. Co-staining  of mesothelial tissue. (Reprinted with per-
of (a) podoplanin (red) and (b) cytokeratin mission from [15]. ©2014 Particle and Fibre
(green) identified mesothelioma (white arrow, Toxicology.)

upper panel) between the gall bladder and

over 9days in Fisher rats. MWCNT hyperplastic lesions were associated with
macrophage infiltration and inflammation-associated fibrosis. A majority of
MWCNTs were found in alveolar macrophages and mediastinal lymph nodes.
In addition, pleural macrophages were found to contain MWCNTs, with little
to no nanomaterial in mesothelial tissue, thus suggesting that the observed
hyperplasia was due to pro-inflammatory signaling. Conditioned medium from
MWCNT-exposed macrophages confirmed an inflammation-driven mesothelial
cell proliferation in vitro.
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A follow-up study [127] evaluated the impact of the size and shape of MWCNTs
on the fate, fibrosis, and mesothelial proliferation in F344 rats. Long and thick
(8 pm) MWCNTs were compared to short, thin, and tangled (3 pm) material
using a repeated dosing model comprised of 12 exposures over 24 weeks via
transtracheal spray. Total administered MWCNT was 1.625mg per rat. Long,
well-dispersed MWCNTs reached the parietal pleura to induce fibrosis and
mesothelial hyperplasia. Long MWCNTs also caused a stronger inflammation
response in pleural cavity lavage. Interestingly, the short MWNCTs, which
formed small aggregates, caused a more robust inflammation and oxidized DNA
in exposed lung tissue than long MWCNTs. This study supports the growing
hypothesis that long, thick, and rigid MWCNTs that are well dispersed can
translocate to the pleural mesothelium and cause hyperplastic lesions and inflam-
mation, consistent with the preneoplastic etiology observed in asbestos-induced
mesothelioma. This study also raises the possibility that particle morphology
impacts toxicokinetics and the eventual fate, and can still cause long-term risks
in different tissues. Here, although no extra-pulmonary translocation occurred,
short and tangled MWCNTs were highly inflammogenic and cytotoxic, in both in
vivo and in vitro models. Although other studies suggest that shorter and tangled
CNT exhibit less reactivity [126], it is still important to consider their adverse
health effects given that a majority of CNTs in the occupational setting possess a
tangled, agglomerated morphology [21].

SWCNTs, because of their single layer of graphene, are more flexible tube struc-
tures and can possess numerous morphologies including single fibers, nanoropes,
and loose, tangled agglomerates. They do, however, possess significantly greater
surface area compared to their DWCNT and MWCNT counterparts. This higher
surface area has been implicated in producing greater potency than MWCNTs
at equal mass dose. Two published studies with small sample sizes evaluating
long-term effects of SWCNT exposure in rats found little tumor evidence after
6 months and 754 days post i.t. instillation [113, 140]. Several recent studies by
Shvedova et al. [141] and others have suggested that SWCNTs promote carcino-
genesis through several mechanisms including genotoxicity, altered cytokine
signaling, and yet-undefined mode(s) of action. SWCNTs and carbon nanofibers
(CNFs) were compared to asbestos via pharyngeal aspiration to evaluate long-
term pulmonary effects, including inflammation, fibrosis, and genotoxicity in
C57BL/6 mouse [112]. SWCNT aspiration data were then compared with a 4-day
inhalation exposure to evaluate dosimetry. CNF and asbestos fibers were rigid
and possessed 2- to 10-fold greater length than flexible SWCNTs. At 1-year
post exposure, SWCNTs were still present in exposed lung tissue, primarily
as nanoropes, with some detected in lymphatic tissue. SWCNTs were most
fibrogenic and produced increases in MN, while CNFs and asbestos exhibited the
largest inflammation response. Both SWCNT and CNE, but not asbestos, expo-
sure increased KRAS oncogene mutation frequency. Although no tumors formed
in this moderate tumor-resistant model, it is apparent that long, rigid HAR fibers
contribute to a greater inflammatory response than the more flexible HAR fibers
and that KRAS mutation may be a more common feature of prolonged exposure
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to HAR carbon nanomaterials. This study also adds support to the hypothesis
that CNT exposure may harbor a unique inflammation-independent mode of
action in promoting chronic lung disease (i.e., fibrosis). A distinct CNT mode of
action for bronchoalveolar epithelial carcinogenesis has yet to be defined, and is
an area for future investigation.

Recently, two studies by Shvedova et al. [46] have raised the possibility that CN'T
exposure modulates immune cells, thus improving the tumor microenvironment
and enhancing tumor growth. First, short SWCN'Ts (230 nm) were aspirated into
mice (80 pg) followed by i.v. injection of Lewis lung carcinoma cells. At 21 days
post i.v. injection, SWCNT-exposed lungs exhibited a 5-fold increase in weight
and a 2.5-fold increase in number and size of lung metastases. Clearly, SWCNT
pre-exposure enhanced the recruitment and proliferation of lung metastases.
Further examination identified an increased number of recruited myeloid-
derived suppressor cells (MDSCs), a cell type known to promote tumor growth,
in SWCNT-treated lungs. MDSCs typically are found to suppress the immune
response and enhance new blood vessel growth in tumors. Blockage of MDSCs
in the mouse lung reduced lung cancer metastases. A second study reviewed
the published literature and noted that overexpression of three signaling factors
(M-CSF, GM-CSF, and TGF-}) was a common occurrence associated with lung
cancer and SWCNT exposure, thus suggesting immune suppression in CNT-
exposed lungs. Acute SWCN'T aspiration exposure (80 pg) induced recruitment of
MDSCs and TGF-p production, which in turn promoted an immunosuppressive
microenvironment by suppressing T-cell activation and recruitment [141].

In summary, the length, width, surface functionalization, surface area, crys-
tallinity, dispersion stability all appear to impact CNT toxicokinetics and the
resulting genotoxicity and tumorigenesis in vivo. Long, straight, and thick
MWCNTs appear to pose enhanced risk for mesothelioma due to their deep pen-
etration and translocation ability, resulting in a chronic inflammatory response
that drives mesothelial hyperplasia and eventual carcinogenesis. The fact that
Mitsui #7 MWCNT agglomerates and similar fibers have the ability to dissociate
to singlet fibers over time in vivo and systemically disperse [101] is alarming. Tan-
gled MWCNTs typically observed in human occupational settings are potentially
less likely to dissociate and translocate, and is an area of current research [21, 98].
NIOSH is currently evaluating carcinogenic dose—response following MWCNT
inhalation in the hope of providing data for risk assessment criteria. Although
tangled CNTs show little mesothelioma risk and reduced potency compared
to well-dispersed fibers, they make up a significant portion of manufactured
CNTs, retain some ability to induce a robust inflammatory response in exposed
airways similar to other carbon-based particles, and may experience dispersion
in vivo; therefore, they should not be overlooked as a potential carcinogen. At
present, in vivo CNT carcinogenesis studies are expanding to consider other
important physicochemical properties (e.g., surface functionalization) of these
materials, which are projected to experience high manufacturing, wide use, and
increased rates of exposure. Tier I in vitro genotoxicity/transformation and Tier
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II short-term in vivo studies are paramount in identifying those properties with
potential risk for CNT carcinogenesis.

10.2.3.2

In Vitro Studies

There is some evidence in vitro that ECNMs, such as CNTs, can gain access
to the nucleus and genetic material, which can cause genetic aberrations by a
primary mechanism additional to the inflammation or ROS-mediated one. These
potential mechanisms require further study [20]. I vitro cell models remain and
will continue to play a key role in screening novel ENMs for potential toxicity
[24]. Recent advances in multicellular models hold vast promise in adding to the
battery of available in vitro predictive models (reviewed below). Acute exposure to
macrophage, epithelial, fibroblast, and endothelial cell results in passive or active
uptake, plasma membrane damage, NRLF3 inflammasome activation, inflam-
matory cytokine release, ROS, proliferation, and enhanced collagen production
[51, 142, 143]. Similar to in vivo findings, many of the same physicochemical
properties of CNTs elicit cytotoxic and subtoxic effects leading to disease onset
[144]. Size, surface functionalization, and surface charge impact the uptake route
into the cells. COOH, OH, and other negatively charged functional groups repel
the negatively charged phospholipid heads of the plasma membrane, thus making
direct penetration less likely. Positively charged surfaces, such as N-containing
groups, present a positive charge and may be more suitable for direct penetration
and membrane disruption [145]. Functional groups and surface coatings may also
interact with membrane-bound receptors, which may assist in endosomal uptake
or initiate signaling cascades within exposed cells.

ROS generation, inflammation, genotoxicity, and the subsequent downstream
signaling pathways and responses are all implicated in the early phases of
CNT-associated neoplastic cell behavior and early stage tumor formation. For
example, SWCNT exposure to human bronchial epithelial cells resulted in nitric
oxide (NO) production, pro-inflammatory cytokine release, and autophagic cell
death corresponding to cytoplasm damage and mitochondrial dysfunction [146].
The role of chronic inflammation following MWCNT exposure possibly plays a
larger, critical role in mesothelial response, hyperplasia, and CNT tumorigenesis
than epithelial cell response. MET5A mesothelial cells directly exposed to a
panel of five different MWCNTs did not produce inflammatory cytokines.
Rather, cytokines from CNT-exposed macrophages elicited pro-inflammatory
cytokines from MET5A cells [128]. Another study reported distinct differences
in oxidative responses between neutrophils and macrophages in response to
MWCNT versus asbestos fibers. Neutrophils showed no response to MWCNTs,
while two types of asbestos fibers elicited ROS and inflammatory responses.
Macrophages responded to both particle types with ROS and inflammation [147].
Given the relatively small amount of macrophages in the pleural cavity compared
to pulmonary airways, the presence of a positive feedback loop suggests that
human mesothelial cells are sensitive to alterations in inflammation.
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CNTs are known to cause increased ROS in exposed cells, but also harbor
ROS quenching and sequestration ability. Generation or sequestration ability of
ROS is most likely material-, impurity-, solution-, and assay-dependent. Residual
transition metals from several CNT synthesis methods are known to participate
in Fenton-like reactions and can cause greater ROS production than pristine,
low-metal-content CNTs [95, 142, 148]. Alternatively, studies have suggested
that structural defects and organic surface functional groups with available
electrons can donate electrons to reactive radicals [149]. A recent systematic
evaluation of MWCNTs in the absence and presence of a lung surfactant showed
that MWCNTs, by nature, sequester free oxygen radicals [150]. On a pgcm™2
basis, SWCNTs are more potent inducers of DNA strand breaks than MWCNTs
in vitro. SWCNT exposure to both normal and malignant mesothelial cells
resulted in ROS production, DNA damage, and activation of several signaling
pathways including AP-1, NF-kB, p38 MAPK, and Akt, all of which mirror events
associated with asbestos-induced mesothelioma [142].

