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Abstract

Nanotechnology is an emerging industry based on commercialization of materials with one or
more dimensions of 100 nm or less. Engineered nanomaterials are currently incorporated into thin
films, porous materials, liquid suspensions, or filler/matrix nanocomposites with future
applications predicted in energy and catalysis, microelectronics, environmental sensing and
remediation, and nanomedicine. Carbon nanotubes are one-dimensional fibrous nanomaterials that
physically resemble asbestos fibers. Toxicologic studies in rodents demonstrated that some types
of carbon nanotubes can induce mesothelioma, and the World Health Organization evaluated long,
rigid multiwall carbon nanotubes as possibly carcinogenic for humans in 2014. This review
summarizes key physicochemical similarities and differences between asbestos fibers and carbon
nanotubes. The “fiber pathogenicity paradigm” has been extended to include carbon nanotubes as
well as other high-aspect-ratio fibrous nanomaterials including metallic nanowires. This paradigm
identifies width, length, and biopersistence of high-aspect-ratio fibrous nanomaterials as critical
determinants of lung disease, including mesothelioma, following inhalation. Based on recent
theoretical modeling studies, a fourth factor, mechanical bending stiffness, will be considered as
predictive of potential carcinogenicity. Novel three-dimensional lung tissue platforms provide an
opportunity for in vitro screening of a wide range of high aspect ratio fibrous nanomaterials for
potential lung toxicity prior to commercialization.
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1. Overview of nanotechnology and commercialization of carbon nanotubes

Nanotechnology has been described as “the next Industrial Revolution” that exploits
engineering of matter at the nanoscale, defined as 100 nm or less in one or more dimensions
(Hood, 2004). This new technology was envisioned by the physicist Richard Feynman in a
lecture delivered in 1959 that challenged scientists to control matter at close to atomic scales
to produce materials with unique physical, chemical, and electrical properties (Feynman,
1961). Government investments in this emerging industry, supported by the National
Nanotechnology Initiative (NNI) in the United States beginning in 2000, as well as basic
research funded by the National Science Foundation and industry (Hood, 2004), drove this
emerging technology forward resulting in successful commercialization of engineered
nanomaterials with ~300 nanoproducts marketed in 2006 (Maynard et al. 2006). However,
even during the early stages of this emerging industry, environmental activists in Canada
proposed a moratorium on nanotechnology in 2002 until potential health risks of engineered
nanomaterials could be determined. Nanotechnologists also urged that this emerging
industry consider potential environmental and safety impacts before nanoproducts are
widely commercialized (Colvin, 2003). Toxicologists began to identify potential adverse
health impacts of these emerging materials as described in a widely-cited review by
Oberdorster et al. in 2005. Leaders in nanotechnology and nanotoxicology clearly articulated
the need for systematic research on the risks, as well as the benefits, of nanotechnology and
proposed five grand challenges for development of safe nanotechnology (Maynard et al.,
2006). The Woodrow Wilson International Center for Scholars developed an inventory of
commercial nano-enabled products; the most recent consumer products inventory lists 622
companies world-wide producing 1,814 products mostly based on metals (especially silver,
titanium, zinc, and gold) and metal oxides followed by carbon-based and silicon-based
materials (Vance et al., 2015). National and international consortia of researchers, industry
leaders, government agencies, and consumer groups are how working together to develop
approaches for assessing potential environmental and health risks of engineered
nanomaterials (Olson and Gurian, 2012; Nel et al., 2013, Arts et al., 2014). Meanwhile,
3,400 nano-enabled consumer products are projected by 2020 (Woodrow Wilson Center,
2012) and Mulvaney and Weiss (2016) estimate that the nanotechnology industry will have a
commercial value of $75 billion. Nanoscientists predict future growth especially in
microelectronics, energy and catalysis, CO, capture, consumer products, and hanomedicine
(Kagan et al., 2016).

Carbon nanotubes are one example of the success of nanotechnology beginning with
discovery and industrial synthesis near the end of the 20™ century, leading to current large-
scale production at a price of $200/kg (Mulvaney and Weiss, 2016). Global output has been
projected to increase, with major applications in composite materials, thin coatings and
films, microelectronics, energy storage, environmental remediation, and hanomedicine
(Zhang et al. 2013; Vance et al. 2013; Sajid et al., 2016). In parallel with these
developments, in 2004 the Royal Society and Royal Academy of Engineering recognized the
physical similarities between carbon nanotubes and asbestos fibers and potential for human
health risks (RS/RAE, 2004). Researchers also reflected on these concerns (Warheit, 2006;
Muller et al., 2006; Kane and Hurt, 2008; Kostarelos, 2008; Parcurari et al., 2010).
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Toxicologic studies in rodents demonstrated that direct injection of multiwall carbon
nanotubes induced mesothelioma (Sakamoto et al., 2009; Takagi et al., 2008; 2012) leading
to the World Health Organization evaluation of long, rigid multiwall carbon nanotubes as
possibly carcinogenic to humans (International Agency for Research on Cancer, IARC
Group 2B; Grosse et al., 2014). The Mechanisms Subgroup for this IARC Working Group
recently evaluated mechanistic evidence for potential carcinogenicity of carbon nanotubes
and emphasized the importance of systematic investigation of physiochemical properties of
the wide range of carbon nanotubes relevant for carcinogenicity (Kuempel et al., 2017). This
paper summarizes key physicochemical similarities and differences between asbestos fibers
and carbon nanotubes. The “fiber pathogenicity paradigm” (Donaldson et al., 2011)
identified width, length, and biopersistence of natural and man-made fibers as critical
determinants of lung disease following inhalation. In applying this paradigm to carbon
nanotubes, as well as to other one dimensional fibrous nanomaterials, a fourth factor,
mechanical bending stiffness, will be considered as predictive of pathogenicity and
carcinogenicity.

