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The report titled, “Literature Review on Nanomaterials — Carbon Nanotubes, Nano Silver, and Nano
Titanium Dioxide,” is a literature review and analysis of available toxicological information performed
by the contractor Toxicology Excellence for Risk Assessment (TERA) under Task Order 20 of
Contract CPSC-D-12-0001.

Nanomaterials are defined as materials/particles that range from 1 to 100 nanometers (nm) in any
external dimension. Because of unique chemical and physical properties, nanomaterials are used in
manufacturing products, including machinery, electronics, cleaning products, and personal care
products, to allow them to have better performance qualities.?

CPSC staff selected three nanomaterials for this review, Carbon Nanotubes (CNTs), Nano Silver
(Nano-Ag), and Nano Titanium Dioxide (Nano-TiO2), because these nanomaterials are reported as
those most commonly used in consumer products.

¢ Due to their distinctive electrical, mechanical, and thermal properties, CNTs are used to
make lightweight, but strong products, including sporting goods equipment, textiles and
shoes, and transparent electrodes for computers and electronics.

¢ Due to its antimicrobial properties, Nano-Ag is used in products, including spray
disinfectants, hair dryers, soaps and dish detergents, cooking utensils, food preservative
film, filters for air and water purification systems, household appliances, textiles, clothes,
shoes, and personal care products.

¢ Due to its unique whitening and photochemical properties, Nano-TiO- is used in products,
including air filtration and purification systems, household products and home improvement
products (e.g., paints).

TERA searched primary (e.g., PubMed, Web of Science, TOXLINE) and secondary (e.g., national
and international government and professional society websites, peer-reviewed panel reports)
sources for the period of 2010-2016 for pertinent literature. A third-tier search was performed to fill
gaps by expanding the keyword list for reviewing references cited in primary literature. TERA
located more than 17,000 reports, of which 170 were relevant to hazard determinations; an
additional 440 reports were supportive for the derivation of a health risk value. Criteria for the

' This statement was prepared by the CPSC staff, and the attached report was produced by Toxicological Excellence for
Risk Assessment for CPSC staff. The statement and report have not been reviewed or approved by, and do not
necessarily represent the views of, the Commission.

2 The report reviews consumer products under CPSC's jurisdiction pursuant to the Consumer Product Safety Act. Staff
notes that CPSC also has jurisdiction of other products under other statutes administered by CPSC, such as the Federal
Hazardous Substances Act.



relevant studies included information on physico-chemical characterization, use of appropriate dose
levels, relevance of the test method for the specified route of exposure (i.e., inhalation, dermal, oral),
and demonstration of a dose-response relationship.

For each nanomaterial, relevant information on exposure-induced health effects was reviewed to
derive an acceptable daily intake (ADI)3. The information on toxicological studies and areas of
needed research for the three nanoparticles is summarized below.

1. CNTs
The surveyed literature suggests that physico-chemical properties of CNTSs, including diameter and
length, appear to be correlated with CNT-induced toxic effects. Long, single-walled carbon
nanotubes (SWCNTs) were more potent in inducing fibrogenic effects than short SWCNTs. Multi-
walled carbon nanotubes (MWCNTSs) dispersed as semi-rigid fibers are more likely to induce
fibrogenic effects in epithelial and mesothelial membranes compared to thin-walled, curly MWCNTSs.
Cobalt contamination of CNTs may enhance CNT-induced toxicity.

Limited toxicokinetic data indicate that a small amount of SWCNTs may enter the blood stream
following oral exposure. Inhaled and instilled SWCNTSs are deposited in the respiratory tract and
absorbed in the pulmonary lymph nodes. Inhaled MWCNTSs are poorly cleared from the lung with
small amounts of MWCNTSs distributing to the liver, the kidney, and the spleen. MWCNT particles
were also found in the brain, possibly transported via the olfactory bulb during inhalation exposures.

The identified studies indicate that both SWCNTs and MWCNTSs exhibit relatively low toxicity by oral
exposure. Repeat inhalation of MWCNTSs exhibited granulomatous changes and epithelial
hyperplasia in the airways and the lungs as well as neutrophilic inflammation observed in
bronchoalveolar lavage fluid (BALF). A thick-walled, semi-rigid fiber-like MWCNT (MWNT-7) is
classified as ‘possibly carcinogenic in humans’ (Group 2B) by the International Agency for Research
on Cancer (IARC), while both SWCNTs and MWCNTSs other than MWNT-7 are not classifiable
(Group 3). Overall, mutagenicity studies presented mixed results in both in vitro and in vivo tests.
Ames assays predominantly elicited negative results; in vitro micronucleus (MN) assays
predominantly elicited positive results; two in vitro chromosomal aberration assays elicited negative
results. In vivo MN or comet assays elicited negative results for SWCNTSs. In contrast, in vivo comet
assays elicited positive results for MWCNTSs.

Both SWCNTs and MWCNTs have been shown in published studies to induce oxidative stress, the
primary mechanism of CNT toxicity. CNTs are known to disrupt the membranes of macrophages,
frustrating phagocytosis and destabilizing lysosomes. Other toxicological modes of action could be
volumetric overload of alveolar macrophages, leading to failed clearance of particles; chromosomal
aberrations, including aneuploidy and micronuclei formation; inflammation; and fibrosis. TERA
proposed ADI values for MWCNTSs from a short-term inhalation study (14-day) and a long-term
inhalation study (2-year) are 0.15 ug/m?/d and 15 ng/m?/d, respectively.

Well-planned toxicokinetic studies with robust repeat-dose protocols would broadly improve the
confidence of future hazard assessments for CNTs. There are limited dose-response toxicity data
for determining an exposure limit for CNTs. There are no repeat-dose oral or inhalation studies for
SWCNTs. Some toxicity data for MWCNTSs are available for certain MWCNT variants (e.g.,
morphological). There are no carcinogenicity studies of low-diameter, tangled MWCNT variants.
Furthermore, there are no developmental and reproductive toxicology (DART) inhalation studies
available for MWCNTSs.

3 Acceptable daily intake (ADI) is an estimate of the amount of a substance that an individual can be exposed
to on a daily basis, over a lifetime, without presenting an appreciable risk to their health.



2. Nano-Ag
Coatings are used to decrease agglomeration and to modify dissolution of Nano-Ag particles.
Because physico-chemical properties are associated with Nano-Ag toxicity, information on coatings
is important in interpreting toxicity studies. Coatings can result in different surface charges and thus
influence cell-nanoparticle interactions. The collected literature showed that particle size is
associated with Nano-Ag biological activities; smaller particles generate more cytotoxic effects when
similar doses as mass unit are used. Silver toxicity can result from the direct action of silver ions
(ionic silver, Ag*) which is released from Nano-Ag.

Following oral exposure, studies demonstrated that most Ag was found in feces, and Nano-Ag
levels in the blood were very low, suggesting that absorption through the gastrointestinal tract is
poor (i.e., low bioavailability). However, Ag" may be more bioavailable compared to Nano-Ag
particles. Several studies reported that Ag can translocate to non-respiratory regions following
inhalation exposure to Nano-Ag particles.

Oral subchronic studies in rats present a No-Observed-Adverse-Effect Level (NOAEL)* of 30 mg/kg,
based on liver toxicity. Inhalation subchronic studies in rats demonstrated that the lung and the liver
are the primary target organs with a NOAEL of 133 ug/m?. Dermal application of Nano-Ag to guinea
pigs caused skin, liver, spleen, kidney and bone toxicities and generated a Lowest-Observed-
Adverse-Effect Level (LOAEL)® of 100 pg/mL. Rodent studies reported that Nano-Ag particles can
cross the blood-testes and the blood-brain barrier from intravenous exposure.