Although ROS generation in exposed tissues is known to occur and cause clas-
togenic damage, mounting evidence has identified direct genotoxic mechanisms
that are ROS independent, echo other HAR fiber disruptions of mitosis, and have
large implications for cellular fate. For example, exposure to low-iron-containing
MWCNTs induced minimal ROS but DNA damage and apoptosis to both normal
and malignant mesothelial cells. ERK and p38 MAPK also experienced enhanced
activation [151].

A recent review of the in vitro genotoxicity literature identified the mitotic
block MN, pH2AX, and comet assays as the most performed mammalian tests for
CNT genotoxicity with positive results [152]. A wide range of human and mouse
cell lines (e.g., Muta mouse epithelial cells, Balb/c mouse fibroblasts, BEAS-2B
epithelial cells, RAW264.7 macrophages, normal human fibroblasts, and A549
cells) all show positive genotoxicity. Early genotoxicity studies employed high-
dose CNT exposures with comet assay for hazard identification screening. Most
exposures indicated DNA fragmentations with a potential role for oxidative
stress damage. High-dose MWCNTs induced 8-nitroguanine lesions on DNA
in A549 cells. Inducible nitric oxide synthase (iNOS) was also induced. DNA
damage was suppressed by inhibitors of iNOS, NF-kB, actin polymerization,
and caveolae-mediated endocytosis, suggesting that uptake and the resulting
inflammasome activation contributed to indirect DNA damage via nitrosative
DNA damage [153].

A study evaluating both i vitro and in vivo lung models, however, reported
that MWCNTs can induce both clastogenic and aneugenic effects, by using MN
and fluorescence in situ hybridization (FISH) assays [7]. This suggested that CNTs
themselves were either directly interacting with DNA or that CNTs were dis-
rupting chromosome separation during mitosis. With better understanding of
occupational exposure levels and potency of CNTs in vivo, more recent stud-
ies have focused on much lower dose and longer exposure time frames to assess
genotoxicity.
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CNTs can mimic microtubules in vitro, due to its carbon structure, size, and
HAR morphology, which interfere with critical microtubule dynamics including
proper chromosome separation during mitosis [6]. Dinu et al. [102] reported that
tubulin can “self-assemble” onto MWCNTs to form tubulin-MWCNT hybrid
structures. Alterations in the microtubule structure can impact not only cell
division but also intracellular trafficking of proteins, lysosomes, and organelles.
Sargent et al. [154] showed that high-dose SWCNT (HipCo) exposure caused
fragmented centrosomes, multipolar spindles, anaphase bridges, and aneuploidy
in two different human lung epithelial cell lines. SWCNTs were found to be
associated with chromatin and tubulin, which are known to bind to G—C-rich
areas of DNA. Carbon bridges formed during mitosis in SWCNT-exposed cells
are reminiscent of asbestos bridges. Asbestos does not typically associate with
centrosomes, but CNTs can, possibly due to their durability and flexibility [6].
Intercalation of SWCNTs would induce a DNA morphology change that could
interfere with several vital processes including chromatin stability, replication,
and transcription.

A follow-up study employing occupationally relevant doses to lung epithelial
cells (0.024—24 pgcm™2) of SWCNTs caused similar effects seen in high-dose
exposures: fragmented centrosomes, disrupted mitotic spindles, and aneuploidy
[155]. Subsequent clonal survival and proliferation assays found that SWCNT-
exposed cells experienced increased colony formation and proliferation 7 days
post exposure in surviving cells. These studies suggest that SWCNTs can disrupt
chromosome integrity and enhance proliferation, which are two early charac-
teristics in the cancer initiation/promotion etiology. Although a majority of
cells harboring significant chromosome damage would not survive, it is possible
that prolonged exposure would promote the survival of cells with chromosome
damage, leading to genetic instability and early stages of carcinogenesis.

Subsequent studies reported similar outcomes for MWCNT exposure with
some differences. MWCNTs (25 nm diameter) were found to disrupt cancer
cell mitosis via microtubule mimicry [156]. MWCNT exposure (10—20nm)
was shown to cause dose—response (0.024—24 ugcm™2) increases in the fre-
quency of disrupted centrosomes, abnormal monopolar mitotic spindles, and
aneuploidy chromosome number in BEAS-2B and primary human SAECs at
24 h (Figure 10.6) [157]. Primary SAECs exhibited decreased viability 72h post
exposure, while low-dose MWCNTs stimulated BEAS-2B cell proliferation.
MWCNTs associated with DNA, centrosomes, and microtubules and were
observed within the centrosomal structure. At the lowest dose tested, which
approximates a 4-week exposure at the OSHA exposure limit, ~40% of the
exposed cells exhibited these abnormal phenotypes. Aneuploidy was typically
seen in cells with polyploidy, suggesting cytokinesis failure. Primary SAECs
exhibited a strong colony-formation ability that was inverse dose-dependent.
These worrisome results suggest that those surviving primary cells with genetic
damage can expand. Secondly, aneuploidy and centrosome disruption are
classically associated with tumor stage [158].
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Figure 10.6 Mitotic disruption in MWCNT-exposed human small airway epithelial cells.
(@) Monopolar mitotic spindles (yellow arrows) contribute to (b) chromosomal aneuploidy.
(Reprinted with permission from [157]. ©2014 Particle and Fibre Toxicology.)

Clearly, CNTs of different physicochemical properties represent a genotoxic
hazard to exposed pulmonary tissue. Although hazard clearly exists, very few
studies have systematically evaluated specific physicochemical properties and
their dose—response that is useful for risk assessment. Most recently, Jackson
et al. [159] conducted a systematic in vitro evaluation of 15 different MWCNTs
with different physicochemical properties including diameter, length, and surface
functionalization. Although mass doses were high, mouse lung epithelial cells
exhibited weak single strand breaks in the comet assay along with ROS and
reduced cell proliferation. MWCNTs with large diameter appeared to show
greater ability to induce single strand breaks. Studies like this highlight not
only how useful systematic studies are but also how important using multiple
genotoxicity assays for both direct and indirect genotoxicity can be. In addition,
since a majority of in vitro and in vivo animal studies report positive genotoxic
responses, both models should be used in tiered approaches to screen and assess
CNT genotoxicity [e.g., 7, p. 159].

In vitro cell transformation studies have long been utilized to quickly screen
and assess xenobiotics for genotoxicity and neoplastic transformation potential.
Morphological transformation assays with these models are acknowledged
as alternative, comparative models to the 2-year in vivo carcinogenesis assay
[161, 162]. Although simplistic in nature, they possess merit in identifying the
underlying molecular and cell mechanisms involved with early steps during
carcinogenesis. These studies typically attempt to characterize several cancer
hallmarks during promotion, including proliferation, apoptosis/anoikis evasion,
anchorage-independent growth, migration, invasion, angiogenesis, and CSCs.
The use of neoplastic cell transformation models, coupled with other analysis
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platforms, has helped unlock the potential early stage mechanisms associated
with tumorigenesis.

Using the Balb/3T3 cell model, Ponti et al. [163] evaluated nude and function-
alized (-COOH, —OH and -NH,) MWCNTs for cytotoxicity, genotoxicity, and
carcinogenesis potential. All MWCNTs possessed short lengths (<1.5pm) and
equal diameters (9.5 nm), which resulted in no observable cyto- or genotoxicity.
Surprisingly, they all exhibited increased morphological transformation compa-
rable to asbestos-exposed cells.

Although murine cell line assays are a useful screening tool for morphological
transformation, they may harbor inherent differences in behavior compared to
human cells in similar tissues. Using human cell lines for morphological and neo-
plastic transformation coupled with recent technological advances in evaluating
genomic signatures and 3D models holds promise for future screening approaches
for ENM- and other xenobiotic-associated carcinogenesis. For example, Wang
et al. [164] found that subchronic, dispersed SWCNT exposure at an occu-
pationally relevant dose (0.02pgcm™2) caused malignant transformation, as
evidenced by several cancer hallmarks [27] including aggressive proliferation,
attachment-independent growth, p53-mediated apoptosis evasion, invasion,
angiogenesis, and in vivo tumorigenesis in the exposed cells. Decreased p-p53
(Ser15) expression was found to suggest that SWCNTs further destabilize p53 for
proteosomal degradation. Similarly, repeated long-term MWCNT exposure to
bronchial epithelial cells (BEAS-2B) resulted in oncogenic transformation [165].
Global comparative genomic hybridization identified chromosomal aberration
at 2q31-32 near oncogenes HOXD9 and HOXD13, which regulate apoptosis,
development, and cell proliferation. Other genes affected are associated with lung
cancer, cell cycle, focal adhesion, and MAPK signaling. Conversely, prolonged
MWCNT exposure caused increased ROS but had minimal effect on genotoxicity
or promotion effect on human lung adenocarcinoma A549 cells [166].