2. Occupational exposure to carbon nanotubes

Carbon nanotubes are synthesized commercially by chemical vapor deposition (CVD), arc
discharge, or laser ablation. The most widely-used method is CVD with decomposition of a
carbon-containing organic vapor catalyzed by transition metals (Zhang et al., 2013). During
the manufacturing and processing steps, carbon nanotubes can be released as dry powders
(Maynard et al., 2004; Donaldson et al., 2006; Tantra & Cumpson, 2007). Inhalation
exposure of workers is a major concern and the National Institute of Occupational Safety
and Health (NIOSH) in the United States has proposed a recommended exposure limit of 1
pg/m3 (Dahm et al., 2015). Occupational exposure during subsequent stages in the product
life cycle is also an emerging concern (Mitrano et al., 2015; Guseva Canu et al., 2016). For
both carbon nanotube composites and ashestos-containing materials, high-temperature
thermal incineration has been proposed to destroy the fibrous structures; however, potential
toxicity of the released particles has not been thoroughly investigated (Wang et al., 2017).
Occupational safety and health professionals advocate for establishment of timelines for
investigation of key major areas including metrology, toxicology, exposure and risk
assessment, risk management, and medical surveillance including epidemiology studies of
workers (Schulte et al., 2014). NIOSH has initiated industry site visits to provide guidance
on engineering controls and recommendations for personal protective equipment (Dahm et
al., 2015). Their initial focus is on worker protection in the emerging nanotechnology
industry in cooperation with business leaders, government, regulatory agencies, and
consumers (Schulte et al., 2014; Liou et al, 2015). The ultimate goal is commercialization of
nanomaterials in parallel with consideration of potential human health hazards and risk to
avoid repeating the history of ashestos-related diseases (Sanchez et al., 2009).
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Regulated forms of asbestos refer to fibrous silicate minerals belonging to one of two
classes: serpentines represented by chrysotile asbestos and amphiboles that include
crocidolite, tremolite, amosite, actinolite, and anthophyllite. All regulated asbestos fibers
have been classified as known human carcinogens (group 1) by IARC (volume 100C, 2012).
Other fibrous materials including erionite and the non-commercial amphibole, fluoro-edenite
are also classified as human carcinogens by IARC (2012 and Grosse et al., 2014). Other
naturally-occurring fibrous silicates, including wollastonite, sepiolite, and talc not containing
asbestiform fibers are not classifiable as to carcinogenicity to humans (Group 3; IARC,
1997). Man-made or synthetic vitreous fibers have been developed as substitutes for
asbestos fibers including insulation fiber glass, glass wool, rock wool, and slag wool. These
were designed to be less biopersistent than asbestos fibers, similar to wollastonite, and are
also not classified as human carcinogens (IARC, 2002). A recent review of the toxicological
and epidemiological evidence has confirmed that commercialization of wollastonite has not
resulted in lung toxicity to workers (Maxim et al., 2014). Boffeta et al. (2014) also
confirmed that manufacturing of synthetic vitreous fibers has not increased risk of
mesothelioma in workers. Lippmann (2014) comprehensively reviewed evidence for lung
toxicity of asbestos and erionite fibers, wollastonite, and synthetic vitreous fibers and
concluded that fiber dimensions and biopersistence are key determinants of pathogenicity in
support of the fiber pathogenicity paradigm (Donaldson et al., 2011).

The importance of biopersistence of particles or fibers following inhalation in the lungs
originated from investigations of toxicity of ultrafine particles defined as <100 nm in
diameter (see Oberdorster et al., 2007 for an historical perspective). Several experimental
studies demonstrated a correlation between retention of ultrafine particles in the lungs,
particle biopersistence, and inflammation (Oberddrster et al., 1994). Oxidative stress
emerged as an important mechanism for injury and inflammation induced by asbestos fibers
(Mossman and Landesman, 1983) that was extended to ultrafine particles (Donaldson et al.,
1996) and ultimately to engineered nanoparticles (Oberddrster et al., 2005; Nel at al., 2006).
With the development of less toxic man-made mineral fibers, also called synthetic vitreous
fibers, a link between impaired clearance of long fibers, biopersistence, and lung toxicity
was established and formed the basis for the fiber pathogenicity paradigm (Oberddrster et
al., 2007). This paradigm was extended to include high-aspect-ratio nanomaterials (HARNS)
including carbon nanotubes (Sanchez et al., 2009), nanowires, and nanorods regardless of
the chemical composition (Donaldson et al., 2011).

In this review, the abbreviation HARNSs will be used to refer to all naturally-occurring fibers
with at least one dimension <100 nm (including asbestos) as well as one dimensional or
fibrous nanomaterials classified as engineered HARNS (Tables 1 and 2). However, are all
HARNSs that conform to the fiber paradigm as toxic as asbestos fibers? Most studies have
investigated carbon nanotubes and there are both similarities and differences in their
physical and chemical properties (Table 3, Fubini et al., 2011; Donaldson et al., 2013). For
example, single and multiwall carbon nanotubes can be long (up to 50-100 pm) and thin
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(0.4-200 nm in diameter; Bussy et al. 2013). Some types of carbon nanotubes that are long
and rigid similar to asbestos fibers induce incomplete or frustrated phagocytosis by
macrophages that impairs clearance from the lungs or pleural space and induces persistent
inflammation (Poland et al., 2008; Donaldson et al., 2010b). Titanium dioxide nanorods also
showed similar biological activity in alveolar macrophages (Hamilton et al., 2009). Metallic
nanowires can be longer than asbestos fibers and carbon nanotubes and also impair
phagocytosis and clearance from the pleural space (Schinwald et al., 2012). HARNSs, both
naturally-occurring asbestos fibers and engineered carbon nanotubes, have been compared
with respect to potential carcinogenicity, especially induction of malignant mesothelioma
following translocation to the pleura (Jaurand et al., 2009; Nagai and Toyokuni, 2010;
Luanpitpong, 2016). Donaldson et al. (2011a) consider the pleural mesothelium as a “unique
target for fibers including HARNSs.” Although the route of translocation of HARNS from the
lungs to the pleura is unknown, long, thin, biopersistent fibers are hypothesized to reach the
pleural space, impair clearance through lymphatic stomata on the parietal pleura, and induce
frustrated phagocytosis, oxidant production, and persistent inflammation leading to
malignant mesothelioma (Figure 1; Donaldson et al., 2010). However, a closer examination
of the properties of ashestos fibers and carbon nanotubes linked to the fiber pathogenicity
paradigm reveals important differences (Table 3). For example, amphibole asbestos fibers
are highly biopersistent while chrysotile fibers slowly leach surface Mg?* ions in the lungs
and split into smaller, thinner fibrils. Multiwall carbon nanotubes are also biopersistent;
however, single wall carbon nanotubes, especially chemically functionalized varieties, can
be degraded by peroxidases (Kotchey et al., 2013) or H,O5 at low pH (Liu et al., 2010).
Naturally-occurring and engineered HARNS also differ in crystallinity, surface charge, and
hydrophilicity/hydrophobicity: amphibole asbestos fibers have a positive surface charge,
while chrysotile asbestos and carbon nanotubes typically have a negative charge unless
specifically functionalized after synthesis. Pristine carbon nanotubes are hydrophobic, while
asbestos fibers are hydrophilic. Carbon nanotubes have higher tensile strength than asbestos
fibers (Virta, 2002; Bussy et al., 2013). Direct or indirect generation of reactive oxygen
species (ROS) by asbestos particles or engineered nanoparticles with high surface area is a
key mechanism linked to genotoxicity (Fubini et al., 2010); however, asbestos fibers and
carbon nanotubes show important differences. Both amphibole asbestos and chrysotile
directly catalyze generation of ROS (Fubini et al., 2011) in contrast to purified carbon
nanotubes that may scavenge ROS (Fenoglio et al., 2006; Nymark et al., 2014). Asbestos
fibers may contain redox-active iron, either in the crystal lattice or as substituted ions that
are active in the iron-catalyzed Fenton reaction. Transition metal catalysts including iron or
nickel may be presented in unpurified carbon nanotubes and participate in this reaction (Guo
et al., 2007). Removal of metal catalyst residues from carbon nanotubes decreases the metal
bioavailability (Liu et al., 2007; 2008).

As manufactured nanomaterials, carbon nanotubes are highly diverse depending on the
producer, intended applications, post-production processing and functionalization, and even
batch-to-batch variability (reviewed in Kuempel et al., 2017). In addition, the
hydrophobicity of pristine, unfunctionalized carbon nanotubes (Table 3) impairs dispersion
in biological media promoting their agglomeration into rope-like structures or tangled
clumps. These agglomerated clumps, even after delivery by aerosolization rather than
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intratracheal instillation or oropharyngeal aspiration (reviewed by Warheit et al., in press),
form discrete multifocal granulomas containing aggregates of macrophages and fibroblasts
(see Ma-Hock et al., 2009 for a well-designed 90-day inhalation study in rats). These carbon
nanotubes persisted in the lungs after 90 days but were also detected in mediastinal lymph
nodes. If carbon nanotubes are better dispersed prior to instillation into the lungs, they are
more potent in inducing lung inflammation and fibrosis (Wang et al., 2011). Individual
carbon nanotubes may be released gradually from agglomerates in the lungs over time and
translocate to the lung interstitium, pleura, and regional lymph nodes as described by Mercer
et al. (2013a). These investigators found that well-aerosolized single wall carbon nanotubes
(Shvedova et al., 2014) or multiwall carbon nanotubes delivered by inhalation (Mercer et al.,
2013b) induced persistent inflammation, enhanced delivery of dispersed carbon nanotubes to
the lung interstitium, and increased fibrosis up to one year post-exposure in mice.