Research has shown that Nano-Ag particles induced DNA damage in in vitro comet and micronuclei
(MN) assays in human cell lines. An in vitro human cell study indicates that cells exposed to Nano-
Ag particles generated DNA adducts that may be associated with reactive oxygen species (ROS)
production. An in vivo study in rats also showed DNA damage measured by the comet assay in
blood cells. However, most in vivo MN assays generated negative results. Chromosome aberration
assays with Nano-Ag particles produced mixed results.

The mechanism of Nano-Ag toxicity is not completely understood. Ag* is considered the toxic form
of Ag particles. Ag* was significantly more toxic than Nano-Ag particles to human dermal cell lines.
Size and coating can also influence the cytotoxicity of Nano-Ag particles. Smaller and coated Nano-
Ag particles may induce higher toxicities, by reducing agglomeration, than larger and uncoated
particles. Nano-Ag particles can move from extracellular space into cells. After the cellular
translocation, Ag can bind to DNA and proteins, leading to additional cellular activities, such as
oxidative stress, DNA damage, cell cycle arrest, and apoptosis through an inflammatory signaling
pathway.

A 90-day rodent oral exposure study resulted in the TERA proposed ADI of 0.1 mg/kg/d. No long-
term inhalation and dermal studies were available to determine ADI values for these routes of
exposure.

Derivation of more reliable ADIs for Nano-Ag particles remains challenging because of the lack of
information on toxicokinetic and toxicodynamic data, human studies, different organ-specific toxicity,
robust repeat-dose studies, and chronic exposure toxicity, including DART studies.

3. Nano-TiO;
The limited number of available human and animal studies indicate that Nano-TiO- particles are
absorbed to a small extent from the lungs and the gastrointestinal tract and distributed to the liver,

4 The No-Observed-Adverse-Effect Level (NOAEL) is the greatest concentration or amount of a substance at
which no detectable adverse effects occur in an exposed population.

5 The Lowest-Observed-Adverse-Effect Level (LOAEL) is the lowest level of a substance that has been
observed to cause harm in an exposed population.



kidneys, spleen, and brain. Nano-TiO- particles do not appear to effectively penetrate intact skin in
humans and animals. Oral exposure to Nano-TiO- elicited alterations in immune/inflammatory
responses, apoptosis, and oxidative stress in animal studies. The survey literature also showed that
inhalation exposure to Nano-TiO; elicited minimal bronchiolo-alveolar hyperplasia, as well as
minimal irritation and inflammation in airways. There is a lack of epidemiological data for evaluating
chronic and carcinogenic potential for Nano-TiOx.

Mutagenicity studies presented mixed results in in vitro and in vivo tests. Most Ames assays elicited
negative results. In vitro MN studies and comet assays elicited predominantly positive results. In
vivo MN studies elicited predominantly negative results. In vivo comet assays generated conflicting
results. Some studies reported the formation of oxidized bases in DNA after Nano-TiO, treatment.

Although the mode of action (MOA) for Nano-TiO- toxicity is not well understood, its toxic effects
include sustained inflammation, impairment of cellular defense mechanisms, production of ROS,
oxidative DNA damage, cell proliferation, apoptosis, necrosis, depletion of antioxidants and ROS
scavengers, and/or gene mutations.

TERA proposed long-term oral and inhalational ADI values are 0.7 pg/kg/d and 30 ug/m?/d,
respectively.

TERA determined that derivation of ADIs for Nano-TiO: is challenging because of high uncertainty
with a lack of reliable dose-response data. In addition, there is a lack of epidemiological data to
understand whether TiO, dust can increase respiratory disease or lung cancer mortality rates in
exposed industrial workers. More detailed information is needed to further understand how
physicochemical properties of Nano-TiO; particles influence their toxicity. Although limited studies
reveal that a small amount of Nano-TiO- is absorbed via respiratory and gastrointestinal tracts,
information on their translocation rates to other organs and toxicokinetics is uncertain. There are
significant uncertainties in cardiovascular, immune, neurological, and DART toxicity endpoints of
Nano-TiO.. The WHO IARC Working Group classified TiO; as a Group 2B (possibly carcinogenic to
humans) chemical. However, limited human and animal studies are available to understand the
carcinogenicity of Nano-TiOz. For the observed toxicity of Nano-TiO;, the exact mechanisms and
pathways of Nano-TiOz-induced toxicity are not clear. In particular, understanding of human
exposure to Nano-TiO; during use of consumer products is lacking.
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1 INTRODUCTION

Nanomaterials represent a broad range of materials that are being used in a wide variety of
products. For the purpose of this report, nanomaterials are defined as materials/particles that
range from 1 to 100 nanometers (nm) in any external dimension. Although nanomaterials may
have the same chemical composition as their non-nanomaterial versions, nanoscale materials can
differ substantially in their structure, physical and chemical properties, and potentially in their
behavior in the environment and in the human body. These properties also vary significantly
between different forms of the same nanomaterial. The use of nanomaterials has been reported
in various products purchased by the American public. These products include cosmetics,
cleaning products, personal care products, sporting goods, textiles and clothing, electronics, food
and beverages, home and garden products, and sunscreens.

The United States (U.S.) Consumer Product Safety Commission (CPSC) is currently evaluating
information on nanomaterials in consumer products to determine if there are any potential safety
and health risks to the public. Under the Consumer Product Safety Act (CPSA) enacted in 1972,
a consumer product is any article or component part produced or distributed for sale to
consumer, or for their personal use in household, school, recreation or otherwise. It does not
include any article that is not customarily produced or distributed for sale or use to the consumer,
tobacco and tobacco products, motor vehicles or motor vehicle equipment, pesticides, firearms
and ammunition, aircraft, boats, drugs, cosmetics or food (CPSC, 2011). This report focuses on
the use of three nanomaterials in consumer products.

This report, prepared by Toxicology Excellence for Risk Assessment (TERA) for CPSC,
summarizes the recent relevant toxicological data (2010 to 2016) on three specific types of
nanomaterials: carbon nanotubes (CNTs) (including the two distinct forms single-walled
[SWCNTs] and multi-walled [MWCNTs]), silver nanoparticles (nano-Ag or Ag NP), and
titanium dioxide nanoparticles (nano-TiO2 or TiO2 NP). It is a follow-up report to a report
compiled by Versar (2012) that reviewed the toxicologic literature prior to 2010 with the goal to
derive potential acceptable daily intake values (ADIs) to aid in identification of possible health
hazards for use in risk evaluations for the three nanomaterials. The objective of this report is
similar to the earlier report, that is, to derive ADI for the three nanomaterials for oral, inhalation
and dermal routes, if there are sufficient high quality data to do so.