Expansion of these studies [90] performed comparative subchronic HAR fiber
exposure (0.02 g cm™2) to assess neoplastic transformation potential in human
small airway epithelial cells. hTERT-immortalized SAEC cells with known loss of
p16 expression after numerous continuous passages are a reasonable model since
both asbestos- and CNT-induced mesotheliomas exhibit loss of CDKN2A/2B
[136, 167]. After 6 months of exposure, both SWCNTs and MWCNTs caused
increased proliferation, soft agar colony formation, migration, invasion, and
angiogenesis above UFCB-exposed, asbestos-exposed, and unexposed control
cells. Transcriptome profiling found that both SWCNTs and MWCNTs exhibited
similar yet unique genome signatures characterized by proliferation, movement,
cell death, and development signaling. Cancer-associated signaling was centered
on overexpressed MYC, PPARG, COL18A1, PDGFRB, and CASP8. Asbestos-
exposed cells, however, displayed a very different and distinct pro-inflammatory
transcriptome signature centered on IL-1B, CCL2, and SPI1. Similar to the
previous SWCNT-transformed BEAS-2B cells, loss of p-p53 (Serl5) expression
was most prevalent in CNT-exposed cells, suggesting that p53 degradation
may be a common mechanism in early stage CNT-associated tumorigenesis.
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At present, the same group’s preliminary analyses to identify CNT-specific
in vitro gene markers to predict early disease effects in vivo [168] have been
successful in identifying several genes associated with altered lipid metabolism
following MWCNT exposure in vitro compared to genomic profiling data in
MWCNT-exposed mouse lung [106, 122].

Establishing CNT-transformed cell models with neoplastic or malignant trans-
formation phenotypes, coupled with whole transcriptome signature analysis,
has allowed mechanistic studies to evaluate potential carcinogenic modes of
action. Results of these studies have identified known signaling pathways and
genes that exist in lung cancer, thus suggesting the usefulness of such studies to
not only screen ENMs but also potentially use them for early disease biomarker
identification. Transcriptome microarray analysis of the SWCNT-transformed
BEAS-2B cells identified potential mechanisms for FLIP-mediated apoptosis
resistance [169] and oncogenesis including the pAkt/p53/Bcl-2 signaling axis,
Ras family cell cycle control, Dsh-mediated Notch1, and downregulated BAX and
Noxa [121]. Further studies have identified the role of caveolin-1-mediated CSC
induction by CNTs [120, 170]. Side population characterization in SWCNT-
transformed bronchial epithelial cells identified CSC-like cells positive for
Nanog, SOX2, SOX17, CD24 low/CD133 high, and E-cadherin surface markers.
These p53-deficient CSCs possessed self-renewal properties, aggressive cancer
behaviors, and in vivo tumorigenesis. Furthermore, CSCs were also found in
the SWCNT-transformed small airway epithelial cells, suggesting that SWCNT
induction of CSCs may be a widespread phenomenon in exposed lung epithelial
tissue and that SV40 status does not dictate CSC formation.

Since well-dispersed MWCNT aspiration and inhalation exposure can result
in extra-pulmonary translocation and pleural mesothelial exposure [19], similar
subchronic neoplastic transformation studies on human mesothelial cells were
performed by our group. Continuous subchronic exposure to both SWCNT
(HipCo) and MWCNT (Mitsui #7) for 4 months to MET5A cells resulted in
neoplastic transformation characterized by enhanced proliferation, cell mobility,
and aggressive invasion phenotype [171]. Both sets of CNT-exposed cells
exhibited greater cell movement and invasion ability than asbestos-exposed
cells. Mechanistic studies, coupled with whole transcriptome profiles, identified
distinct CNT invasion signaling pathways which differed substantially from
those of asbestos. MMP2 overexpression was important to all three HAR fibers,
while PLAU, STAT3, AKT, and VEGFA were specific for CNT-exposed cells.
A follow-up dose-response study with SWCNT-exposed mesothelial cells
(MET5A and LP-9) identified activated HRAS/ERK, which contributed to cell
invasion ability and cortactin overexpression [172].

10.2.4
Fullerenes and Derivatives

Fullerenes (Cy, or C,,) and their water-soluble derivatives (e.g., fullerol)
have attracted much attention due to their relatively small size, high surface
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area/volume ratio, radical binding capacity, multiple functionalizations, and water
solubility [173—175]. Their large diversity mainly rests on the ability to functional-
ize and/or use solvents to increase hydrophilicity, aqueous dispersion, and manip-
ulation. For example, several manipulative strategies exist to surface-functionalize
C60 into water-soluble derivatives, including C,(OH), and C,(OH),,. The sum
of all possible forms of fullerenes results in a wide array of potentially benign
or toxic behaviors that are not completely understood. Dispersion in air with
the resulting inhalation exposure is, at present, restricted to manufacturing
and industrial uses of fullerenes and fullerols. At the consumer level, dermal
exposure is widely expected as a result of fullerene’s presence in a wide variety
of cosmetics. Known or expected fullerene exposure levels in an occupational or
environmental setting are relatively small compared to other carbon ENMs (e.g.,
UFCB and CNTs). Exposures during manufacturing range from 36 to 150 pg m=3
for PM, ; while fullerene-specific doses range from 0.0004 to 2 pg m=3 [174, 176].

Similar to other pristine carbon ENMs, as expected, fullerene exhibits ROS
scavenging and generation activities [177—-180]. Fullerene can exist either as
a quencher or as a generator of oxygen radicals. The antioxidant property of
fullerene has been aggressively pursued, especially within biomedical applications
for disease treatment [reviewed by Johnson et al. 4]. Highly dispersed fullerene
derivatives and fullerol show enhanced, dose-dependent radical sequestration
ability following exposure to known pro-oxidant xenobiotics or therapeutic
agents. Photosensitization of C60 generates excited electrons, resulting in singlet
or superoxide radicals [179]. Water-soluble fullerenes primarily act as antioxi-
dants partially due to their dispersibility and the resulting high surface area [177].
Anionic, water-soluble fullerenes sequester more superoxide than cationic or
pristine fullerenes [178]. In general, both in vitro and in vivo studies suggest that
differences in chemical structure, surface functionalization, dispersion technique,
residual solvents, and target cell/tissue all impact the toxicity of fullerene and
its derivatives. Toxicity is largely associated with oxidation of sensitive targets,
which would dictate an inflammatory and potential genotoxic response.

10.2.4.1

In Vivo Studies

Several studies with different pulmonary exposure methods for varying lengths
of time reported minimal inflammation response. Both fullerene and fullerol
were not toxic in rat lung at 3 months post i.t. exposure [181]. Baker et al. [182]
reported that nanometer- and micrometer-sized fullerenes caused no significant
response following inhalation exposure, with no detection of particles in blood
stream, suggesting no or limited translocation out of the lung. No significant
inflammation or lung damage was observed during a 4-week inhalation exposure
or at 3 months post exposure. A microarray study reported minor inflammation,
oxidative stress, and apoptosis response following a 4-week whole-body inhala-
tion in rats [183]. A comparison of i.t. versus inhalation exposure to fullerene
in Wistar rats showed no significant induction of neutrophilic inflammation
[184]. Conversely, Park et al. [185] reported a dose-dependent increase in several
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pro-inflammatory cytokines (e.g., IL-1, IL-6, and TNF-a) and minimal cell
infiltrate in stained lung tissue sections from 7 to 28 days post i.t. exposure to
water-soluble fullerene in ICR male mice. The positive inflammatory response in
this study compared to the Sayes et al. [181] study may be due to the use of toluene
versus tetrahydrofuran dispersant, smaller diameter of the primary particle, and
different in vivo models. A high dose of fullerol caused an inflammatory response
dominated by neutrophils and macrophages. The same study reported that
lower doses of fullerol helped in reducing ROS elicited by quartz dust exposure
[186]. This finding supports both acellular and in vitro studies showing that
water-soluble fullerene derivatives quench ROS and raises the possibility that
expected low-dose exposures may guard against ROS in vivo. Higher doses
of well-dispersed particles may break a threshold and elicit an inflammatory
response. Jiao et al. [187] reported that two different types of functionalized,
water-soluble fullerenes provided ROS scavenging ability and reduced lipid
peroxidation when exposed to mice with established lung carcinomas. The NTP
study found histiocytic infiltration, a shift in inflammatory leukocyte populations,
and moderate increases in MCP-1 and IL-1B in both the Wistar rat and B6C3F1
mouse models following a 90-day inhalation fullerene exposure [188, 189].

Fullerene fate studies showed that deposition within the mammalian body
following either oral or i.p. injection occurs primarily in the liver, spleen, and
lung [190, 191]. It is metabolized or excreted rapidly [190, 192] and might be
transported via circulation. Pulmonary exposure studies report relatively short
half-lives (26-29 days), BALF macrophages with particles, and little evidence
of deep penetration, suggesting adequate clearance for fullerene-exposed lungs
[176, 182].

Based on the limited number of published studies, little evidence exists for in
vivo mammalian genotoxicity. Shinohara et al. [176] found little evidence of bone
marrow clastogenicity of C,, fullerenes in ICR mice following oral exposure.
Fullerene was observed to increase 8-oxodG in a gastric exposure to Fischer
rats [193]. Increased comet tails and mutation frequencies were reported in
gtp transgenic mice in an i.t. exposure at 200 pg per mouse but not at 50 pg per
mouse [194]. Single and repeated i.t instillation to male rat lungs resulted in an
inflammatory response at 24 h, but no observable DNA damage was found in
the comet assay in the collected lung cells [195] which coincided with positive
inflammation and no DNA damage response [196]. The positive effect in the Tot-
suka study could potentially be explained as a generalized response to extremely
high levels of particles in the exposed tissue. Although no evidence appeared
in the exposed lung tissue, the 90-day NTP inhalation study found significant
increases in micronuclei in peripheral blood samples at all tested doses in female
B6C3F1 mice, while males experienced no effect [189].