Additional variables in the properties of carbon nanotubes complicate interpretation of
toxicity testing and prediction of potential carcinogenicity (Kuempel et al., 2017). Different
samples show a wide range in dimensions, especially in length that is important for
successful uptake or phagocytosis by macrophages. Single and multiwall carbon nanotubes
have different diameters and flexibilities: very thin nanotubes are more likely to form
tangled agglomerates than thicker, more rigid multiwall nanotubes. Depending on the
production conditions and post-processing, carbon nanotubes may have defects in the
hexagonal carbon framework or be chemically functionalized by addition of charged groups
to increase hydrophilicity, especially for biomedical applications. Finally, as discussed
above, bioavailability of metal catalyst residues may contribute to redox activity (Fubini et
al., 2011). These variables have resulted in conflicting evidence for carcinogenicity of
carbon nanotubes in rodent assays as summarized next.

4. Carcinogenicity of carbon nanotubes

The International Agency for Research on cancer regularly convenes international experts in
occupational health, epidemiology, and toxicology to evaluate potential carcinogenicity of
chemicals, physical agents, drugs, and occupational exposures. On the basis of
epidemiological evidence in humans, carcinogenicity assays in experimental animals, and
other mechanistic data, these agents or exposures are classified into four groups: group 1 —
carcinogenic to humans, group 2A — probably carcinogenic to humans, group 2B — possibly
carcinogenic to humans, group 3 — not classifiable as to carcinogenicity in humans, and
group 4 — probably not carcinogenic to humans (IARC, 2006). A working group was
convened in 2014 and in the absence of any epidemiological data for humans, attempted to
classify carbon nanotubes. Due to heterogeneity in the types of carbon nanotubes evaluated
in experimental studies and mechanistic data gaps regarding their potential carcinogenicity,
only one type of carbon nanotube, {a commercial product described in the report as
“MWCNT-7"}, was classified in group 2B while other types of multiwall and single wall
carbon nanotubes were classified as group 3 (Grosse et al., 2014). This classification was
based on rodent carcinogenicity studies using MWCNT-7 samples, which are long, large-
diameter, rigid multiwall tubes delivered by intraperitoneal (Takagi et al., 2008; Nagai et al.,
2011) or intrascrotal injection (Sakamoto et al., 2009) to induce malignant mesothelioma.
Another rat peritoneal assay tested different samples of multiwall carbon nanotubes (~ 11
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nm in diameter and 0.7 um in length) with different levels of structural defects (Muller et al.,
2009). These very short, thin, tangled carbon nanotubes did not induce a significant increase
in mesotheliomas. After the IARC evaluation, Rittinghausen et al. (2014) published a more
extensive rat peritoneal assay with similar results: long, rigid multiwall carbon nanotubes
were more potent than thinner, flexible or curved carbon nanotubes in inducing
mesothelioma. These experimental studies using bolus delivery of carbon nanotubes to the
peritoneum were confirmed by transtracheal intrapulmonary spraying in rats. Xu et al.
(2014) showed that longer, rigid multiwall carbon nanotubes (~150 nm in diameter, ~8 um in
length) translocated to the parietal pleura and induced inflammation, fibrosis, and focal
mesothelial cell proliferation to a greater extent than shorter, thinner agglomerates (~15 nm
in diameter, 3 um in length). Suzui et al. (2016) used the same exposure protocol and long,
rigid multiwall carbon nanotubes (30-100 nm in diameter, 1-20 um in length with < 0.05%
iron content) similar in dimensions to MWCNT-7. After more than 100 weeks,
mesotheliomas were induced in the pleural and pericardial linings as well as lung adenomas
and carcinomas. A chronic inhalation assay in rats using MWCNT-7 induced lung adenomas
and carcinomas at doses of 0.2 and 2 mg/m?3 but no mesotheliomas (Kasai et al., 2016).
Focal fibrosis and mesothelial cell proliferation were observed in the parietal pleura and
single long, rigid carbon nanotubes were recovered following pleural lavage. These authors
conclude that the number of nanotubes (~103 in the pleural lavage following exposure to 2
mg/m3) was not high enough to induce mesothelioma.

Overall, although there are a limited number of studies using inhalation to assess
carcinogenicity of carbon nanotubes, these results confirm bolus delivery studies and
provide support for the fiber pathogenicity paradigm (Donaldson et al., 2013).

There are, however, significant data gaps in our current understanding of mechanisms of
carcinogenicity of asbestos fibers (Figure 1) as well as engineered HARNSs. Given the
significant physicochemical differences between carbon nanotubes and asbestos fibers
(Table 3), heterogeneity in commercially-produced carbon nanotubes, and diversity of
emerging classes of HARNSs (Table 2), these data gaps must be addressed. There are also
inconsistent results between carcinogenicity and genotoxicity assays noted by the IARC
Working Group in 2014. For example, according to the fiber pathogenicity paradigm, long,
biopersistent HARNSs are more likely to induced frustrated phagocytosis, impaired clearance
from the lungs and pleura, and persistent inflammation that are key events in lung
carcinogenicity (Donaldson et al., 2013). However, in genotoxicity assays short multiwall
carbon nanotubes (< 1 um in length) can induce DNA damage (reviewed in Kuempel et al.,
2017). The members of the mechanisms subgroup expressed different opinions regarding the
strength of the mechanistic evidence in their overall evaluation, but they did agree on the
following future research needs:

a. validation of /n7 vitro cellular toxicity studies that incorporate new technologies
and “omics” assays.

b. investigation of preneoplastic endpoints in animal studies, including definitions
of hyperplastic and neoplastic lesions in animals in comparison with human lung
pathology.
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c. systematic dose-response relationships for development of preneoplastic and
neoplastic endpoints in chronic bioassays.

d. systematic investigation of physicochemical properties of HARNSs linked to lung
toxicity and carcinogenicity.

e. development and validation of dosimetry models for both rodents and humans,
especially routes and extent of translocation to the pleura.

f. biomonitoring of workers exposed to engineered HARNS to detect early evidence
of potential adverse health impacts and to identify biomarkers that may be
predictive of chronic endpoints including fibrosis and cancer.

In order to address the major mechanistic data gaps regarding the physicochemical
properties of HARNS related to pleural translocation and carcinogenicity, a new theoretical
framework is proposed next.