TERA’s research approach is described in Section 2. TERA research focused on worldwide
primary literature, from 2010 to 2016 in English. TERA also screened secondary sources such
as books and government reports for information. It is acknowledged that this report is not
comprehensive, that is, all the literature on the three nanomaterials is not covered in this report.
TERA was selective with the priority to identify relevant, high-quality studies so as to derive
ADIs. These include studies addressing the toxicology of the three nanomaterials via oral,
inhalation and dermal routes for various durations of exposure: acute, repeat-dose intermediate
(or subchronic), long-term (or chronic), and for various endpoints: systemic toxicity,
carcinogenicity, developmental and reproductive toxicity, genotoxicity and mechanism of action.
It should be noted that for the purpose of this review, data were generally not considered for
exposures to forms of these nanomaterials that are typically used in products not covered under
CPSC’s regulatory authorities. The rationale for this decision is that nanomaterial types differ



greatly by manufacturing method even for the same material composition. For similar reasons,
U.S. Environmental Protection Agency (EPA) has regulated each manufacturing process for
MWCNTs as a separate entity under the Toxic Substances Control Act (TSCA). Therefore, an
ADI developed to be applied to CPSC-regulated product uses should primarily consider the
nanomaterial forms and manufacturing processes used for CPSC consumer products.

Section 3 provides an overview of use of the nanomaterials in consumer products and how the
nanomaterials could be released from the consumer product(s), thereby exposing the product
users. Exposure to nanomaterials depends on the properties of the nanomaterial in the consumer
product (such as chemical entity, shape of the nanomaterial in the product, concentrations of the
nanomaterial in the product, and application of the product), how the nanomaterial is released
from the product (such as by abrasion, chemical or thermal decomposition of the composite
matrix) as well as exposure media (air, water, dust) and routes (inhalation, ingestion or via the
skin) and exposure conditions. Reports of complete exposure assessments related to use of
CPSC regulated products that measured the amount ingested, total dermal exposure, or
conducted an exposure assessment based on air concentrations in homes are summarized, if
available. The three nanomaterials are used in a variety of products:

e (CNTs are used in CPSC-regulated products due to their electrical, mechanical, and
thermal properties that are useful in developing lightweight, strong building materials and
computers. Products reported to contain CNTs include: sporting goods equipment (e.g.,
tennis rackets, bicycles), textiles and shoes, and transparent electrodes for computers and
electronics.

e Nano-Ag has been reported to be used in a number of consumer products including spray
disinfectants, hair dryers, soaps and dish detergents, cooking utensils, food preservative
film, filters for air and water purification systems, household appliances, textiles, clothes,
shoes, and personal care products.

e Nano-TiO2 has been used in various products including air filtration and purification
systems, household products and home improvement products.

For each of the nanomaterials, Sections 4, 5 and 6 (for CNTs, nano-Ag and nano-Ti02,
respectively) cover the following:

e Physical/chemical properties, including groupings that may affect ADI derivation (e.g.,
single vs. multiwalled carbon nanotubes; crystalline state; functionalization);

e Toxicokinetics of the nanomaterial;

e Toxicity data, with a focus on high quality in vivo studies using environmentally relevant
routes, as discussed above. For each key study, the significance of the study is
summarized (e.g., whether it informs on the mechanism of action) and uncertainties are
highlighted. The lowest observed adverse effect level (LOAEL)/no observed adverse
effect level (NOAEL) is identified for each study as appropriate, and dosimetry modeling
is conducted, to the degree feasible and appropriate. For the oral route, standard
allometric adjustments are applied;

e For each nanomaterial or subset of nanomaterials, the database was evaluated to
determine the adequacy of the data for development of ADIs for oral, inhalation, and/or
dermal exposure for acute (up to two weeks) and chronic exposures. The report focuses



on the critical effect(s) for each exposure route/duration, rather than developing a weight
of evidence for each endpoint. When supported by the data for a given duration/route,
an ADI was derived, including identification of the critical effect(s), identification of the
point of departure, and application of appropriate uncertainty factors; and

Research needs and data gaps for each nanomaterial.

In Sections 4, 5, and 6, the focus was on high quality studies that included best practice
documentation of nanomaterial characteristics, including, but not limited to:

Physico-chemical characteristics,

Concentration of the nanomaterials,

Particle size and shape,

Particle number and distribution,

Purity of the nanomaterial,

Use of proper controls, and

Documentation of analysis (e.g., standard test methods were used from such standard
organizations as ASTM International (ASTM) or the International Organization for
Standardization (ISO)); instruments were calibrated; measurement protocols are
discussed and cited.

Studies that used other routes are addressed only to the degree that they provide information not
fully covered by the other routes. Similarly, some studies of lesser quality or of forms not used
in CPSC products were reviewed in this report if they informed database coverage or potential
mode of action. In vivo mechanistic or gene expression studies are characterized to the degree
that they inform a mode of action determination or otherwise inform the derivation of an ADI,
but highly specialized studies using endpoints with questionable or remote relevance to standard
toxicity endpoints are not included. Similarly, in vitro studies are addressed only to the degree
that they inform the broader mechanistic issues related to the sufficiency for deriving an ADI via
any of the environmentally-relevant routes. However, both in vivo and in vitro genotoxicity
studies using standard test methods are summarized, since in vitro studies are part of the overall
weight of evidence determination for genotoxicity. To the degree appropriate, the text
summarizes those studies from the Versar report (2012) that are relevant to the new assessment.

In reviewing the literature, the following were considered:

The effect that physico-chemical properties have on exposure and toxicity,

Whether dose levels were appropriate/relevant,

Relevance of the test method for the specified route of exposure,

Whether the study demonstrates a dose-response relationship for the nanomaterial, and
For studies on consumer products, whether the study determines the concentration of the
nanomaterial in the product, the amount of nanomaterial released from the consumer
product and the conditions that cause such release as well as the characteristics of the
released nanomaterials.

For each of the three nanomaterials addressed in the report, the text addresses the data related to
both the unmodified (a.k.a., undecorated or “pristine”) form of the nanomaterial, as well as



functionalized/coated versions that would likely be used in consumer products (as appropriate for
CPSC). To the degree possible based on the available data, whether toxicity differs for different
forms of each nanomaterial was determined, and whether there are appropriate groups (e.g.,
whether certain functionalizations or sizes) that should be evaluated together. The focus of the
ADIs was for the unmodified or pristine form of the nanomaterial.

Research needs for each of the three nanomaterials were considered, particularly those that
would influence the derivation of the ADI.

References for the report are listed in Section 7.

Appendices include summary tables for data and studies that form the basis for conclusions
drawn in the related sections, and are presented in an accompanying volume.

1.1 Characterization of Nanomaterials
1.1.1 Minimum Consistent Characterization

The physical and chemical properties vary widely for each nanomaterial. Furthermore, the form
of the nanomaterial to which people may ultimately be exposed from use of CPSC products may
vary from the form added to the product because of transformations or filtering that happens as
the nanomaterial is emitted from the product. Thus, the appropriate physicochemical
characterization of nanomaterials used in toxicity testing is essential for data interpretation in
relation to the material properties, inter-comparisons between studies and conclusions drawn
regarding human health risk from potential exposures related to consumer product use. The
dependence of nanomaterial behavior on physical and chemical properties includes assessing a
range of properties such as shape, crystal structure, particle size distribution, agglomeration state,
surface area, surface chemistry, surface charge and porosity. Information for physical and
chemical properties for each nanomaterial is presented in the section for that nanomaterial.