At present, only three published studies have evaluated in vivo tumorigenesis.
Fullerenes are more probably an anti-carcinogen than a pro-carcinogen, based
largely on its radical sequestration properties and bioaccumulation potential in
tumor tissue [reviewed by Aschberger et al. 174]. Intraperitoneal injection of
fullerenes into heterozygous p53 (+/—) mice resulted in minimal adverse tissue
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morphology (serosal plaques) with no tumor formation [133]. Liu et al. [197]
reported that fullerol (Cg,(OH,,)) exposure reduced Lewis lung carcinoma in
vivo, possibly due to increased TNF-a levels and elevated T-cell counts that
enhanced the ability to eliminate abnormal cells. Conversely, Zogovic et al. [198]
reported that in vivo fullerene exposure to melanoma xenograft tumors promoted
tumor growth, while in vitro exposure reduced melanoma cell viability. An NTP
study has been conducted, but no summary of the results has been reported. At
present, no published in vitro cell transformation study has been conducted on
fullerenes.

10.2.4.2

In Vitro Studies

Compared to other carbon ENMs, a decent knowledge base for screening
fullerene’s in vitro genotoxicity exists, most probably due to its perceived small
size and wide use in biomedical and cosmetic applications. In general, fullerenes
and derivatives show a limited ability to induce genotoxicity compared to other
carbon ENMs [174, 196]. If genotoxicity is detected, it usually coincides with
ROS-mediated effects associated with photosensitization. Evidence for genotoxi-
city is given by chromosomal damage, DNA strand breaks, and mutagenicity in
multiple human and mouse cell lines. For example, Wang et al. [199] found that
cyclodextrin-bicapped C60 cleaved DNA under light in presence of NADH. Zhao
et al. [200] found similar phototoxicity with increased superoxide generation
following cyclodextrin-capped pristine and water-soluble fullerene exposure.
Studies using the Ames test reported mutagenicity, 8-OHdG adducts, and ROS
generation, which correlated with the intensity and duration of light exposure
to Cq, and derivatives [201, 202]. Use of antioxidants reduced genotoxicity in
these studies, suggesting indirect genotoxicity via ROS damage. Conversely,
no mutagenesis occurred in mouse lung epithelial cells or CHO cells exposed
to fullerenol [203]. Rather, fullerenol reduced the micronucleus frequency in
these cells. Fullerene at 100 pgml~! caused some short-term damage observed
in sensitive sites and increased oxidized purines in the comet assay in exposed
mouse lung epithelial cells [196], similar to the SWCNT effect.

Although a handful of studies suggest moderate to low genotoxicity, recent
studies report on the contrary showing low dose effects. C,, exposure to A549
cells caused increased micronuclei at 0.02—200 pg ml~! [194]. Dose-dependent
ONOO production correlated with increased deletion mutations in primary
mouse fibroblast cells [204]. Dhawan et al. [205] reported that both aqueous and
ethanol colloidal fullerenes exhibited genotoxicity in comet assay in exposed
human lymphocytes as low as 2 ngml™!, most likely due to increased ROS. The
authors do acknowledge that the dispersion method has a large impact on the
observed genotoxicity. One study reported that chronic exposure at extremely
low concentrations (1-10pgml~!) of water-soluble fullerene elicited a positive
micronucleus result along with increased cell proliferation in both normal
embryonic kidney and HeLa tumor cells [206]. These low concentrations suggest
an ROS-independent mechanism.
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In vitro toxicity assessment of fullerenes, water-soluble derivatives, and fullerols
have primarily focused on evaluating pulmonary, dermal, macrophage, and hep-
atic cell responses. Improved hydrophilicity of water-soluble fullerene derivatives,
compared to fullerene, appears to reduce the aggregate size, reduce attraction to
and interactions with lipid membranes, and reduce cell uptake, thereby reducing
cytotoxicity. Improved dispersibility for a material that quenches oxygen radicals
can further reduce particle toxicity. For example, a novel p-alanine C, derivative
was protective against hydrogen peroxide-induced cell damage [180]. Aggregated
pristine fullerene, nanoCg,, was more cytotoxic to human fibroblasts and liver
carcinoma cells than fullerene derivatives because of superoxide production
resulting in lipid peroxidation and cell membrane damage [207]. A follow-up
study found that nanoCy elicited ROS-mediated cytotoxicity, lipid peroxidation,
and membrane damage responses in several cell lines, with LC,, ranging from 2
to 50 ppb [208]. Unlike hydroxylation modification of the fullerene surface, amino
acid-functionalized fullerene exposure caused increased production of pro-
inflammatory mediators at moderate to high doses in epidermal keratinocytes
(>40pgml~!) [209]. Light exposure to some fullerenes causes phototoxicity
through the release of singlet oxygen and superoxide [200]. This would suggest
potential ROS damage to keratinocytes if workers were exposed. Similarly,
exposure to both photosensitized fullerene and Cy,(OH),4 caused ROS and lipid
oxidation damage in rat liver microsomes [210]. Interestingly, fullerene toxicity
was due to singlet oxygen release, while that of C,,(OH),; was due to several
radical species resulting in a wider array or lipid and protein oxidation. Con-
versely, fullerol exposure elicited little response in macrophages (RAW 264.7), but
evidence of mitochondrial perturbation via Ca?* ion release was identified [211].

In summary, compared to other ENMs, acute and subchronic fullerene family
data suggest low risk for direct genotoxicity or indirect genotoxicity via oxidative
stress. The in vitro and in vivo genotoxicity data, however, are limited. Further
research efforts should focus on relevant fullerene and fullerol exposure concen-
trations, in vivo toxicokinetics and translocation, primary and secondary geno-
toxicity in in vitro and animal models, and subchronic and chronic exposure to
identified target tissues.

10.2.5
Graphene and Graphene Oxide

The graphene nanomaterial family (GNF; [212]) is expected to experience
large-volume and widespread use in nanotechnology fields including medicine,
drug delivery, cells, supercapacitors, batteries, and sensors [212—214]. GNF is
characterized by graphene sheets, with potentially high surface area, comprised
of different lateral widths, edge morphology, number of graphene layers, stiffness,
surface functionalization due to oxidation/reduction preparations [pristine vs
graphene oxide (GO) vs reduced graphene oxide (rGO)], compact platelets, and
well-dispersed graphene sheets. Thermal exfoliation during graphene production
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results in dry powders that are respirable, which indicates lung tissue as a primary
GNF toxicological target. Surprisingly, little evidence exists in evaluating the
GNF for potential genotoxicity and subsequent tumor-associated pathologies
when compared to similar nano-sized graphene NMs (i.e., carbon nanotubes)
or other weak carcinogenic nano-sized carbon (i.e., carbon black). Similar to
CNTs, limited studies suggest that graphene size, surface functionalization,
and dispersibility appear to dictate toxicological response. GO, rGO, and
organic-coated graphene have received increased attention due to their excellent
dispersibility in aqueous solutions for technological manipulation, but they also
have shown increased toxicity compared to their pristine counterparts. Several
recent detailed reviews on GNF highlight the large nanotechnology potential
of these materials, including the biological benefits and consequences of GNF
exposure [212, 214-218].

At present, published data indicate that the high surface area, sorption, and
catalytic ability of GNF particle surfaces provide dramatic ROS generation or
quenching capacity. These qualities are comparable to those of SWCNTSs, minus
the HAR morphology. At present, it is not clear whether ROS in exposed tissues
generated directly from the GFN particle surface or indirectly from cellular
sources (e.g., leukocyte inflammation, mitochondria) is a greater risk for DNA
oxidative damage. Stacking of monolayer graphene into multilayered graphene
(e.g., graphene nanoplatelets) greatly reduces the surface area and alters sheet
rigidity/morphology and the potential for altering oxidative/reduction reactions
[212, 216]. The bonding between and number of layers in graphene NPs is
rarely measured, even though it is thought to directly impact biological effects.
Packing of sheets greatly reduces the surface area and should be assessed during
characterization since it may lead to conflicting results [212]. Many publications
evaluating MWCNTTs repeatedly acknowledge that surface area and rigidity, due
to the number of graphene layers, has a dramatic impact on particle morphology
and toxicity response in exposed tissues. For example, a graphene NP with a fluid
shape may experience passive diffusion in cytoplasm, endocytosis, or phagocyto-
sis, while a particle with similar size but rigid morphology may elicit frustrated
phagocytosis, inflammation, and ROS generation via recruited leukocytes. Their
size ranges from <10nm to >20pm in lateral width, which clearly impact the
uptake, endosome and lysosome receptor binding, and the potential for frustrated
phagocytosis [212]. A few studies suggest the potential for some small-sized
graphene with planar morphology to directly interact with DNA. Graphene may
bind to single-stranded DNA, during replication or transcription, which could
cause DNA damage and failure of genetic inheritance and block specific protein
synthesis. It has also been suggested that planar graphene may intercalate into
the DNA helix, similar to aromatic compounds [219]. Clearly, systematic studies
evaluating the impact of several physicochemical properties on GNF particle
toxicokinetics during exposure and in biological tissue, fate, uptake route, direct
and indirect genotoxicity, and subchronic effects are warranted.
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10.2.5.1

In Vivo Studies

Graphene exposure studies on in vivo models have typically used either i.v. injec-
tion or i.t. instillation to evaluate GNF particles’ fate as well as whole-body or
tissue level responses. Most studies report an enhanced inflammation response
with little long-term effects, although GNF particles are biopersistent and can
exhibit systemic fate. An important study by Duch et al. [220] evaluated aggre-
gated graphene, dispersed graphene, and GO following i.t. exposure of 50 pg per
mouse. Of note, GO particles displayed uniform, very thin sheets (1 nm thick)
while Pluronic-dispersed pristine graphene displayed higher variability in thick-
ness with a mean of ~2.5 nm. GO containing hydroxyl and carbonyl surface groups
produced robust and prolonged inflammation with macrophage and neutrophil
infiltration followed by severe lung tissue damage. Surprisingly, less GO was found
inside phagocytic vesicles than graphene. Enhanced plasma thrombin was specific
to GO-exposed mice. GO exposure elevated mitochondrial respiration by lending
electrons to the electron transport chain, which enhanced ROS generation. This
suggests that ROS generation may partially drive the activation of inflammatory
and apoptotic signaling. Conversely, aggregated graphene showed reduced effect,
while synthetically dispersed (Pluronic) graphene showed a mild inflammatory
response. Interestingly, only GO caused a significant increase in TUNEL positive
nuclei in vivo and DNA fragmentation in alveolar macrophage exposure experi-
ments iz vitro. Minimal fibrosis occurred in all three particle exposures compared
to control. Intravenous injection of GO into to the tail vein of mice caused sig-
nificant impacts to lung tissue at 7 and 30 days post exposure [221]. Lung, liver,
and spleen were the primary targets of injected GO. GO was found in the lung
closely associated with neutrophil and foamy macrophage infiltrates. At 30 days,
granulomas containing GO were observed along with interstitial inflammation
and thickening of alveolar septa.