5. Testing strategies for high aspect ratio nanomaterials (HARNS)

Framing of the “asbestos-carbon nanotube analogy” paved the way for multidisciplinary
national and international discussions on rational, cost-effective, rapid screening strategies
for safety assessment of engineered nanomaterials. In recognition of the diversity of these
materials, consensus gradually emerged about grouping of nanomaterials based on their
solubility, biopersistence, surface reactivity, toxicity, and aspect ratio (Table 4; Arts et al.,
2014). The purpose of this grouping is to provide a framework for prioritizing engineered
nanomaterials for additional testing prior to widespread manufacturing and
commercialization. Additional considerations include use, exposure scenarios, release
following weathering, dustiness, and likelihood of aerosolization (Nowack et al., 2013). A
testing scheme was developed specifically for the category of HARNS focusing on
physicochemical properties including dimensions, agglomeration state, dissolution,
biopersistence, and surface reactivity (Figure 2). Key threshold values for HARNSs include
aspect ratio = 3:1, length > 5 pm, diameter < 3 um, and lung half-life = 40 days following
intratracheal instillation (Arts et al., 2015). The importance of assessing of dissolution and
biodurability of HARNS is based on development of synthetic vitreous fibers as asbestos
fiber substitutes and this concept has been applied to engineered nanomaterials (Utembe et
al., 2015). Carbon nanotubes are considered to be biopersistent following inhalation unless
they are single-walled and have been deliberately functionalized (Fubini et al., 2011);
however, secondary modifications in the lungs and translocation and biopersistence,
especially in the pleura, have not been sufficiently investigated (Broaddus et al., 2011). In
the assessment scheme proposed by Arts et al. (2014), additional testing is recommended for
biopersistent HARNS that include assessment of chronic endpoints in the lungs including
persistent inflammation, fibrosis, and cancer (Figure 2). Assessment of these chronic
endpoints usually requires chronic inhalation assays in rodents. Alternative test strategies are
required to accelerate screening and safety assessment of HARNS and to reduce or replace
animal testing in nanotoxicology (Clift et al., 2011; Burden et al., 2017). Multiple
stakeholders representing industry, consumers, regulatory agencies, and scientists agree that
computational modeling combined with more sophisticated /n vitroand in silico approaches
are needed to guide safe product development and commercialization (reviewed in Nel et al.,
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2013). A major limitation of this alternative testing strategy based on carbon nanotubes as a
case study is assessment of chronic endpoints, especially carcinogenicity, based on current
in vitro and in silico approaches. Recent alternative /n vitro testing platforms for lung
toxicity have been developed. We propose to use these novel platforms to investigate the
mechanistic role of mechanical bending stiffness or flexural rigidity that has been identified
as a key factor in carcinogenicity of carbon nanotubes in the experimental animal bioassays
summarized in section 4. Computational modeling of nanomechanical properties combined
with experimental validation using novel /in vitro lung toxicity testing platforms will be
proposed as an alternative toxicity assessment strategy for HARNS.

Although rodent inhalation assays are the “gold-standard” for toxicity testing of inhaled
particles and HARNS (Arts et al., 2014), these assays are technically-demanding, expensive,
and time consuming and anatomic differences between the lungs of rodents and humans,
especially the pleura (Broaddus et al., 2011) limit extrapolation of results to humans (Han et
al., 2012). Several new models, especially those based on tissue engineering, show potential
for recapitulation of human lung structure, biomechanics, and physiology /n vitro (reviewed
by Patel et al., 2012). While traditional /n vitro cellular toxicity assays are based on primary
or immortalized cells lines in two-dimensional monolayer cultures, these assays are limited
in duration and not suitable for assessment of chronic endpoints including fibrosis and
cancer. The lung is composed of multiple cell types that interact spatially and temporally
during the development of disease in a complex three-dimensional microenvironment
(reviewed by Nichols et al., 2013). Clift et al. (2014) compared monocultures of human
monocyte-derived macrophages, monocyte-derived dendritic cells, and lung epithelial cells
with a triple cell co-culture model in transwells exposed to single or multiwall carbon
nanotubes for 24 hours. Significant differences were found in release of proinflammatory
mediators and oxidative potential in two-dimensional monocultures compared to triple cell
co-cultures of the epithelial airway barrier. These investigators conclude that triple cell co-
cultures of human cells in transwells are more appropriate for /in vitro toxicity testing of
nanoparticles than monocultures grown in monolayers (Clift et al., 2011). Recently, this
model was adapted for a new nano aerosol exposure chamber capable of using a more
physiological exposure route (Jeannet et al. 2014).

An alternative approach to model the three-dimensional architecture of the human lung are
acellular human lung scaffolds as a platform for culturing human stem or progenitor cells
(Nichols et al., 2012). These scaffolds have normal human extracellular matrix components
that recapitulate the structure and mechanics of the native lung microenvironment. These
acellular human lung scaffolds were designed as functional lung replacements; however,
they also have potential for modeling of human lung deposition and translocation of carbon
nanotubes. Natural or synthetic polymers have also been used as scaffolds for modeling the
alveolus; for example, Zhang et al. (2011) recapitulated a differentiated alveolus using a
collagen-Matrigel scaffold, murine fetal lung cells, and alginate-poly-L-lysine microcapsules
to guide differentiation of type Il epithelial cells. This bioengineered lung alveolus
maintained viability and differentiation up to 14 days that could be useful for /n vitrolung
toxicity testing. More sophisticated microfabrication and microfluidic techniques have been
used to reconstitute organs “on-a-chip”, including a model of the human alveolar-capillary
functional unit (Hub et al., 2010). This microfluidic system used a poly(dimethylsiloxane)
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porous membrane coated with fibronectin or collagen and human alveolar epithelial or lung
microvascular endothelial cells on opposite sides of the membrane. This microfluidic lung-
on-a-chip had similar mechanical and functional properties as the human lung alveolus and
was used to study delivery of silica nanoparticles applied to the lung at the air-liquid
interface. Translocation of nanoparticles into endothelial channels was enhanced by
mechanical stretching to simulate breathing motion. This human lung-on-a-chip provides
proof-of-principle for development of novel alternatives to animal testing of engineered
nanoparticles especially for short-term endpoints including release of proinflammatory
mediators, disruption of lung epithelial barrier function, and increased lung vascular
permeability (Hub et al., 2015).

What is the potential application of these novel three-dimensional lung tissue platforms for
carcinogenicity testing of HARNSs? The most obvious approach is assessment of
genotoxicity, either direct genotoxicity induced by HARNSs in relevant lung target cells,
epithelial or mesothelial cells, or indirect genotoxicity associated with release of reactive
oxygen or nitrogen species from macrophages as assessed in co-cultures (reviewed in
Magdolenova et al., 2013). However, there are significant conceptual and technical
difficulties in using acute genotoxicity assays to predict potential carcinogenicity, especially
for cancers like malignant mesothelioma that has a long latent period up to 20-40 years in
humans (reviewed in Kuempel et al., 2017). Technical caveats in application of widely-used
genotoxicity endpoints include use of non-cytotoxic doses, sufficient exposure times to
assess chromosomal damage induced by HARNS, particle interference with the assays, use
of well-characterized positive and negative reference materials, and extrapolation of doses
used /n vitroto human chronic inhalation exposure (Magdolenova et al., 2013).
Nevertheless, newer approaches to genotoxicity testing using transwell human lung cell
triple co-cultures, three-dimensional spheroids or microtissues, or three-dimensional
reconstructed lung tissues may provide more robust, reproducible /in vitro models for
genotoxicity testing of HARNSs (Evans et al., 2017).