Appropriate and rigorous physicochemical characterization of nanomaterials used in toxicity
testing is essential for data interpretation in relation to the material properties, intercomparisons
between studies, and conclusions drawn regarding hazard (Oberdorster et al., 2005 [as cited in
Versar, 2012]; Card and Magnuson, 2010; Castranova, 2011; Powers et al., 2006; 2013; EFSA,
2011; Pettit and Lead, 2013; OECD, 2016a). The U.S. EPA (2007; as cited in Versar, 2012])
reported that understanding the physical and chemical properties of nanomaterials is a
requirement in the evaluation of all routes of toxicological exposure and hazard. Chemical
properties such as vapor pressure, boiling point, molecular weight, and other properties usually
included for discrete chemical substances may not be important for some nanomaterials.
However, physical and chemical properties relevant to nanomaterial toxicity include properties
such as shape, crystal structure, particle size distribution, agglomeration state, surface area,
surface chemistry, surface charge and porosity of the nanomaterial (Oberdorster et al., 2005; U.S.
EPA, 2007). In addition, solubility and dissolution rates related to toxicity testing or fate in
exposure pathways may be critical in assessing toxicity specific to the nanoscale characteristics
of the nanomaterial as used in products (OECD, 2016a).



1.1.2 Variation in Characteristics

A main difference between nano- and micron- sized particles is the much greater surface area of
a given volume or mass of nanoparticles (NP) compared to an equivalent volume or mass of the
same type of micron-sized particles. To illustrate, a 5-nm nanoparticle (assuming it is a sphere
and with volume = 4/3nr®) would have a volume of almost 65 nm?®, whereas, a 0.5 micron
particle (100 times bigger) would have a volume of approximately 65,000,000 nm* (U.S. EPA,
2010a). Therefore, one million 5-nm particles would equal the volume of a 500-nm sized
particle. The surface area of a 5-nm particle (assuming it is a sphere and with surface area = 4
nr?) would equal approximately 80 nm?, whereas the surface area of a 0.5 micron particle is
approximately 800,000 nm?. Multiplying the surface area of the 5-nm particle by one million
(the number of 5- nm nanoparticles needed to equal the volume of a 500-nm particle) yields a
total surface area of approximately 80,000,000 nm?, which is 100-fold greater than the surface
area of the 0.5 micron particle. For some nanomaterials, the difference in surface area per unit
mass is particularly important for toxicity studies to accurately characterize the nanomaterial
physical characteristics.



2 Technical Approach/Literature Review Strategy

A three-tiered literature search strategy was employed to identify high quality studies for each of
the three nanomaterials under review (Figure 1). Tier 1 involved online searching for primary
sources of literature from scholarly and peer reviewed journals that report original research on
the nanomaterials of interest, including documentation of methodology and results. The Tier 2
literature search was conducted in websites and databases considered to be secondary
authoritative sources (i.e., sources that did not present original data or primary research reports
but were compendia or reviews of literature on the nanomaterials), in reports from government,
professional societies, international agencies, or peer review panel reports. Tier 3 comprised gap-
searching of the primary literature using new keywords not used in Tier 1, as well as
identification and retrieval of suggested references for each nanomaterial from the Versar peer
review report (TERA, 2013) and tree-searching by TERA authors.

Acronyms, Synonyms, CASRN

¢ PubChem
s  ChemEXPERT
«  TOXNET

'

. Primary Literature Search
Tier 1 « PubMed
= Web of Science
= Scopus
»  EMBASE
s«  TOXLINE
\ /
Tier 2 Secondary Authoritative References Results
Literature Search ——>| screenedfor |— | incorporated
relevance into Report

Tier3 /;iap-sea rch of primary literature

Retrieval of suggested
references from peer review

Tree-searching by report authors

. Y,

Figure 1: Three-tiered search strategy for nanomaterial information




2.1 Tier 1, Primary Literature Search

In order to perform the primary literature search for the selected nanomaterials, TERA’s first
step was to compile a comprehensive list of acronyms, synonyms, and Chemical Abstracts
Service Registry Numbers (CASRNs) for each nanomaterial using online databases such as
PubChem, ChemEXPERT, and TOXNET (Figure 1). Each of these acronyms, synonyms and
CASRNSs were then searched individually for primary literature in each of the five databases.
The acronyms, synonyms, and CASRNSs (identifiers) that either returned no results or returned
conflicting results were eliminated. For example, assume that the CASRN for a generic nano-
metal is the same CASRN number as its elemental form, did not return any search results in one
database, returned a total of only four search results in two databases (none of which had any
information on the nano metal), and returned numerous results in the two remaining databases
(such as EMBASE and TOXLINE). If in the latter two databases, many of the references only
made cursory mention of the metal and had little to no information on the nano metal, then the
CASRN for the nano metal would be removed as a search term.

TERA compiled a list of common critical effects/toxicological endpoints of interest. The
selected list of acronyms, synonyms, and CASRNSs (where applicable) for each nanomaterial,
together with the critical effects/toxicological endpoints of interest, was used to develop
appropriate search strings (as shown in Table 1).



Table 1: Search Strings for each Nanomaterial and Critical Effects/Toxicological Endpoints of Interest

Search string name

Search strings for primary literature

1 Carbon nanotubes

buckytube OR “carbon nanotube” OR “carbon nanotubes” OR CNT OR CNTs OR “cylindrical fullerene”
OR “single walled carbon nanotube” OR “single walled carbon nanotubes” OR SWNT OR SWNTs OR
SWCNT OR SWCNTs OR “double walled carbon nanotube” OR “double walled carbon nanotubes” OR
DWNT OR DWNTs OR DWCNT OR DWCNTs OR “multi walled carbon nanotube” OR “multi-walled
carbon nanotubes” OR MWNT OR MWNTs OR MWCNT OR MWCNTs OR “triple walled carbon
nanotube” OR “triple walled carbon nanotubes” OR TWNT OR TWNTs OR TWCNT OR TWCNTs

2 Nanosilver

nanosilver OR “nano silver” OR nano-silver OR “silver nano” OR “silver nanoparticle” OR “silver
nanoparticles”

3 Nano titanium dioxide

titania OR “titanium dioxide” OR “titanium(IV) oxide” OR TiO2 OR TiO2-NP* OR “nano TiO2” OR
nano-TiO2 OR nano-anatase OR rutile OR anatase OR brookite OR 13463-67-7 OR 1317-80-2 OR 1317-
70-0

4 Critical effects/Toxicological
endpoints

assessment OR “adverse effects” OR “health effects" OR toxic OR toxicity OR toxicant OR toxicological
OR toxicology OR endpoint OR “critical effects” OR “point of departure” OR NOEL OR NOAEL OR
LOEL OR LOAEL OR genotoxic OR genotoxicity OR genotoxicology OR genotoxicological OR
reproductive OR developmental OR carcinogen OR carcinogenic OR carcinogenicity OR acute OR
subacute OR ames OR cytotoxic OR cytotoxicity OR cytotoxicology OR chronic OR subchronic OR
sensitization OR “dose response” OR embryotoxic OR embryotoxicity OR “embryo toxicity” OR
embryotoxicology OR hepatotoxic OR hepatoxicity OR hepatoxicology OR irritation OR lethality OR
“mechanism of action” OR “margin of exposure” OR “mode of action” OR neurotoxic OR neurotoxicity
OR neurotoxicology OR neurotoxicological OR pharmacokinetics OR poison OR “case study” OR “case
studies”




The literature search was conducted in the following five databases: PubMed, Web of Science,
Scopus, EMBASE, and TOXLINE. A combination of the search string for each nanomaterial
and the search string for the critical effects/toxicological endpoints was used to search each
database with appropriate search filters applied. Search filters are standardized strategies present
within the database designed to limit search results by increasing the specificity of the literature
search. Search filters differ between databases. Examples of search filters that were applied
include “document type,” “publication types” and “publication years.” The publication years
searched in the five databases were from 2010 to 2016. Although Tier 1 was focused on the
identification of primary sources of literature for each of the nanomaterials, some secondary
authoritative literature, such as systematic reviews and book chapters, were also identified. The
results of the literature search for each nanomaterial in each database, with a complete list of the
search filters that were applied, are documented in Tables 2 through 4. The search results for
each nanomaterial from all five databases were downloaded, combined and saved in an EndNote
library, making a total of three EndNote libraries, one for each nanomaterial.