Other studies support the idea that well-dispersed pristine graphene causes
acute inflammation but with minimal long-term health impacts. A unique inhala-
tion exposure screening study of numerous carbon nanomaterials [222] compared
graphene sheets, graphene nanoplatelets, MWCNTs, and carbon black for their
in vivo cytotoxicity and inflammation response in Wistar rats. Graphene sheets
exhibited toxic effects at the highest dose (10 mg m~2), while nanoplatelets and
carbon black exhibited little to no toxic response. These responses palled in com-
parison to MWCNTs, which exhibited responses at >0.5 mgm~2.

Graphene nanoplatelets (>5pm diameter, 1-10 graphene layers) were res-
pirable up to 25 pm diameter in C57Bl6 mice and elicited a robust inflammatory
response in the lung (aspiration) and pleural space (i.p. injection) after 1 and
7 days compared to Printex 90 carbon black [223]. Induction of several cytokines
(IL-1B, MCP-1, IL-8) and ROS via NADPH oxidase, consistent with NALP3
inflammasome activation, was noted in iz vivo lung and in vitro THP-1 expo-
sures. Frustrated phagocytosis and granulomatous lesions, similar to those
reported for different CNTs [106, 125] were also found. Nanoplatelets were
found in chest wall pleural tissue with wall thickening at 1 week post injection
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and exhibited slower clearance than carbon black via mediastinal lymph nodes.
A follow-up report at 6 weeks post aspiration indicated minimal inflammation
and oxidative degradation of graphene nanoplatelets in mouse lung tissue [224].
In contrast to CNT exposure, minimal fibrosis or hyperplasia was observed along
with no inflammation in the pleural space.

As a follow-up study to the Schinwald studies, a 5-day inhalation exposure to
0.018 and 0.102 mg lung burden using 550-nm-wide stacked graphene platelets
found little evidence for lung tissue damage at 28 days post exposure, including
no LDH or protein release, with a robust alveolar macrophage phagocytotic
response [225]. Interestingly, changes in hemocytometry and blood chemistry
were observed in the high-dose group. Only slight alveolar wall thickening
was observed. Similar to Schinwald, the authors suspected that the minimal
toxicological effect was due to the large width, stacked platelet shape, and low
surface area. Expansion of these studies using graphene with different physico-
chemical properties would greatly assist in identifying property-associated lung
disease risk.

Little to no evidence exists in evaluating GNF’s in vivo genotoxicity following
expected exposure scenarios. Based on available in vitro data, computational mod-
eling, and in vivo data, several potential factors may contribute to GNF’s genotoxic
potential in exposed tissues. Graphene with small lateral diameter shows the abil-
ity to penetrate plasma membrane, are present in cytoplasm, accumulate near
nucleus, and minimally penetrate the nucleus. Given their planar morphology,
direct interaction with DNA by either direct binding or intercalation in exposed
epithelial or fibroblast cells should be evaluated. Large planar graphene is not
expected to penetrate deep into tissues but may illicit indirect genotoxicity via
ROS generation and oxidative DNA damage.

Although not as reactive in tissue as CN'Ts, several major lines of evidence sup-
port the potential weak carcinogenicity of GNF particles. First, carbon black, a
Group 2 carcinogen, possesses similar makeup and in vivo fate as GNF particles
[222, 224]. Second, given that graphene is more acutely reactive in exposed lung
tissue [223], indirect oxidative DNA damage in lung tissue following inflammation
over repeated exposure is expected. Recovery periods after a single bolus and sev-
eral days’ inhalation suggest transient inflammation with little fibrosis promotion.
Building on this report showing acute inflammation in mouse lungs after 1 day,
Schinwald et al. [224] reported that pristine GPs showed minimal inflammation
in mouse lungs after 6 weeks, even though there was no degradation of GP in lung
tissue. It remains to be tested how a prolonged, repeated exposure to GNF particle
(i.e., occupational setting) affects the risk for oxidative DNA damage and initia-
tion. GNF particles repeatedly show long biopersistence in exposed tissues, either
via iv. injection or inhalation. At present, it is unclear what types of GNF particles
have the potential to either move out of the exposed lung or potentially promote
tumorigenesis by stimulating pro-proliferation and other cellular signaling path-
ways. Interestingly, graphene i.v. injected in the tail vein accumulated in lung tissue
[221]. Lastly, use of GNF in biomedical applications involving implants, grafts,
and scaffolds may elicit a foreign-body tumor response [212]. These sarcomas
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are typically reported following contact with biopersistent materials, regardless
of composition, that possess large surface area and smooth surfaces [226] used
as implants or grafts. Several types of graphene NMs possess these morphologi-
cal and surface characteristics [213]. Although not initially identified, inflamma-
tory response followed by ROS and oxidative damage to DNA may be important
drivers of tumor progression in foreign-body tumors [227]. It is also may rely on
direct contact of preneoplastic cells in contact with a smooth surface and a drop
in cell - cell communication, resulting in uncontrolled cell growth [228]. Of inter-
est, a recent study reported the potential involvement of mesenchymal stem cells
(MSCs) in foreign-body tumorigenesis [229]. Foreign-body sarcomas usually com-
prise dense collagen fiber with fibroblast cellular morphology [230] and exhibit
late onset [228]. MSCs and MSC-derived cells (i.e., myofibroblasts) currently con-
stitute an intensive area of research as key regulators of interstitial pulmonary
fibrotic remodeling [231, 232]. Given that CN'T exposure induces stem-like cells,
with known MSC markers [233], leading to fibrotic nodules [234], it raises the
possibility of a role of MSCs in potential foreign-body tumorigenesis following
biopersistent graphene exposure. Clearly, these issues should be addressed in sys-
tematic in vivo exposure studies using appropriate ROS, biopersistence, and geno-
toxicity assessment procedures.

10.2.5.2

In Vitro Studies

Based on limited in vitro data, GNF exposure to established in vitro cell mod-
els can result in plasma membrane penetration, endocytosis, ROS release or
sequestration, and cytotoxicity. Most adverse responses, including apoptosis
and cytotoxicity, are reported at high doses. To date, it appears that lateral
width and surface functionalization largely dictate both cellular fate and toxic
response. Other physicochemical factors that may dictate adverse response
include layer number, size, stiffness, and hydrophobicity [212]. Zhang et al. [235]
compared several-layered graphene to SWCNTs to assess the effect of graphene’s
shape on cytotoxicity in neuronal cells. Graphene was more potent at reducing
metabolic activity at low concentration (0.1 pg ml™!), while SWCNTs produced
significantly more LDH and metabolic disruption at higher doses (>1 pgml™!).
ROS generation coincided with caspase 3 activation and apoptosis (>10 pg GO
per milliliter). Exposure of pristine graphene to RAW 264.7 macrophages elicited
decreased mitochondrial membrane potential, increased ROS, TGF-f release,
and intrinsic Bcl-2-mediated apoptosis pathway activation [236].

Recent computational modeling studies evaluated the impact of graphene sheet
size and morphology on cell membrane phospholipid dynamics and potential
cytotoxicity. Using bacterial membrane as a model, Tu et al. [237] reported that
graphene and GO sheet edge can pierce plasma membranes. Sheets also retained
the ability to extract phospholipids from the membrane, modify membrane
polarization, and enhance cell leakiness. The authors suspect that disruption
of the plasma membrane could alter membrane-bound receptor function,
resulting in activation of apoptosis. Computational models suggest that size has
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an impact on graphene’s fate in the cell. Small sheets penetrate cell membranes,
medium-sized sheets pierce membrane at certain orientations, and large sheets
get absorbed in the membrane [238].

Pristine graphene and GO exhibit greater toxicity to cell models than GNF
particles that possess organic coatings or organic polymers. Chang et al. [239]
evaluated three different size preparations of GO (160-780nm wide) for
uptake, intracellular fate, and ROS generation ability in an alveolar epithelial
cell model (A549). GO was not found inside cells, but ROS following exposure
did increase due to generation on the GO surface in a cell-free culture medium.
Wang et al. [221] reported a time-dependent increase in the uptake of GO
into lysosomes, mitochondria, and endoplasm of human fibroblasts, albeit at
high doses (>20pgml~!). Later time points found GO accumulating around
nuclear membrane, with occasional particles inside the nucleus. Another study
found that single-layered GO exhibited greater ability than SWCNTs to cause
increased cell membrane damage and induction of autophagy, but failure of the
autolysosome, resulting in cell death of exposed mouse peritoneal macrophages
[240]. A recent report showed that GO triggered an early onset of DNA melting
in vitro [241].