The initial barrier to translocation of carbon nanotubes into the lung interstitium from the
airspaces is pulmonary surfactant at the air-liquid interface. Pulmonary surfactant (PS)
spreads over the thin (~0.1 um) lung lining fluid forming a film that reduces surface tension
and is essential to sustain breathing (Siebert and Rugonyi, 2008). PS is composed of
approximately 90% lipids (mainly dipalmitoylphosphatidylcholin or DPPC) and 10%
proteins (Hidalgo et al., 2015). A lack or dysfunction of surfactant prevents the proper
functioning of the alveoli and leads to severe lung diseases (Griese, 1999). PS also serves as
the first line of defense against microorganisms, particles, or fibers deposited in the alveoli.
For spherical microscopic particles, the surface tension force is found to dominate gravity
and buoyancy forces in displacing latex (polystyrene) particles to the aqueous subphase.
Particles in peripheral airways and alveoli likely are below the surfactant film and
submerged in the subphase, which may promote clearance by macrophages (Schirch, 1990).
In addition, particles displaced into the subphase are likely to contact and deform epithelial
cells (Geiser, 2003b). For man-made vitreous fibers (MMVF), it is shown that the fibers
were found on the surface of conducting airways and alveoli ~ 20 minutes following
inhalation. Whether the fibers were totally submerged depends on the length and surface

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kane et al.

Page 11

tension, and they are totally or partially covered by lining-layer materials (Figure 3A, B;
Geiser, 2003a).

For carbon nanotubes, numerous /n vivo experimental studies showed that carbon nanotubes
can penetrate deep into the lung and reach the subpleural region (Ryman-Rasmussen et al.,
2009; Li et al., 2007; Mercer, et al., 2010, 2011). Due to the importance of pulmonary
surfactant as the first biological barrier to contact with airbone nanomaterials, extensive /n
vivo and in vitro experiments have also been done to study interaction between carbon
nanotubes and PS monolayer at the air-water interface (Kapralov et al., 2012; Lee et al.,
2013; Melbourne et al., 2015; Valle et al., 2015; Kadoya et al., 2016). Experimental studies
of MWCNT-pulmonary surfactant interaction and its effect on PS functionality using a
Langmuir-Blodgett trough show that the length and concentration of carbon nanotubes
significantly influence the compression resistance of the film (Melbourne et al., 2015). In an
in vitro study of pulmonary surfactants on a constrained drop surfactometer (CDS),
compression-expansion loop shows a very high hysteresis when exposed carbon nanotubes,
which could pose a danger to normal stable respiration (Valle et al., 2015).

Experimental /in vivo studies have also been done to probe the effect of PS, for example,
SWCNTSs recovered from the bronchoalveolar lavage fluid (BALF) of mice were found to
have absorbed surfactant lipids and related proteins forming an uninterrupted “coating”
(Kapralov et al., 2012). This suggests a strong binding interaction of surfactant and
SWCNTSs, which has also been used to disperse SWCNTSs (Wang et al., 2010). The preferred
binding between surfactant proteins and carbon nanotubes could potentially damage lung
immune defenses (Salvador-Morales et al., 2007). The pulmonary surfactant content of lung
lavage fluid has been used as a measure of lung inflammation (Kadoya et al., 2016; Lee et
al., 2013). Further studies show that the presence of the surfactant could markedly enhance
in vitro uptake of SWCNTSs by macrophages (Kapralov et al., 2012). After carbon nanotubes
translocate through the pulmonary monolayer, experimental evidence shows that multiwall
carbon nanotubes penetrated through alveolar epithelial cells (Figure 3C; Mercer et al.,
2010, 2011), while dispersed single-wall carbon nanotubes are more prone to enter into the
alveolar interstitium (Mercer et al., 2008).

Despite abundant experimental data showing adverse impacts of inhaled carbon nanotubes
on the lungs, little is known about the mechanism by which the CNTs translocate through
pulmonary surfactant and across alveolar epithelial cells. It will be crucial to investigate the
underlying molecular mechanisms of CNTSs translocation. Here we suggest two molecular
dynamics simulations to explore the molecular mechanisms of CNT translocation into the
alveolar wall.

(1) Molecular dynamics modeling of the mechanism of carbon nanotubes translocation
through surfactant monolayer at the air-liquid interface

In vitro experiments show that the size and concentration of carbon nanotubes significantly
change the mechanical response of the surfactant monolayer (Valle et al., 2015; Melbourne
et al., 2015). Recent coarse-grained molecular dynamics simulations suggest that ultrashort
SWCNTs (less than 5.5 nm) can insert into the surfactant monolayer via self-rotation (Yue et
al., 2017), where the interaction morphology is determined by the length and diameter of
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SWCNTSs and membrane tension of the surfactant (Xu et al., 2017). However, the detailed
interaction between carbon nanotubes and lipid molecules could not be fully captured by
coarse grained molecular dynamics simulations, and the energetics and molecular behaviors
of lipids when carbon nanotubes translocate through the surfactant monolayer remain
elusive.

Based on previous simulations and theoretical studies of interactions between CNTs and a
lipid bilayer (Shi et al., 2011; Yi et al., 2014), the penetration angle, size and shape of the
tip, as well as membrane tension could be important factors that influence the translocation
behavior of carbon nanotubes through the surfactant monolayer. Systematic molecular
dynamics simulations should be performed to investigate the roles of these parameters in
carbon nanotube translocation through a surfactant monolayer. In such a study, the
pulmonary membrane can be represented by a single layer of DPPC which separates the
vacuum and water. Typical membrane tensions of 10 mN/m and 30 mN/m would be
maintained to represent the compression and expansion states of the pulmonary wall (Xu et
al., 2017). Mutiwalled carbon nanotubes of different diameters, with or without tip caps,
would be placed in the air phase initially. Then they would be pulled into the liquid phase by
steered molecular dynamics simulations at different penetration angles, and the preferred
entry morphology determined though energy mapping and validated through a combination
of molecular dynamics simulations and controlled experiments. The behavior of the lipid
molecules in the surfactant monolayer, such as order parameters and diffusion constant,
could be analyzed to reveal the molecular mechanisms of CNTs translocation though the
surfactant.

(2) Molecular dynamics modeling of carbon nanotubes penetration through cell

membranes

Experimental evidence show that MWCNTSs migrate to the subpleural tissues and pleural
space (Ryman-Rasmussen et al., 2009; Li et al., 2007), and also penetrate through alveolar
epithelial cells (Figure 3C) (Mercer et al., 2010, 2011). It is important to investigate the
mechanism by which carbon nanotubes penetrate through alveolar epithelial cells. A recent
study indicates that persistent contact between a CNT tip and lipid bilayer leads to lipid
extraction and membrane permeabilization (Zhu et al., 2016). This suggests that a CNT
might be able to spontaneously penetrate through the cell membrane though persistent tip
contact. To validate this hypothesis, full-atom molecular dynamics simulations could be
useful to determine the energy barrier and detailed molecular interactions of the carbon
nanotube and membrane during penetration. It is anticipated that the tip size and shape will
significantly affect the interaction between the carbon nanotube and membrane, and that
systematic molecular dynamics simulations could shed light on the detailed molecular
mechanisms of this interaction. The predictions based on these theoretical modeling studies
could be tested experimentally using transwell human lung cell cultures or human lung-on-
a-chip devices (Clift et al., 2011; Hub et al., 2010).