Thereafter, the appropriateness of the search strings used, search filters applied, and the
methodology adopted for the primary literature search were reviewed by TERA toxicologists, a
nano-expert, and CPSC staff.



Table 2: Primary Literature Search Results for Carbon Nanotubes using Combination String Searches with Filters

Databas
e

String Combination

# Hits

PubMed

Carbon nanotubes + Critical effect/toxicological endpoint
Date search conducted: 11-04-2016

SEARCH FILTERS APPLIED:

Entrez Date*: 01-01-2010 — 12-31-2016

Languages: English

Subjects: Toxicology

Species: Humans, other animals

1,514

Total obtained after removal of duplicates

1,499

Web of
Science

Carbon nanotubes + Critical effect/toxicological endpoint

Date search conducted: 11-04-2016

SEARCH FILTERS APPLIED:

Timespan: 2010 — 2016

Languages: English

Web of Science Categories: Toxicology, environmental sciences, pharmacology pharmacy, public environmental
occupational health

Document Types: Article, proceedings paper, review, book chapter

1,774

Total obtained after removal of duplicates

1,773

Scopus

Carbon nanotubes + Critical effect/toxicological endpoint

Date search conducted: 11-04-2016

SEARCH FILTERS APPLIED:

Published: 2010 — 2016

Language: English

Document Type: Article, article in press, book, book chapter, review

Source Type: Journals, book, book series

Subject Areas: Environmental science, pharmacology, toxicology and pharmaceutics

1,406

Total obtained after removal of duplicates

1,399

10



Databas
e

String Combination

# Hits

EMBASE

Carbon nanotubes + Critical effect/toxicological endpoint

Date search conducted: 11-04-2016

SEARCH FILTERS APPLIED:

Publication years: 2010 — 2016

Date added to EMBASE: 1-1-2010 -12-31-2016

Diseases: Acute toxicity, drug cytotoxicity, genotoxicity, granuloma, inflammation, liver toxicity, lung toxicity,
neoplasm, neurotoxicity, side effect, toxicity

Drugs: Carbon nanotube, multi walled nanotube, nanomaterial, nanoparticle, single walled nanotube

Floating Subheadings: Adverse drug reaction, drug concentration, drug dose, drug toxicity, pharmacology, side effect
Publication Types: Article, article in press, chapter, review

Study Types: Animal experiment, animal model, human, in vitro study, non-human

369

Total obtained after removal of duplicates

366

TOXLINE

Carbon nanotubes + Critical effect/toxicological endpoint

Date search conducted: 11-04-2016

SEARCH FILTERS APPLIED:

Publication Date: 01-01-2010 — 12-31-2016

Subject: biomarkers, environmental monitoring, occupational exposure, mutagens, mutagenicity tests, administration,
inhalation, environmental exposure

98

Total obtained after removal of duplicates

98

Total All Databases

5,161

aDate citation added to the database

11



Table 3: Primary Literature Search Results for Nanosilver using Combination String Searches with Filters

Database | String Combination # Hits

PubMed Nanosilver + Critical effect/toxicological endpoint 1,097
Date search conducted: 12-15-2016
SEARCH FILTERS APPLIED:

Entrez Date®: 01-01-2010 - 12-31-2016
Languages: English

Subjects: Toxicology

Species: Humans, other animals

Total obtained after removal of duplicates 1,097

Web of Nanosilver + Critical effect/toxicological endpoint 808
Science Date search conducted: 12-15-2016

SEARCH FILTERS APPLIED:

Timespan: 2010 — 2016

Languages: English

Web of Science Categories: Toxicology, public environmental occupational health
Document Types: Article, proceedings paper, review, book chapter

Total obtained after removal of duplicates 782

Scopus Nanosilver + Critical effect/toxicological endpoint 682
Date search conducted: 12-15-2016

SEARCH FILTERS APPLIED:

Published: 2010 —2016

Language: English

Document Type: Article, article in press, book, book chapter, review
Source Type: Journals, book, book series

Subject Areas: Pharmacology, toxicology and pharmaceutics

Total obtained after removal of duplicates 653

12




Database | String Combination # Hits
EMBASE Nanosilver + Critical effect/toxicological endpoint 432

Date search conducted: 12-15-2016

SEARCH FILTERS APPLIED:

Publication years: 2010 — 2016

Date added to EMBASE: 01-01-2010 — 12-31-2016

Diseases: Acute toxicity, chronic toxicity, developmental toxicity, drug cytotoxicity, genotoxicity, immunotoxicity, inflammation, liver toxicity,

lung toxicity, neoplasm, neurotoxicity, reproductive toxicity, toxicity

Drugs: Metal nanoparticle, nanomaterial, nanoparticle, silver nanoparticle

Floating Subheadings: Adverse drug reaction, drug dose, drug toxicity, oral drug administration, pharmacology, side effect, topical drug

administration

Publication Types: Article, article in press, chapter, review

Study Types: Animal experiment, animal model, human, in vitro study, in vivo study, non-human

Total obtained after removal of duplicates 414

TOXLINE | Nanosilver + Critical effect/toxicological endpoint 583

Date search conducted: 12-15-2016

SEARCH FILTERS APPLIED:

Publication Date: 01-01-2010 — 12-31-2016

Subject: mice, toxicity tests, rats, dose-response relationship, drug, rats, sprague-dawley, rats, wistar; lung; risk assessment, toxicity tests, acute;

liver, animals, humans

Total obtained after removal of duplicates 576
Total All Databases 3,602

aDate citation added to the database

13




Table 4: Primary Literature Search results for Nano Titanium Dioxide using Combination String Searches with Filters

Database

String Combination

# Hits

PubMed

Nano titanium dioxide + Critical effect/toxicological endpoint
Date search conducted: 11-10-2016

SEARCH FILTERS APPLIED:

Entrez Date*: 01-01-2010 — 12-31-2016

Languages: English

Subjects: Toxicology

Species: Humans, other animals

1,185

Total obtained after removal of duplicates

1,162

Web of
Science

Nano titanium dioxide + Critical effect/toxicological endpoint

Date search conducted: 11-10-2016

SEARCH FILTERS APPLIED:

Timespan: 2010 — 2016

Languages: English

Web of Science Categories: Toxicology, environmental sciences, pharmacology pharmacy, public environmental
occupational health

Document Types: Article, proceedings paper, review, book chapter

2,110

Total obtained after removal of duplicates

2,069

Scopus

Nano titanium dioxide + Critical effect/toxicological endpoint

Date search conducted: 11-10-2016

SEARCH FILTERS APPLIED:

Published: 2010 — 2016

Language: English

Document Type: Article, article in press, book, book chapter, review

Source Type: Journals, book, book series

Subject Areas: Environmental science, pharmacology, toxicology and pharmaceutics

1,723

Total obtained after removal of duplicates

1,686

14



Database

String Combination

# Hits

EMBASE

Nano titanium dioxide + Critical effect/toxicological endpoint

Date search conducted: 11-10-2016

SEARCH FILTERS APPLIED:

Publication years: 2010 — 2016

Date added to EMBASE: 01-01-2010 — 12-31-2016

Diseases: Acute toxicity, chronic toxicity, drug cytotoxicity, genotoxicity, granuloma, immunotoxicity, liver toxicity,
lung toxicity, membrane damage, neoplasm, nephrotoxicity, neurotoxicity, reproductive toxicity, toxicity