Hinzmann et al. [242] compared pristine GO, rGO, and unaltered GO with
graphite and ultra-dispersed detonation diamond in glioblastoma multiforme
cells at 50 ugml~!. Although conducted in a cancer cell line, pristine and
reduced GO led to high cytotoxicity compared to other particles. Interestingly,
particles showing both high (pristine, rGO) and low cytotoxicity (graphite
and ultra-dispersed detonation diamonds) induced DNA damage as seen by
positive comet assay. Carboxyl-functionalized graphene improved hydrophilicity,
enhanced cell uptake, and reduced cytotoxicity compared to unfunctionalized,
hydrophobic graphene [243]. Wang et al. [244] examined the effect of different
surface charges on GO to cause oxidative stress in lung fibroblast cells. Three
types of surface-modified GO were compared to the parent material. Following
exposure, ROS in the exposed cells was linked to cytotoxicity. PEG coating was
more protective to fibroblasts than PEI coating or unmodified GO. The authors
argue that differences in surface charge impacts agglomeration, interaction with
plasma membrane, and uptake into cells. Although never assessed in the study,
the findings raise the idea that surface coating of GNF may protect cells against
ROS-induced oxidative damage to DNA. Similarly, Hu et al. [245] reported
that the amount of serum in cell culture medium can reduce and minimize GO
toxicity as a result of the formation of a thick protein corona.

Next, an interesting, if alarming study of rGO nanoplatelets raises the idea
that small nanosized GNF particles at low doses can cause genotoxicity com-
pared to their larger counterparts. Akhavan et al. [8] exposed four different
sizes (11-3800nm) of rGO nanoplatelets to human MSCs. The 11-nm rGO
nanoplatelets exhibited cytotoxicity as low as 1pgml~!, while larger sized
platelets showed reduced toxicity. Similarly, the 11-nm platelets caused DNA
fragmentation (comet assay) and chromosome aberrations in metaphase assay
as low as 0.1 ugml™! following a 1-h exposure. Of note, RNA efflux, a marker
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for cell membrane damage, was negative across all particles and doses. Although
the authors never directly assessed the intracellular location of the nanoplatelets,
the study suggests that rGO nanoplatelets are capable of penetrating cell mem-
branes to initiate genotoxicity at low doses while ROS generation may impart
indirect oxidative damage at higher doses. Lastly, a comprehensive systems
toxicology evaluation of GO versus rGO was conducted to evaluate the impact
of hydrophobicity on biological interactions in HepG2 cells [246]. Although
both graphene particles displayed similar toxicity endpoints (oxidative stress,
DNA damage, and cell death), an omics evaluation along with particle fate
analysis identified completely different mechanisms of action. Hydrophilic GO
experienced cell uptake, ROS generation via NADPH oxidase, and deregulation
of DNA repair and oxidative stress response genes. Signaling analysis revealed
TGEF-p as a key mediator of toxicological response. rGO, however, got adsorbed
to the plasma membrane, thereby generating ROS via direct interactions, acti-
vating viral and innate immune response via the Toll-like receptor 4—NF-xB
pathway.

Compared to inflammation- and ROS-focused research, very limited data using
in vitro models exist concerning those physicochemical properties, toxicokinetics
factors, and mechanisms associated with GNF particle genotoxicity. Based on
GNF’s ability to induce inflammation and ROS in exposed cells, indirect geno-
toxicity via oxidative DNA damage is a distinct possibility [244]; however, this
has not been systematically studied to date. A nanomaterial genotoxicity study
comparing numerous nanomaterials identified graphene as having comparable,
if not more potent, DNA fragmentation ability than other well-studied materials
in isolated fibroblast cells [247]. De Marzi et al. [248] compared nano-GO
(130 nm) to micrometer-sized (1320 nm) GO for DNA damage via comet assay
in lung (A549), intestine (Caco2), and kidney (Vero) cells. Nano-GO was more
potent at inducing DNA damage than its micrometer counterpart at 10 pg ml~".
At present, GNF’s ability to directly damage DNA and chromosome integrity
is virtually unknown. Two recent studies, however, raise this possibility. First,
exposure to r-GO nanoplatelets caused DNA fragmentation and chromosomal
aberrations in human MSCs (0.1-1pugml™) at doses far below that exhibited
ROS and cytotoxicity (1-100pgml=!) [8]. Next, a study investigating GO
particle’s therapeutic ability as a DNA cleavage agent found that GO sheets with
bound Cu?* were able to intercalate DNA, resulting in cleavage via hydrolytic
and oxidative mechanisms [219]. Other GO-bound metals (Ni**, Zn?*, Fe?*)
also displayed similar ability. Different metals exhibit different affinities for DNA,
with often drastic consequences for gene regulation [249]. Carbon nanoma-
terials, either through synthesis or through environmental release, can sorb
different metal ions. This study raises the possibility of direct DNA damage
via GNF particle exposure if the particles are successful in moving through the
cytoplasm and into the nucleus, especially during cell division. In summary,
the size, surface functionalization, platelet structure, and surface morphology
can impact direct or indirect genotoxicity (Figure 10.7), but more research is
warranted.
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Figure 10.7 Overview of the physicochemical properties of carbon nanotubes’ and
graphene nanomaterial family’s toxicodynamics and genotoxicity potential in target cells
and tissues.

10.2.6
Carbon Nanofibers and Other Particles

Given the wide application of ECNMs in various nanotechnological applications,
the types of novel ECNMs are expected to expand. In addition, based on the
physicochemical properties already identified as posing significant human and
environmental health hazards (e.g., pristine and long CNTs), novel second-
and third-generation “safe-by-design” ECNMs are already making their way into
production (e.g., biodegradable CNTs and coated CNTs). Screening each material
is impossible, but through systematic studies of how their physicochemical prop-
erties impact genotoxicity and promotion mechanisms, we can effectively screen
and prioritize new ECNMs for further in vivo testing. Recent work with CNFs
compared to CNTs and asbestos shows that this strategy has merit.

CNFs share similar synthesis routes as well as morphological and chemical
characteristics with MWCNTs. Their main difference is the orientation of
graphene within the fiber structure. CNFs possess graphene in a cupped or
stacked orientation, resulting in diameters of 40—200 nm and lengths similar to
those of CNTs [22]. Airborne CNFs are known to occur during manufacturing
[22, 250, 251].

10.2.6.1

In Vivo Studies

Murray et al. [252] evaluated the inflammatory and fibrotic potential of CNFs
compared to SWCNTs and asbestos. Particle agglomeration was found to impact
granuloma formation and collagen deposition. Well-dispersed CNF and asbestos
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fibers did not induce granulomas, while SWCNT agglomerates displayed gran-
ulomatous lesions. CNFs showed similar leukocyte recruitment as well as ROS
and inflammatory cytokine release compared to other HAR fibers. For all three
particle types, effective surface area and mass dose were better predictors of
adverse responses compared to other surface area metrics or particle count.

A 90-day inhalation exposure study was conducted on Showa Denko CNF
with 5.8 um mean length [253]. Rats exposed to 2.5 and 25mgm™ of the
material exhibited similar inflammatory responses to CNTs, while the lower dose
(0.54 mgm~3) exhibited minimal effect. No fibrosis was found, although fibers
persisted at 3 months post exposure, possibly due to deposited lung burden [22].

A 1-year study in mice [112] comparing CNFs to SWCNT and asbestos fibers
found no tumor formation. SWCNT exposure caused significant MN and nuclear
protrusions. CNF and asbestos exposure resulted in the strongest inflammation
response, while SWCN'T had the strongest fibrosis response. Increased frequency
of KRAS mutations was seen in both CNF- and SWCNT-exposed mice.

10.2.6.2

In Vitro Studies

A few in vitro studies have evaluated CNFs for their neoplastic transformation
potential. Darne et al. [254] conducted a short-term (7-day) in vitro neoplastic
transformation assessment with 11 carbon fibers of different length and from
different stages of production from polyacrylonitrile synthesis using SHE (Syrian
Hamster embryo) cells. Electron paramagnetic resonance (EPR) analysis revealed
no ROS formation. Subsequently, no morphological transformation compared
to chrysotile asbestos positive control was observed. The authors acknowledged
that short exposure duration and the high amount of protein serum (20%) in
the culture medium potentially contributed to the observed null effect. Large
quantities of protein potentially enlarged the protein corona, masked potential
carbon binding sites, and reduced toxicity or other stimulatory effects in the
exposed cells. A comparative study of CNFs versus SWCNTs and asbestos fibers
[255] found that CNF exposure caused greater cytotoxicity than SWCNTs in V79
fibroblasts, while asbestos fibers showed the greatest response. CNFs produced
the strongest genomic damage via DNA strand breaks, aneuploidy, and increased
micronucleus frequency compared to other fibers. ROS release from exposed
macrophages was strongest in CNF- and asbestos-exposed cells.

10.3
Future Challenges in Carbon Nanomaterial Carcinogenesis Risk Assessment

10.3.1
Exposure Characterization and Fate

Effective risk assessment depends on quantitatively measuring exposure concen-
trations and evaluating the dose—response in both acute and chronic exposure
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scenarios in appropriate physiological model systems. A large volume of research
has evaluated ECNMs’ toxicity in numerous systems, but comparatively, we
currently understand very little about exposure concentrations of ECNMs
throughout their life cycle (i.e., cradle to grave). The lack of robust analytical sam-
pling and sensitive quantitative detection technologies has proven a big hurdle to
assessing ECNMs in environments with large amounts of natural carbon.