An important potential application of human lung-on-a-chip devices or tissue engineered
lung constructs is to assess potential translocation of HARNS to the lung interstitium and
across the visceral pleura to reach the target site for development of mesothelioma, the
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parietal pleura (reviewed in Broaddus et al., 2011). The pleural space in humans is
approximately 20 um thick containing 0.5 — 2.0 ml of pleural fluid. The normal pleural
pressure is =3 to =5 cm H,0 and pleural fluid is drained through lymphatic stomata or
openings on the parietal pleura (Akulian et al., 2013) into mediastinal lymph nodes (Warheit
etal., in press). These lymphatic stomata are 3-10 um in diameter and Donaldson et al.
(2010) hypothesized that long, rigid HARNS that could not be efficiently cleared from the
lungs by macrophages were translocated to the pleural space and trapped at lymphatic
stomata on the parietal pleura where they could induce persistent inflammation, uptake by
mesothelial cells, and development of malignant mesothelioma. These investigators used
direct intrapleural injection of well-characterized metallic nanowires or carbon nanotubes in
mice and demonstrated a threshold length of 4 um for HARNS that are potentially
pathogenic in the pleura (Schinwald et al., 2012). Induction of persistent inflammation and
fibrosis in the pleural or peritoneal linings in response to direct injection of metallic
nanowires, especially nickel nanowires (Poland et al., 2012) must be interpreted with caution
because nickel compounds have been shown to induce mesotheliomas in rats (Pott et al.,
1989). This caveat also extends to carbon nanotubes containing transition metal catalyst
residues; these metals may be bioavailable in the lungs and contribute to lung toxicity as has
been demonstrated for nickel-contaminated carbon nanotubes (Hamilton et al., 2012).
However, the results with long, rigid carbon nanotubes in these direct pleural or peritoneal
injection studies confirm the results of chronic carcinogenicity assays of similar carbon
nanotubes summarized in section 4. There are two significant data gaps in our understanding
about the mechanisms responsible for carcinogenicity of long, rigid carbon nanotubes. First,
how do HARNS translocate to the target tissue in the parietal pleura? Second, is
translocation related to the mechanical properties of HARNS, and do all fibrous
nanomaterials have the potential to translocate to the pleura?

The translocation pathway for inhaled particles or HARNSs from the lungs to the pleural
space is unknown. Based on the fiber pathogenicity paradigm, long biopersistent HARNS are
less efficiently cleared from the alveoli, induce lung injury and inflammation, penetrate into
the interstitium, and reach the pleural space (Schinwald et al., 2012). Miserocchi et al.
(2008; Figure 4) propose that lung inflammation increases lung alveolar capillary
permeability resulting in increased interstitial pressure that facilitates translocation of
biopersistent fibers into pulmonary lymphatics and across the visceral pleura. After particles
gain access to pulmonary lymphatics, they are drained to hilar lymph nodes and this route of
translocation has been confirmed in rodents exposed to asbestos fibers or carbon nanotubes
by inhalation (Ma-Hock et al., 2009; Shvedoca et al., 2014; Mercer et al., 2013 a and b).
Boutin et al. (1996) directly demonstrated the presence of carbonaceous soot particles as
well as asbestos fibers at sites of lymphatic stomata on the parietal pleura of humans. The
anatomy of lymphatic vessels in human lungs was recently re-visited by Sozio et al. (2012)
using morphometry and immunohistochemistry to detect specific markers of lymphatics and
endothelial cells. They demonstrated an abundant lymphatic network associated with
bronchovascular bundles, especially in the intralobular peribronchiolar regions in the lungs
(Figure 4). Occasional small lymphatics were identified in the lung interstitial region
between alveoli. The lymphatics of the interlobular septa between the lobes of the lung
connect to an abundant network of subpleural lymphatics underlying the thick fibroelastic
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connective tissue covered by a single layer of mesothelial cells in the visceral pleura
covering the lungs. There are two significant anatomic barriers against direct penetration of
inhaled particles into these lymphatic networks and into the pleural space (Figure 4). First,
lymphatics associated with bronchovascular bundles are surrounded by connective tissue and
smooth muscle accompanying the small bronchi, bronchioles, and parenchymal arteries and
arterioles. Second, after particles gain access to the lung lymphatic network, they must
penetrate dense subpleural fibroelastic tissue into the pleural space. Miserocchi et al. (2008)
propose that particles are drained into the blood from lymphatics, then secondarily reach the
pleural space from systemic capillaries in the parietal pleura. Alternatively, especially in the
setting of fiber-induced injury to the alveolar-capillary unit and inflammation, biopersistent
HARNSs may cross the damaged air-liquid barrier into the interstitium where they may also
gain access into pulmonary lymphatics and cross the visceral pleura.

Is translocation of HARNS into the lung interstitium and pleural space determined by their
mechanical properties? The lung is a highly-specialized organ that experiences significant
mechanical forces during respiration (Roan and Waters, 2011). Lung mechanics has
traditionally been described at the whole organ level using parameters based on alveolar
pressure, pleural pressure, elastic recoil, and resistance to airflow assessed by pulmonary
function testing. Lung mechanics may also be described at the level of the lung alveolus or
microscale which is more relevant for particle translocation into the lymphatics and
interstitium. Alveolar epithelial cells and fibroblasts secrete extracellular matrix proteins that
endow the alveolus with its mechanical properties, especially collagen that resists
mechanical loads and elastin that contributes to elastic recoil of the lung. At the microscale,
the elastic modulus of the alveolus is ~5 kPa compared to an elastic modulus ~1 kPa in
isolated alveolar epithelial cells. Mechanical deformation of the alveolus influences
surfactant release, cellular responses to injury, and repair by fibrosis (Suki and Bates, 2008).
In contrast to the remarkable viscoelastic properties of the lungs, pleural mechanics is
governed by hydrodynamic lubrication forces. The single layer of flat, thin mesothelial cells
lining the visceral and parietal pleural surfaces is covered by delicate microvilli supported by
a basement membrane and a thin layer of connective tissue. Using atomic force microscopy,
Kim et al. (2011) measured an elastic modulus of <1 kPa in the rat visceral pleura which is
less than that of the alveolus, although the visceral pleura is thinner in rodents than in
humans (Broaddus et al., 2011). Overall, the lung and pleura are biologically soft tissues that
are orders of magnitude lower in stiffness or tensile strength than asbestos fibers (1-4 Gpa,
Virta, 2002) or carbon nanotubes (0.2-5 TPa; Bussy et al., 2013).

The very high stiffness or tensile strength of carbon nanotubes in comparison to biologically
soft tissue is an important mechanical property of these engineered nanomaterials. Some
types are also flexible and resilient to breaking (Falvo et al., 1997). These stiffness values
quoted above are the elastic (Young’s) modulus of the underlying material, which expresses
the resistance of a material (here a fiber) to stretching forces. The ability of a fiber to
translocate from the lung, however, it more likely related to bending rigidity, which
describes how the fiber behaves under the compressive (pushing) forces associated with fiber
penetration through soft biological tissue. Bending rigidity is determined not only by the
Young’s modulus, but also by the fiber diameter. Fibers of low bending rigidity are string-
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like materials that may not be able to penetrate epithelial barriers, while fibers of high
bending rigidity are needle-like materials that will be perceived as stiff by biological tissue.