Drugs: Titanium dioxide, titanium dioxide nanoparticle

Floating Subheadings: Adverse drug reaction, drug concentration, drug dose, drug toxicity, pharmacology, side effect
Publication Types: Article, article in press, chapter, review

Study Types: Animal experiment, animal model, human, in vitro study, non-human

313

Total obtained after removal of duplicates

312

TOXLINE

Nano titanium dioxide + Critical effect/toxicological endpoint

Date search conducted: 11-10-2016

SEARCH FILTERS APPLIED:

Publication Date: 01-01-2010 — 12-31-2016

Subject: mice, toxicity tests, rats, dose-response relationship, drug, environmental pollutants, mutagens, rats, sprague-
dawley, risk assessment, toxicity tests, acute; environmental monitoring, administration, inhalation; inhalation
exposure, biomarkers

348

Total obtained after removal of duplicates

342

Total All Databases

5,679

2Date citation added to the database

15



2.2 Tier 2, Secondary Authoritative Sources (Websites)

The purpose of Tier 2 was to identify secondary sources of literature from websites of reputable
and authoritative agencies or organizations throughout the world that could have reports or other
information of relevance to this project. From a list of 49 websites that have been identified as
potentially useful from previous projects conducted by TERA, 29 websites that were deemed to

be of potential relevance to the current task were selected. In addition, three websites (i.e., the
European Food Safety Authority (EFSA), the U.S. Food and Drug Administration (FDA), and
the National Nanotechnology Initiative (NNI)) were included in the list, making a total of 32
authoritative websites. The complete list of the 32 websites that were searched in Tier 2 is found
in Appendix A. Hazardous Substance Data Bank (HSDB) (2017a,b,c) reported no CASRN for
the three nanomaterials of interest to this project. Each website was searched using the most
common name(s) for each nanomaterial (i.e., carbon nanotubes, nano-titanium dioxide, and
nano-silver). The website, the total number of results obtained, as well as the number of results
that were saved because they were considered potentially relevant are documented in Table 5.
The majority of these websites returned numerous search results that were not relevant to the
project and were not considered further. There are two factors predominantly responsible for the

prevalence of irrelevant search results:

1. Most of these websites lack the function to restrict search results to specific publication

years, and

2. In many instances, search results comprise all documents containing a mention of each
half of a nanomaterial name (e.g., search results for carbon nanotubes consisting of all
documents containing the words “carbon” and “nanotubes”) irrespective of whether they
appear as a phrase or in isolation within these documents.

This search returned over 3,000 hits of which only 24 were considered relevant to the scope of

the project and were used for research.

Table 5: Search Results from Secondary Authoritative References

Website Keyword? # of Hits | Potentially
Relevant®

Australia (Dept. of Health): Nano silver 73 -
http://www.nicnas.gov.au/home Nano titanium dioxide 23 1

Carbon nanotubes 248 -
Canadian Centre for Occupational Health and Safety — Nano silver 29 -
RTECS: http://www.ccohs.ca/search.html Nano titanium dioxide 78 -

Carbon nanotubes 116 -
Environment Canada: Nano silver 2 -
http.//www.ec.gc.ca/default.asp?lang=En&n=ECD35C36 “Titanium dioxide” 14 -

“Carbon nanotubes” 6 -
Health Canada: http://www.hc-sc.gc.ca/index-eng.php Nanosilver 4 1

Nano titanium dioxide 10 1

Carbon nanotubes 7 -
Environment Canada (Risk Management Reports - Final Nanosilver 16 -
Assessments): http://www.ec.gc.ca/lcpe- Nano titanium dioxide 12 -
cepa/default.asp?lang=En&xml=09F567A7-B1EE-1FEE- Carbon nanotubes 35 -
73DB-8AE6CIEB7658
ECHA: https://echa.europa.cu/ Nanosilver 17 -

16



http://www.nicnas.gov.au/home
http://www.ccohs.ca/search.html
http://www.ec.gc.ca/default.asp?lang=En&n=ECD35C36%20%20
http://www.hc-sc.gc.ca/index-eng.php
http://www.ec.gc.ca/lcpe-cepa/default.asp?lang=En&xml=09F567A7-B1EE-1FEE-73DB-8AE6C1EB7658
http://www.ec.gc.ca/lcpe-cepa/default.asp?lang=En&xml=09F567A7-B1EE-1FEE-73DB-8AE6C1EB7658
http://www.ec.gc.ca/lcpe-cepa/default.asp?lang=En&xml=09F567A7-B1EE-1FEE-73DB-8AE6C1EB7658
https://echa.europa.eu/

Website Keyword?* # of Hits | Potentially
Relevant®
“Nano titanium 59 -
dioxide"
“Carbon nanotubes” 77 -
Denmark EPA: Nanosilver 9 1
http://eng.mst.dk/topics/chemicals/consumers--consumer- “Titanium dioxide” 12 2
products/danish-surveys-on-consumer-products/ “Carbon nanotubes” 5 1
Nanomaterials® 5
ACGIH: http://www.acgih.org/ Silver/“Nano - -
silver”’/Nanosilver
“Titanium dioxide” 9 -
“Carbon nanotubes” 2 -
CPSC: http://www.cpsc.gov/ Nano silver 4 -
Nano titanium dioxide 8 -
Carbon nano tubes 117 -
Federal Docket: http://www.regulations.gov/#!home Nanosilver 42 -
“Titanium dioxide” 463 -
“Carbon nanotubes” 96 -
National Service Center for Environmental Publications: Nanosilver 19 -
http:// www.epa.gov/nscep/ Titanium dioxide 168 -
Carbon nanotubes 45 -
OSHA: Nanosilver 8 -
https://www.osha.gov/dts/chemicalsampling/toc/toc_chem “Titanium dioxide” 65 -
samp.html “Carbon nanotubes” 20 -
HSDB: http://toxnet.nlm.nih.gov/newtoxnet/hsdb.htm Nanosilver 4 1
“Titanium dioxide” 63 1
“Carbon nanotubes” 27 1
NTP: http://ntp.niehs.nih.gov/index.cfim Nanosilver 5 1
“Titanium dioxide 86 -
“Carbon nanotubes” 40 -
OEHHA: https://oehha.ca.gov/ “Nano silver” 2 -
“Titanium dioxide” 100 -
“Carbon nanotubes” 3 -
USA-CA (Draft Assessments): http://www.ec.gc.ca/lcpe- Nanosilver 17 -
cepa/default.asp?lang=En&xml=6892C255-5597-C162- “Titanium dioxide” 38 -
95FC-4B905320F8C9 “Carbon nanotubes” 35 -
ATSDR: http://www.atsdr.cdc.gov/substances/index.asp Nanosilver 25 -
“Titanium dioxide” Over 240 2
“Carbon nanotubes” Over 160 1
Nanomaterials® 1
EPA SCIENCE INVENTORY: : http://cfpub.epa.gov/si/ Nanosilver 13 1
“Titanium dioxide” 43 -
“Carbon nanotubes” 50 -
IARC: “Nano silver” 2 -
http://monographs.iarc.fi/ENG/Monographs/PDFs/index.p “Titanium dioxide” 205 -
hp “Carbon nanotubes” 14 -
EFSA: http://www.efsa.europa.eu/en/press/news/170118-0 | Silver/”Nano - -
silver”’/Nanosilver
Titanium dioxide 8 1
Carbon - -