The vast majority of ECNM in vitro and in vivo toxicity studies are single expo-
sures to achieve a modeled tissue burden. Although these models do provide use-
ful data, they do not reflect physiologically relevant exposures (i.e., chronic low to
moderate doses) expected either in the occupational or environmental settings.
Inhalation chambers for in vivo animal models do exist and tend to show larger
toxicological effects than equivalent dosing using traditional single-exposure dos-
ing [101]. They are, however, costly and time consuming and typically reserved for
either Tier II or Tier III screening [24].

Likewise, tracking of nonbiodegradable ECNMs in exposed tissues, their tox-
icokinetics, and ultimate fate over extended periods has proven labor intensive
in past studies. Recent examples using stable isotope or fluorescent labeling of
ECNMs have improved the ability to track their systemic fates in in vivo models
and have identified new target tissues that should be assessed for adverse out-
comes [e.g., 110].

10.3.2
Dosimetry

Researchers engaged in ECNM toxicity studies should first evaluate and justify
their use of the chosen dose or dose range based on physiologically and relevant
real-world exposure conditions. Past acute studies on ECNMs to measure their
dose—response tended to use unrealistic dose ranges that could not be extrapo-
lated to lower doses, which are 100- to 1000-fold lower. For example, noncytotoxic
doses of SWCNTs in a fibroblast in vitro model showed enhanced proliferation
and collagen deposition, which correlated well with the observed in vivo effects at
the same deposited mass per lung surface area [256].

Currently, the question of which dose metric to use is controversial, which has
resulted in a high volume of research. For ECNMs, elemental carbon mass, parti-
cle number, and effective surface area have all been proposed. An ideal dose metric
should be measurable during exposure (i.e., airborne particles), during deposition/
translocation, and at the site of biological effect [62]. Recently, the most useful
studies adequately characterized the deposition of ECNMs since this allowed the
calculation of the internal dose at the biological receptor [2, 257]. Understanding
the toxicokinetics and how they influence internal dose can greatly assist in char-
acterizing dose —response relationships for genotoxicity (or lack thereof), internal
cell target, signaling pathway activation, and effects on promotion and progression
in appropriate models.
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10.3.3
Model Choice

Review of the literature reveals that in vitro cell models first established from
cancer tissues (e.g., A549) are routinely used in ENM toxicity studies, pri-
marily due to their rapid and robust growth in the laboratory. Although some
information about acute toxicity of ENM exposure to these cells is useful, they
serve little purpose in ENM exposure-associated neoplastic transformation or
tumorigenesis studies. Some in vivo studies report no tumor formation following
exposure in murine models that have moderate to high resistance to tumori-
genesis. Both IARC and OECD have pre-validated in vitro cell transformation
and murine tumorigenesis models with historical data to support their use on a
wide variety of soluble and insoluble organic and metal xenobiotics [258, 259].
The Balb/3T3 and SHE cell lines are pre-validated models for morphological cell
transformation upon exposure to known carcinogens [259, 260]. Although these
mouse and hamster cell lines show good correlation with their murine in vivo
model counterparts, they are not human cells. Thus, appropriate human-derived
cell lines with a stable genotype should also be used for genotoxicity and early
carcinogenic events (i.e., initiation and promotion) to provide adequate screening
ability for numerous ENMs. These human cells must be carefully chosen based
on the suspected ECNM exposure route, tissue dose, toxicokinetics, and eventual
fate within the body [259]. With the advent, incorporation and mainstream use
of genome signature profiling and Next Gen sequencing, cell models should
represent a healthy phenotype (statistically) to act as an appropriate reference.
As confirmed human exposure cases are reported, these models may become
refined. It is important to note, however, that few of these models have been
used in ENM neoplastic transformation or in vivo initiation/promotion studies.
Future efforts should be directed toward evaluating how these established models
perform in assessing unknown ENM carcinogenic effect with positive control
particles (e.g., asbestos) as a measure of effect.

Great advancements have occurred in in vitro cell models, with monoculture
cell models being quickly phased out as the primary test system. Co-culture
with multiple cell types, advancements in immortalization procedures and new
cell models, 3D spheroids, 3D tissue sections, microfluidic organ-on-a-chip,
numerous extracellular matrix options, and air-liquid interface (ALI) systems
are showing great promise in helping to bridge the gap between in vitro and
in vivo exposure/effect model systems [261, 262]. These models are fairly new
and relatively untested in assessing carcinogenesis-associated effects. Recent
studies have highlighted that multicellular in vitro systems are better predictors
of in vivo effects than a monoculture alone [263] and hold great promise in the
near future. Careful design of these multicellular systems, however, needs to be
effected to mimic physiological response. For example, several 3D or ALI system
with A549 cells and other immune or fibroblast cell lines were employed to assess
ECNM toxicity with little ROS, inflammation, or cytotoxic effect, possibly due
to the cancer cells’ ability to tolerate ECNMs [264, 265]. Use of more sensitive,
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noncancerous airway epithelial cells, with underlying fibroblasts, would greatly
add value to 3D culture and act as a bridge model between in vitro and in
vivo studies. Future applications of these “bridge models” may have a distinct
advantage in that they could be used to (i) predict the in vivo effect, (ii) study
toxicokinetics in an appropriate 4D system, (iii) isolate and study specific cells via
flow cytometry to assist in classifying and characterizing novel mechanisms of
tumorigenesis, and (iv) reduce the time and energy needed for in vivo models.

103.4
Systematic Evaluation of Genotoxicity

Many acute exposure studies, both in vitro and in vivo, have focused on cytotox-
icity and inflammation as major endpoints. The amount of studies focusing on
genotoxicity palls in comparison, potentially because of the amount of conflicting
results. In order to screen and identify novel ENMs for their carcinogenic poten-
tial, a systematic evaluation of numerous ENMs with different physicochemical
properties with appropriate exposure models would be necessary, thereby
advancing the field dramatically. Pilot studies and examples of such approaches
do exist. For example, Watson et al. [266] designed a high-throughput comet chip
assay to screen numerous ENMs. Development and validation of genotoxicity in
vitro and in vivo assays for ECNMs and other ENMs is currently a major need in
the ENM risk assessment framework (see below).

Novel approaches to investigate genotoxicity continue to advance and should
be evaluated and potentially implemented into the ECNM toxicity screening
framework. Along with the aforementioned high-throughput comet chip assay,
genotoxicity studies on single cells, grown in either 2D or 3D formats, can
identify and quantify single-cell genotoxicity via DNA fragmentation for use in
high-throughput screening of different nanomaterials [248]. This technique could
also be used on collected tissues from in vivo exposures by labeling a cell with a
specific marker of DNA damage and performing single-cell sampling. Single-cell
high-throughput polymerase chain reaction (PCR) analysis can further examine
the translational impacts of potential DNA damage. Next-generation sequencing
may serve as the next high-throughput genotoxicity assay for robust mutation
risk assessment. Such strategies, with appropriately designed methods to capture
somatic mutations, would capture numerous mutation events, thus potentially
removing the use of DNA damage markers and extrapolation from animal models
to assess human impact [267].

10.3.5
Role of ROS and Inflammation

Given the long history of transient and/or persistent inflammation and ROS
generation following particle exposure, they can be considered strong and robust
responses and should not be ignored when evaluating ENMs. Nanomaterials
inherently possess high surface-to-volume ratios and particle number per unit
mass. Prolonged inflammation and ROS generation can overwhelm DNA repair
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mechanisms, leading to inheritance of damaged DNA, genetic instability, and
possible promotion of tumorigenesis [268]. In addition, the immune system plays
key roles in the promotion and progression of tumorigenesis. With the recent
evidence that numerous ENMs (i) elicit DNA damage at doses below known
thresholds for induction of inflammation, (ii) possess high reactivity compared
to bulk counterparts, and (iii) exhibit potentially different toxicokinetics and fate
in exposed tissues than bulk counterparts, future research efforts should evaluate
dose—response studies to identify genotoxic, ROS generation, and inflammation
thresholds in relation to tumorigenesis thresholds. Systematic studies using
several ENMs with different physicochemical properties would provide data for
structure/activity models for these three major processes associated with tumori-
genesis. These efforts would also evaluate how the immune system responds to
(fight or promote) ENM-associated tumorigenesis.

10.4
Assessment of ECNM-Induced Genotoxicity and Carcinogenesis

10.4.1
Recommendations for Screening ENMs for Carcinogenic Potential

1) Characterize, characterize, characterize. A majority of conflicting data in
genotoxicity, acute toxicity, and tumorigenesis is largely associated with
inadequate physicochemical characterization. Such data is imperative to
developing QSAR-like models for ENMs, given the rapid and expansive
pace of nanotechnology development.

2) Consider exposure routes and suspected long-term exposure scenario
(dose). Although somewhat useful as an exploratory, preliminary screen,
injections of ENMs into body cavities, usually at high doses, may elicit false
positives (e.g., overload) and do not incorporate the toxicokinetics and
potential physicochemical changes that an ENM may experience during its
uptake and internal distribution routes.

3) Adopt established or fully reported sample preparation and exposure
methods.

4) Adequately justify the chosen exposure doses and characterize dosimetry.
ENMs behave differently in air, liquid, or tissue. With robust characteri-
zation, the ability to model toxicokinetics and eventual internal dose is of
utmost importance. Report the mass, surface area, and particle number.
Avoid particle overload since this is more likely at lower mass dose due
to the particles’ high surface areas [269, 200—300cm? in rats]. In vitro
studies must justify the chosen doses and relate to iz vivo animal model and
expected or known human exposure levels.

5) Evaluate toxicokinetics (i.e., agglomeration, dispersion, and stability) of
ENMs both during exposure and once internalized within exposed tissues.

6) Genotoxicity testing should be performed on low-passage, genotypically
stable (i.e., p53 status) cell lines that possess low background DNA damage.



10)

11)

12)

13)

14)

10.4 Assessment of ECNM-Induced Genotoxicity and Carcinogenesis

Use appropriate nontumorigenic models with either a stable genotype or
gene knockdown (p53 +/—) to assess their predisposition for tumorigenesis.
In vitro cell models from cancers or those sensitive to spontaneous trans-
formation are inappropriate (unless justifiable) for carcinogenesis screening
studies.