The bending rigidity of fibrous materials can be described by the Euler buckling theory,
which gives a critical threshold force for buckling described by the equation:

Critical buckling load~Ed*/L2

Where E = the elastic modulus, d = diameter, and L = length. We derived a generalized
classification diagram for a range of HARNSs include multiwall carbon nanotubes, metallic
nanowires, metal oxide nanorods, and polymers (Figure 5, Zhu et al., 2014). This
classification depends on the intrinsic stiffness or elastic modulus (E) of the nanomaterial,
for example, wormlike micelles are quite soft (Chu et al., 2013) while metallic nanowires are
stiffer. Most important, critical buckling load is inversely related to length and increases with
the fourth power of the fiber diameter. Euler theory predicts that very long, thin HARNSs will
buckle more easily than shorter, thicker HARNSs. For example, long single wall carbon
nanotubes can be very thin, <<10 nm in diameter, with a high aspect ratio > 1,000. For this
reason, they buckle easily and are observed to exist in curled and tangled states, and have
been reported not to behave as rigid fibers in the same manner as thicker multiwall carbon
nanotubes with lower aspect ratios between 10-100. We validated this classification using a
well-characterized panel of thin, flexible and thicker, long, rigid multiwall carbon nanotubes
experimentally and compared the results with other published studies (Zhu et al., 2014).
This pathogenicity mechanism is based on lysosomal membrane damage induced by
hydrophaobic long, rigid carbon nanotubes (Paloméki et al., 2011) and is consistent with the
lower pathogenicity of short or tangled carbon nanotubes summarized in section 2.

Lysosomal membrane damage can be induced by other HARNS including asbestos fibers
(Dostert et al., 2008) as well as titanium dioxide nanobelts but not nanospheres (Porter et al.,
2013). The consequences of lysosomal membrane damage following phagocytosis of
HARNSs by macrophages include release of a protease, cathepsin B, from the lysosome that
activates caspase-1 resulting in activation of the NALP3 (nucleotide binding domain leucine-
rich repeat containing receptor, pyrin domain-containing-3) inflammasome in the cytoplasm
(Sayan and Mossman, 2016). Inflammasome activation can trigger cell death by apoptosis or
pyroptosis as well as processing and release of potent proinflammatory mediators,
interleukin-1p and interleukin-18 (reviewed by Broz and Dixit, 2016). Cell death can also
lead to release of additional inflammatory mediators and contribute to chronic inflammation
in the lungs (Lee et al., 2015) in response to biopersistent HARNSs (Figure 2). Evidence for
the role of chronic inflammation triggered by interleukin-1p signaling was recently reported
in a murine peritoneal model of mesothelioma induced by asbestos fibers (Kadariya et al.,
2016). Development of malignant mesothelioma was delayed in Asc-deficient mice lacking
a component of the NALP3 inflammasome complex or following treatment with anakinra,
an inhibitor of the interleukin-1 receptor. Several mechanisms have been proposed to
activate the NLRP3 inflammasome including mechanical disruption of the lysosomal
membrane as proposed by Zhu et al. (2014), release of reactive oxygen species catalyzed by
redox cycling of iron in ashestos fibers, or K* ion efflux (Lee et al., 2016; Sayan and
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Mossman, 2016). Soluble nickel ions have also been reported to activate the NLRP3
inflammasome (Caicedo et al., 2009) and multiwall carbon nanotubes containing metallic
nickel residues induced NLRP3 inflammasome activation /n vitro and persistent lung
inflammation following pharyngeal aspiration in mice (Hamilton et al., 2012).

Inhalation of asbestos fibers also induces lung cancer in humans which is a more common
cancer than malignant mesothelioma (Markowitz, 2015). Cigarette smoking increases the
risk of lung cancer in ashestos-exposed individuals in an additive or synergistic manner as
described in a recent systematic review (Ngamwong, et al., 2015). Inhalation of multiwall
carbon nanotubes also induces lung adenomas and carcinomas, but no malignant
mesotheliomas, in rats (Kasai et al., 2016). The physicochemical and mechanical parameters
of carbon nanotubes proposed for induction of malignant mesothelioma in this review may
not apply to induction of lung cancer. Less rigid, tangled agglomerates of carbon nanotubes
are more likely to deposit by interception at airway bifurcations and induce bronchial
carcinomas (Mossman et al., 2011; Lippmann, 2014). In contrast, long, rigid asbestos fibers
or carbon nanotubes are more likely to deposit in the alveoli and to translocate into the
interstitium or to the pleura leading to development of malignant mesothelioma (Broaddus et
al., 2011). Cigarette smoking may also be an important co-factor in inducing lung cancer in
workers exposed to carbon nanotubes. Carbon nanotubes have a high surface area and are
hydrophobic with potential to adsorb carcinogenic aromatic compounds in cigarette smoke
(Brooks et al., 2011).

Asbestos fibers and carbon nanotubes may act as tumor promoters in the development of
lung cancer and this mechanism has been proposed for increased growth and neoplastic
progression of lung epithelial cells in mice exposed to methylcholanthrene as an initiator,
followed by inhalation of multiwall carbon nanotubes (Sargent et. al., 2014). Inflammation
and tissue injury induced by persistent ashestos fibers or carbon nanotubes in the lungs are
potential mechanisms that contribute to development of lung cancer (Mossman et al., 2011;
Rahman et al., 2017). These mechanisms were also hypothesized to contribute to the
development of malignant mesothelioma induced by exposure to long, rigid carbon
nanotubes that translocate to and persist in the pleura (Figure 1 and IARC, 2017).

6. Concluding Remarks

In summary, the asbestos-carbon nanotube analogy and the fiber pathogenicity paradigm
have significantly shaped and informed the scientific debate about carbon nanotube health
risks, but many questions remain. Carbon nanotubes are a diverse class of synthetic
materials, and while one type of long, stiff, multiwall nanotubes has been classified as a
possible human carcinogen, most varieties are not yet classifiable. One path to further
progress is through new experimental and computational research on nanotube behavior in
the lung and its relation to specific material properties.

A variety of /n vitroand in vivo experimental studies provide support for physical or
mechanical disruption of the lysosomal membrane by long, rigid carbon nanotubes. This
mechanical mechanism for pathogenicity of HARNs depends on physical dimensions and
aspect ratio and adds a fourth parameter to the fiber pathogenicity paradigm, mechanical
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bending stiffness, which is most pronounced for HARNs with aspect ratios between 10-100.
Very long, thin HARNS tend to buckle, while very short HARNSs (< 2 um) do not exert
sufficient contact forces on the inner leaflet to damage the lysosomal membrane (Zhu et al.,
2014). Is a similar nanomechanical mechanism sufficient to explain the translocation of
long, rigid HARNS into the lung interstitium, penetration into lymphatics, and accumulation
at lymphatic stomata on the parietal pleura leading to the development of mesothelioma?

The nanomechanical properties related to interstitial penetration across the alveolar wall
followed by lymphatic drainage and possible penetration from subpleural lymphatics across
the visceral pleural connective tissue could be explored using /n vitro three-dimensional
models of the human lung alveolus and parietal pleura based on natural or synthetic lung
scaffolds with similar mechanical properties in the range of ~1-5 kPa that have been
measured for the alveolus (Roan and Waters, 2011) and the parietal pleura (Kim et al.,
2011). Tissue-engineered models of the human alveolus and parietal pleura could be
combined with microfluidics to model lymphatic flow in the normal or inflamed lung to test
the hypothesis of Miserocchi et al. (2008) that persistent lung inflammation enhances
translocation of asbestos fibers to the pleural space. These tissue-engineered models
combined with a test panel of well-characterized HARNSs could systematically test the roles
of length, diameter, and nanomechanical properties in translocation from the lungs to the
pleura and provide the basis for structure-activity relationships predictive of potential
carcinogenicity. An integrated approach to incorporate novel testing strategies and validate
structure-activity relationships in parallel with new product development and regulatory
oversight will promote responsible and sustainable growth of nanotechnology (Crawford et
al., 2017).
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Highlights
. Engineered carbon nanotubes physically resemble asbestos fibers.
. Long, rigid multiwall carbon nanotubes induce lung disease in rodents.
. Length, width, and biopersistence of fibers are critical determinants of lung
disease.
. Mechanical bending stiffness is proposed as another factor relevant for
toxicity.
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Translocation to pleural space Inflammatory cell recruitment and activation