nanotubes/”’Carbon

17



http://eng.mst.dk/topics/chemicals/consumers--consumer-products/danish-surveys-on-consumer-products/
http://eng.mst.dk/topics/chemicals/consumers--consumer-products/danish-surveys-on-consumer-products/
http://www.acgih.org/
http://www.cpsc.gov/
http://www.regulations.gov/#!home
http://www.epa.gov/nscep/
https://www.osha.gov/dts/chemicalsampling/toc/toc_chemsamp.html
https://www.osha.gov/dts/chemicalsampling/toc/toc_chemsamp.html
http://toxnet.nlm.nih.gov/newtoxnet/hsdb.htm
http://ntp.niehs.nih.gov/index.cfm
https://oehha.ca.gov/
http://www.ec.gc.ca/lcpe-cepa/default.asp?lang=En&xml=6892C255-5597-C162-95FC-4B905320F8C9
http://www.ec.gc.ca/lcpe-cepa/default.asp?lang=En&xml=6892C255-5597-C162-95FC-4B905320F8C9
http://www.ec.gc.ca/lcpe-cepa/default.asp?lang=En&xml=6892C255-5597-C162-95FC-4B905320F8C9
http://www.atsdr.cdc.gov/substances/index.asp
http://cfpub.epa.gov/si/
http://monographs.iarc.fr/ENG/Monographs/PDFs/index.php
http://monographs.iarc.fr/ENG/Monographs/PDFs/index.php
http://www.efsa.europa.eu/en/press/news/170118-0

Website Keyword?* # of Hits | Potentially
Relevant®

nanotubes”
Nanomaterials® 1

FDA: http://www.fda.gov/ Nano silver 15 -
Nano-titanium 4 -
Carbon nanotubes 23 -

Nano.gov: https://www.nano.gov/ Nanosilver 6 1
Titanium dioxide 6 -
Carbon nanotubes 34 1

Total 3,186 25

2Keyword represents the nanomaterial name (exactly as it appears in the table, with or without quotation marks) that
either returned the most relevant search results/documents for the nanomaterial of interest, or returned search results
where other variations of the nanomaterial name did not. Some of the websites of these secondary authoritative
sources are programmed in such a way that employing the quotation marks designation (“”’) in a search phrase
ensures specificity of search results

Fact sheets, human health hazard assessments/reviews, reports, and other publications on the nanomaterial of
interest or nanomaterials in general before 2010 were not considered “potentially relevant.”

“This word was not used as a keyword for the literature search. However, results that pertained to nanomaterials
generally, rather than to a specific nanomaterial, and were considered potentially relevant were documented in this
TOW.

2.3 Tier 3, Gap-Search

There were several steps used to search for “missing” information or address potential “gaps”
identified by the authors or by the Versar peer reviewers (2012). Missing information/potential
gaps, as used here, refer to additional keywords that were not used in the initial primary literature
search, suggested references for all three nanomaterials from the peer review report, and
references identified through tree-searching, as explained in detail below.

The first step of the third tier involved gap-searching of the primary literature using additional
keywords that were not used during the initial primary literature search (Tier 1) to confirm
whether additional studies of potential relevance were available. The additional keywords were
included only in the “critical effects/toxicological endpoints” search string and can be found in
Table 6.

Table 6: Additional Keywords for Gap-Search?

Search Search strings for primary literature
string name
Critical assessment OR “adverse effects” OR “health effects" OR toxic OR toxicity OR toxicant OR toxicological

effect/Endpoint | OR toxicology OR endpoint OR “critical effects” OR “point of departure” OR NOEL OR NOAEL OR
LOEL OR LOAEL OR genotoxic OR genotoxicity OR genotoxicology OR genotoxicological OR
reproductive OR developmental OR carcinogen OR carcinogenic OR carcinogenicity OR acute OR
subacute OR ames OR cytotoxic or cytotoxicity or cytotoxicology OR chronic OR subchronic OR
sensitization OR “dose response” OR embryotoxic OR embryotoxicity OR “embryo toxicity” OR
embryotoxicology OR hepatotoxic or hepatoxicity or hepatoxicology OR irritation OR lethality OR
“mechanism of action” OR “margin of exposure” OR “mode of action” OR neurotoxic OR neurotoxicity

OR neurotoxicology OR neurotoxicological OR pharmacokinetics OR poison OR “case study” OR “case
studies” OR oral OR dermal OR inhalation OR "acceptable daily intake"

?Additional keywords are emboldened
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Using the same methodology of combining the search string for each nanomaterial with the
search string for the critical effects/toxicological endpoints (with the additional keywords), two
of the five databases (TOXLINE and EMBASE) were searched again, using the same search
filters that were applied in the Tier 1 literature search. These databases were chosen because
they returned the most relevant literature from the initial searches as deemed by the
toxicologist(s) screening the searches.

The gap-search results from the aforementioned databases were downloaded and combined with
the initial EndNote libraries for those two databases for each nanomaterial. Duplicate results
were deleted in order to get the actual number of “new” references that were retrieved. The
numbers of additional references obtained as a result of the gap-search for each nanomaterial are
shown in Tables 7, 8, and 9.

Table 7: Gap-Search Results for Carbon Nanotubes

Title Date Search Conducted + Final Result
Initial search conducted 11-4-2016

Gap-search conducted 01-14-2017

Date range used for both initial search and gap-search (01-01-2010—12-31-2016)

Number of new references obtained from gap-search 81*

*This number was obtained by combining the initial and gap-search results from two databases (EMBASE and
TOXLINE), followed by the removal of duplicates

Table 8: Gap-Search Results for Titanium Dioxide

Title Date Search Conducted + Final Result
Initial search conducted 11-10-2016

Gap-search conducted 01-15-2017

Date range used for both initial search and gap-search (01-01-2010-12-31-2016)

Number of new references obtained from gap-search 116*

*This number was obtained by combining the initial and gap-search results from two databases (EMBASE and
TOXLINE), followed by the removal of duplicates

Table 9: Gap-Search Results for Nanosilver

Title Date Search Conducted + Final Result
Initial search conducted 12-15-2016

Gap-search conducted 01-16-2017

Date range used for both initial search and gap-search (01-01-2010 - 12-31-2016)

Number of new references obtained from gap-search 80?

*This number was obtained by combining the initial and gap-search results from two databases (EMBASE and
TOXLINE), followed by the removal of duplicates

The second step of Tier 3 involved the identification and retrieval of references suggested by the
peer reviewers of the Versar report (2012). It was anticipated that these references might provide
additional insight, particularly on the toxicokinetics of nanomaterials.

The third step that was employed in Tier 3 of the literature search strategy involved the
identification of potentially relevant references either cited in the reference sections from
primary literature or through tree-searching by toxicologists reviewing the nanoparticle
literature, followed by subsequent retrieval and review of the identified references for screening.
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2.4 Screening Literature Searches
2.4.1 Relevant Literature

Literature retrieved through the above methods were screened for high quality, relevant studies
primarily on the basis of whether the experimental data was relevant and reported in a format
that could provide a dose or concentration as a point of departure (POD) from which an ADI
could be derived. High quality studies were considered those that include best practice
documentation of nanomaterial characteristics, including, but not limited to:

physico-chemical characteristics,

concentration of the nanomaterials,

particle size and shape,

particle number and distribution,

purity of the nanomaterial,

use of proper controls, and

documentation of analysis (e.g., standard test methods were used from such
standard organizations as ASTM or ISO); instruments were calibrated;
measurement protocols were discussed and cited.