Use two or more genotoxicity tests that cover multiple forms of chromo-
some/DNA damage.

Use multiple particles to assess physicochemical properties, including the
source unadulterated or underivatized material to provide structure/activity
relationship information.

Use literature-established positive control ENMs or ultrafine particles.
Well-characterized/studied UFCB, TiO,, or crystalline silica may serve
as a positive control for spherical metal/metal oxide particles. Mitsui #7
MWCNT and/or crocidolite asbestos are excellent choices for fibrous HAR
ENMs. This is critical for control banding and tiered assessment approaches.
Use multiple doses to identify thresholds (NOEC, LOEC, maximum
response); this is required for adequate risk assessment.

Use multiple cancer cell phenotype assays at different time points during
exposure to characterize the rate of initiation, promotion, and progression
of ENM-associated carcinogenesis.

Improve upon, assess, and validate multicellular and multidimensional in
vitro models, CSCs, co-culture, spheroids, 3D tumor microenvironments;
refine toxicological strategies; and reduce number of animals used to eval-
uate long-term health risks. When available, compare and contrast in vitro
neoplastic transformation with iz vivo tumorigenesis models. Integration of
genotoxicity, cancer cell behavior, and toxicogenomics data from in vitro or
3D tissue transformation studies could one day assist in predicting in vivo
carcinogenesis.

Evaluate the effects and mechanisms that support the tumor microenvi-
ronment. No ECNM has yet been shown as a complete carcinogen (i.e.,
initiation, promotion, and progression). A growing body of evidence exists,
however, suggesting that carbon ENMs promote or help progress carcino-
genesis through either direct interaction with genetically damaged cells
(i.e., MWCNTs and UFCB) or indirectly by enhancing the tumor microen-
vironment (i.e., immunosuppression, extracellular matrix remodeling).
Nanotechnology continues to develop at a rapid pace, and carcinogen-
esis risk research should keep pace with this new development. A small
subpopulation of workers is expected to come into contact with raw
ECNMs. A majority of ECNM exposures to humans are more likely to occur
downstream during ECNM incorporation into composites, product use,
and eventual disposal. At present, exposure and toxicological assessment
of ECNMs and other ENMs are switching toward life cycle assessment.
In addition, second- and third-generation ECNMs continue to enter nan-
otechnological applications, with improved technology and safe-by-design
strategies. Understanding how physicochemical properties of ECNMs
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change throughout their life cycle will be imperative to the successful
development of safe/prevention-by-design nanotechnologies.

10.4.2
Systematic Screening Paradigm and Workflow for ENM Carcinogenicity Risk Assessment

No documented case of ECNM-exposure-associated tumorigenesis exists. Nev-
ertheless, it is clear that certain physicochemical properties of ECNMs elevate the
risks for long-term health impacts and disease, including cancer. Recently, work-
ing groups in both the US and EU have proposed strategies to effectively screen
ENMs, including ECNMs. Categorization strategies, based on (i) hazard exposure,
(if) ENM’s physicochemical properties, and (iii) data from suitable and validated
alternative testing strategies (ATS) would aid regulators and industry to prioritize
ENMs in qualitative control banding and more quantitative tiered rankings for
further costly time- and resource-consuming testing [24, 270—272]. ATS is a pro-
posed approach to perform systematic high-throughput testing on a large number
of untested chemicals (e.g., EPA ToxCast) to provide large amounts of data. It relies
heavily on numerous in vitro assays based on toxicological mechanisms and path-
ways in an attempt to reduce and refine animal model use. Although the acquired
ATS data can be used for understanding ENMs’ structure—activity relationships
and categorizing the risks, (i) the complexity of in vivo systems is lost for assessing
both ENM toxicokinetics and dynamics, (ii) time-dependent analysis of disease
progression is difficult to perform, (iii) issues exist regarding correct and relevant
dosimetry, and (iv) it is necessary to design and implement multifactorial statisti-
cal procedures for adequate prediction of in vivo response, all of which are major
obstacles [24]. Toxicogenomics and in silico and systems-biology approaches
may allow researchers to overcome these faults. Genome signature profiling has
uncovered numerous potentially relevant modes of action for numerous ENMs in
both in vitro and in vivo [90, 145, 273, 274]. Comparative genomic and proteomic
studies using multicellular in vitro tissue culture with in vivo models hold promise
as a useful tool in toxicity testing in the near future. Tiered screening approaches
using identification of hazard exposures, in vitro testing, ATS testing, and 90-day
in vivo inhalation studies provide avenues to overcome the need to quickly screen
and prioritize carbon and other ENMs for chronic disease risk.

Current screening assays for genotoxicity include the Ames test, comet assay,
micronucleus assay during cytokinesis block, chromosome aberration, HPRT
mutation assay, y-H2AX expression, 8-hydroxyeoxyguanosine DNA adducts, and
so on [275]. Numerous studies have used the comet assay to screen ENMs with
conflicting results [276, 277], largely due to the differences in particle preparation,
size, crystal structure, and the tested cell types [278]. Based on the great need for
systematic genotoxicity assessment of numerous novel ENMs, the comet assay,
micronucleus assay, y-H2AX expression, and 8-hydroxydeoxyguanosine adduct
assays provide rapid, high-throughput assay options to capture clastogenic,
aneuploidy, and ROS-associated damage of chromosomes. For assessing direct
DNA damage across numerous materials, the micronucleus assay has a clear
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advantage since it can distinguish between clastogenic and aneuploid damage
(with kinetochore staining), and is successfully being implemented in recent
high-content/high-throughput imaging platforms. The remaining established
assays are usually labor intensive and time consuming, but remain useful in
further detailed studies of ENM genotoxicity. 8-Hydroxydeoxyguanosine is
typically assayed as a DNA oxidation byproduct, but high baseline levels and
nonspecific fluorophore binding are often encountered, resulting in conflicting
reports. Even with these shortcomings, there is large evidence showing increased
oxidative DNA damage following oral and pulmonary exposure to ECNMs,
supported by in vitro comet assays [279]. Although these test results are generally
accepted, shortcomings in studies still make it difficult to rank either ENMs or
their physicochemical properties into meaningful risk groups. Like most assays,
with ENMs present in the sample, proper controls with only ENM and no tissue
should be used since numerous ENMs have been shown to interact with DNA
once other cell structures have been removed (e.g., comet assay) [276]. Secondary
tests, in addition to the primary test, should be used to adequately characterize
genotoxicity across numerous particles. Nevertheless, current genotoxicity tests
provide a sensitive and rapid method to systematically assess ENMs with different
physicochemical properties for carcinogenesis initiation risk.

A recent OECD publication reviewed ENM genotoxicity testing strategies that
are applicable for ECNMs also [280]. At present, no set guidelines are available
for ENM testing. Current hurdles to achieving an effective testing strategy
include a robust and adequate testing regime as well as questions as to whether
single or a combination of tests should be used and whether certain classes of
ENM (like ECNMs) should warrant the development of their own unique set
of protocols. At present, a combined testing strategy appears to give adequate
genotoxicity characterization in vitro [281]. The micronucleus assay (OECD
TG 487), using cytochasmin B in the absence of ENM, 24-h ENM exposure,
physiologically relevant protein serum levels, and p53-stable cell lines, was cited
as a preferable assay at present. The comet assay can characterize both aneugenic
and clastogenic DNA damage. The mammalian mutation assay (OECD TG 476)
should be used instead of the Ames test since bacteria display strikingly different
ENM toxicokinetics.

In vitro testing serves as an appropriate screening strategy, but may not pre-
dict in vivo effects since several reports show little in vivo toxicity although the in
vitro tests were positive [280]. Toxicokinetics, clearance mechanisms, and inher-
ent variability within an ENM particle class are usually confounding factors that
must be characterized, thus dictating that genotoxicity endpoints must be a part
of a Tier II short-term in vivo toxicity testing strategies. As such, improvements
are needed in cell/tissue uptake assessment to identify appropriate dose metrics,
low-dose effects, and dispersant effects. Researchers should understand exposure
scenarios and base their in vitro/in vivo exposures (dose and time) to adequately
model potential genotoxicity.
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10.5
Concluding Remarks

Accumulated in vivo and in vitro studies have suggested genotoxicity and
carcinogenetic effects of ECNMs, with UFCB and MWCNTs showing human
carcinogenic potential, while, currently, an overall understanding of this is lack-
ing. Full characterization of an ECNM’s properties appears to lend critical data
to understand what drives genotoxicity and promotion. Technological advances
in characterizing nanomaterials will help assess their exposure and their fate in
the workplace and environment, as well as identify nanomaterials in biological
tissues following exposure. Systematic strategies to assess genotoxicity and
malignant transformation exist and await incorporation into screening and tiered
assessment frameworks. Equal attention should be paid to both genotoxic and
non-genotoxic ECNMs since some materials may solely promote or help progress
carcinogenesis. As our understanding of carcinogenesis expands (e.g., CSCs,
tumor microenvironment), the validation and incorporation of new screening and
assay techniques into a comparative model framework can potentially improve
cancer risk and keep pace with oncology research and clinical advancements. As
the spectrum of ECNMs expands and ECNM-enabled technology use becomes
widespread with second- and third-generation materials, the development for
rapid and robust assessment for long-term occupational and public health risks
is a pressing need. By considering the above recent advancements, it is clear that
a multidisciplinary and translational approach must be developed and utilized
to improve and mainstream “prevention-by-design” strategies to reduce their
carcinogenic potential and safeguard beneficial ECNM nanotechnologies. It
is imperative that stakeholders form a consensus on appropriate frameworks
to assess the risk and develop ECNM technologies that balance technological
benefit and “prevention-by-design” considerations.
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