Release of ROS, RNS, cytokines, chemokines, growth factors

DNA damage, apoptosis, persistent inflammation

Activation of intracellular signaling pathways
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Activation of oncogenes; inactivation of tumor suppressor genes
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Figure 1. Proposed mechanisms for carcinogenicity of asbestos fibres
IL-1B, interleukin - 1B; IL-18, interleukin-18; RNS, reactive nitrogen species; ROS, reactive

oxygen species Adapted with permission from IARC Monongraphs on the Evaulation of
Carcinogenic Risks to Humans: Volume 100C. Arsenic, Metals, Fibres, and Dusts. IARC,
Lyon, 2012,
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Solubility:
* biological milieu

» release of ions/impurities
* lysosomal degradation (low pH)

Soluble:
* ionic dissociation
« release of toxic ions

Potential respiratory and systemic toxicity
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Insoluble or Biopersistent:

+ surface reactivity

Potential respiratory toxicity- granulomas, fibrosis,
cancer; potential systemic inflammation

}

Additional Testing

* short-term inhalation (5 or 28 days)
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Figure 2. Assessment Scheme for Potential Adverse Human Health Impacts of HARNs Following

Inhalation

Adapted from Arts et al., 2014 with permission from Elsevier Ltd. (pending).
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Figure 3. SEM Images of Fibrous Nanomaterial Deposition in Alveoli and Penetration into
Alveolar Epithelial Cells

SEM images of (A) a fiber retained in an intrapulmonary conducting airway; the fiber is
completely covered by the surface lining-layer (Geiser et al., 2003a), (B) a fiber retained in
the gas exchanging compartment (Geiser et al., 2003a). Figures 3A, B reproduced with
permission from Environmental Health Perspectives (Geiser et al., 2003a). The fiber touched
the alveolar wall with one end only and the other end projected into the airspace and was not
covered by lung lining layer. Abbreviations: A, alveoli; AD, alveolar duct. (C) FESEM of
MWCNT penetration of alveolar epithelial cells (Mercer et al., 2010). Micrograph shows
two MWCNTS passing through an alveolar epithelial cell 1 day after pharyngeal aspiration.
Figure 3C reproduced with permission (Springer Open article, Mercer et al., 2010).
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Figure 4. Microscopic Anatomy of Pulmonary Lymphatics and Translocation of Fibers to the

Pleural Space

A. alveoli (panel A2). Lymphatics of the interlobular septa (Ly in panel A3) drain into
lymphatics beneath the visceral pleura (arrows in panels A3, 4). Immunohistochemical

detection of lymphatics with toluidine blue counterstain, original magnification x 10 (Sozio

et al., 2012). Reprinted with permission from John Wiley and Sons.
B. Miserocchi et al. (2008) hypothesize that asbestos-induced pulmonary inflammation
increases interstitial fluid pressure that allows biopersistent fibers to penetrate into
pulmonary lymphatics and cross the visceral pleura. Fibers that are not cleared through
lymphatic stomata are trapped at the parietal pleura leading to the development of
mesothelioma as proposed in Figure 2. Reprinted with permission from an Open Access

article (Miserocchi et al., 2008).
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Figure 5. Pathogenicity Classification of HARNSs
This pathogenicity classification is based on buckling of HARNSs of different dimensions

and Young’s moduli. For each material, the space above the curve is “biologically soft” and
below the curve is “biologically stiff.” This classification is based on the mechanical
pathway leading to lysosomal membrane damage. It is predicted the HARNSs will induce
lysosomal membrane permeability if their dimensions are in the region between the size
range of the lysosome (in blue) and their buckling thresholds. Reproduced with permission
(Zhu et al., 2016; National Academy of Sciences, USA).
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Table 1
Geometry of Engineered Carbon Nanomaterials
Spherical or Zero Dimensional Particles One Dimensional Fibers Two Dimensional Sheets or Plates
ex: fullerenes ex: carbon nanotubes ex: graphene

Carbon nanotubes belong to a large family of engineered carbon nanomaterials. Fullerenes are a spherical, hollow cage of carbon atoms; Cg0
fullerene is ~ 0.7nm in diameter. Pristine fullerenes so far have shown low toxicity to workers (Aschberger et al. 2010). Two dimensional sheets of
hexagonal carbons form monolayer graphene 0.34 nm thick. Although there have been limited studies on toxicity of commercial forms of graphene,
usually produced as few layer graphene or graphite nanoplatelets (reviewed by Sanchez et al., 2012), recent studies suggest that these two
dimensional carbon nanomaterials show lower lung toxicity than carbon nanotubes (Ma-Hock et al., 2013; Roberts et al., 2016). Graphene has a
high aspect ratio similar to carbon nanotubes and pristine graphite nanoplatelets are biopersistent in the lungs (Schinwald et al., 2014). This review
will consider similarities and differences between carbon nanotubes and asbestos fibers that can also be considered high aspect ratio fibrous
nanomaterials.
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Table 2

Classification of One-Dimensional Engineered HARNSs

Chemical Composition Examples

Carbon-based materials ~ Carbon nanofibers
Carbon nanotubes (single wall, double wall, multiwall)

Metals/metal oxides Nanowires (Ag, Au, Ni, Pt)
TiO,, ZnO, CeO, nanorods or nanobelts

Semiconductors Nanowires (Si, SiN)
SiC nanowhiskers, nanotubes

Polymers Cellulose nanocrystals
Electrospun nanofibers
Wormlike micelles

Modified from Warheit et al., in press; Chu et al. (2013); Endes et al. (2016)
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Table 3

Properties of Carbon Nanotubes and Asbestos Fibers

Page 35

Property Amphibole Asbestos
Surface charge Positive

Hydrophilicity/hydrophobicity ~ Hydrophilic

Redox — active metals Fe?* and Fe®* in crystal
structure
ROS generation Positive
Tensile strength 1-4 GPa
Biodurability High

Chrysotile Asbestos
Negative
Hydrophilic

Fe2* substituted ions

Positive
1-4 GPa

Slow leaching of Mg?* ions
and splitting into fibrils

Carbon Nanotubes
Negative in as-produced materials
Hydrophobic

Variable purity and bioavailability of Fe,
Ni, Co catalyst residues

Low; net effect may be ROS scavenging
0.2-5 TPa

Single wall carbon nanotubes degraded by
peroxidase or H,O, at low pH

ROS - reactive oxygen species; Virta, 2002; Liu et al., 2010; Fubini et al., 2011; Donaldson et al., 2013; Kotchey et al., 2013; Bussy et al., 2013
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Table 4

Physicochemical Properties and Grouping of Engineered Nanomaterials

Property Classification
Soluble Higher solubility, potential release of toxic ions

Poorly-Soluble, Low Toxicity  Insoluble or poorly soluble, low inherent toxicity, lung inflammation determined by surface area

Poorly-Soluble, High Toxicity — Biopersistent, specific toxicity related to surface reactivity and surface area

High Aspect Ratio Fibrous particles; lung toxicity related to biopersistence, translocation to pleura, genotoxicity

Adapted from Arts et al., 2014 with permission from Elsevier Ltd. (pending).
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