@ o Ao oW

Further, studies were deemed to be potentially relevant to an ADI, or were otherwise considered
toxicologically relevant information, if they met the following criteria:

1) The study was in English.

2) The study measured in vivo (humans, mouse, rat, hamster, rabbit, guinea pig, dog, or primate)
responses to a form of the nanomaterial relevant to CPSC. Nanomaterial preparations specific to
cosmetic, food, drug, transportation, or other applications not regulated by the CPSC were
excluded.

3) The study used a route of administration relevant to likely exposure by way of CPSC-
regulated articles, which included oral, inhalation, or dermal routes. Studies using intratracheal
instillation (IT), oropharyngeal aspiration (OPA), intraperitoneal injection (IP), subcutaneous
injection (SC) or intravenous injection (IV administration) were not considered appropriate for
providing dose-response toxicity information or serving as the basis of the ADI
calculation/derivation, but were considered potentially relevant to inform toxicity if the database
of oral, inhalation or dermal studies were limited (see Section 2.3.2).

4) The study measured toxicity endpoints relevant to an ADI. These included any form of
systemic toxicity, portal of entry toxicity (e.g., lung inflammation from inhalation exposure), but
excluded eye and skin irritation, and skin sensitization, as these are usually acute studies that
examine only portal of entry effects and not systemic toxicity.

5) The study reported effects from which a dose-response could be informed, which was
considered to be two or more dose levels plus a control. Studies reporting only one exposure
dose were considered relevant for demonstrating a NOAEL/LOAEL if they were performed
according to a specific OECD Test Guidance/Guideline.

6) Studies investigating genotoxicity or mutagenicity were considered relevant, other criteria
notwithstanding.
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2.4.2 Potentially Relevant Literature

Studies that did not meet the above criteria but were considered to be potentially informative to
some aspect of this assessment were placed into a “potentially helpful/relevant” folder. The
criteria used to select these studies were not strict, but in general studies were deemed “helpful”
if they contributed information to the following subjects:

1) Absorption, distribution, metabolism, or excretion of nanomaterials,

2) The impact of physicochemical variability on nanomaterial toxicity,

3) The biological mode-of-action of nanomaterial toxicity,

4) Hazard characterization of nanomaterials using routes of exposure (e.g., IV) not directly
relevant to CPSC-regulated articles,

5) The use of nanomaterials in CPSC-regulated product groups, their release from such articles,
or assessment of consumer exposure to nanomaterials through such articles,

6) Epidemiological association of nanomaterial exposures with effects in humans,

7) Approaches for risk assessment of nanomaterials, and

8) Authoritative reviews of literature, as deemed appropriate.

These screening criteria initially resulted in the following number of “relevant” and “potentially
helpful” studies for each nanomaterial (Table 10):

Table 10: Number of Studies identified after Screening

Nanomaterial Name Studies “Relevant to ADI” | “Potentially Helpful” Studies
Carbon nanotubes 43 136
Nano-titanium dioxide 67 205
Nanosilver 60 103

The screened groups of “relevant to ADI” and “potentially helpful” publications for each
nanomaterial were further reviewed for completeness by an outside expert who was selected on
the basis of having an extensive background in the toxicology, commercial uses, risk assessment,
and environmental exposure of these nanomaterials.
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3 USE AND EXPOSURE IN CONSUMER PRODUCTS
3.1 Overview

Literature available prior to 2010 has been summarized in Versar (2012). The scientific
consensus on consumer exposure from this period is limited by a lack of both experimentation
and systematic assessment of consumer exposure potential. At the time of the Versar review,
there was a great deal of uncertainty regarding release or emission of added NP from products.
Versar (2012) summarized a systematic review by Wijnhoven (2009) that laid out factors
expected to contribute to consumer exposure risk arising from the addition of nanomaterials to
products. These factors included: 1) properties of the nanomaterial, 2) properties of the product
and prevalence of the product use, and 3) route of exposure. An expert panel convened by the
Dutch National Institute for Public Health and the Environment reached the conclusion that
nano-enabled products outside of the food-and-drug purview were not likely to result in high-
level exposures except where free particles were used, such as in adhesives, cleaning products,
and paints/coatings (Versar, 2012). An EPA assessment (U.S. EPA, 2010b) on potential routes
of exposure to nanosilver stated that exposure route was highly dependent on specific products
and uses. This echoes the points made by Wijnhoven (2009), and it may be noted that detailed
volume and use information on nanomaterial-containing products would be very valuable. This
information may be difficult to retrieve in the many cases where it may be proprietary to private
manufacturers.

Consumer exposure studies published from 2010 to 2017 continue to discuss and develop
frameworks for identifying the likelihood of nanomaterial exposure to consumers through
consumer products. In the recent literature retrieved, a majority of consumer exposure
assessments for nanosized TiO2 and nanosilver have been for cosmetic or food-related products
(Vance et al., 2015) and neither application is under CPSC regulatory purview. Many of the
consumer exposure scenarios studied for CNTs are relevant to the CPSC, with the exception of
biomedical, therapeutic, and automotive/aeronautical applications. Increasing emphasis has been
placed on determining conditions under which these nanomaterials may be released from a
product at any point during the product life cycle, thus creating a potential for consumer
exposure. Extent of release will depend on how a nanomaterial is incorporated into products, as
nanomaterials may be securely entrained in some applications but freestanding (i.e., loose
particles not bound in matrices or aggregates) in others (Nowack et al., 2013; David et al., 2015;
Harper et al., 2015). It will also depend on the composite in which the nanomaterial is used, as
release from some composites are more likely under some use conditions than others (Kingston
etal., 2014).

Routes of exposure that are anticipated to be of importance to use of consumer products are oral
and inhalation routes. Regarding the possibility of exposure by way of dermal routes, Filon et al.
(2016) reviewed the dermal absorption of NPs and agglomerates in occupational settings. Metal
NPs were thought to present a higher risk of skin absorption relative to larger graphene-based
mega-molecules. This was not due to the intrinsic nature of the NP so much as the tendency of
metal NPs to shed metal ions depending on conditions. Solid NPs smaller than 45 nm in
diameter may penetrate the epidermis, but only exceedingly small particles (less than 1 nm) are
capable of being systemically absorbed through intact skin. Dermal absorption of NPs from
products, therefore, appears unlikely.
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Research into nanomaterial release from products has only recently begun to make progress in
characterizing the effects of weathering and consumer use stresses, which can include abrasion,
heat, ultraviolet (UV)/sunlight exposure, and chemical reactions (Froggett et al., 2014; Harper et
al., 2015). Several attempts have been made to model weathering of nanomaterial-containing
products (Wohlleben and Neubauer, 2016). As recently as 2011, a nearly total lack of
nanomaterial release information was acknowledged in a critical review by a German Federal
Environment Agency and German Federal Institute for Risk Assessment working group on the
carcinogenic potential of nanomaterials in consumer products, focusing primarily on CNTs and
TiO2 NPs (Becker et al., 2011). The goal of the review was to assess whether nanomaterials in
products presented a cancer hazard to humans based on the available data on NP carcinogenicity
and NP release from products. The group concluded that no reliable conclusions could be drawn
regarding release of nanomaterials from products at that time and highlighted the need for data
specific to release.

The Danish Environmental Protection Agency published a detailed effort to assess consumer
exposure to nanomaterials (Danish EPA, 2015a). The assessment was specific to products
intended for the European and Danish markets, but provides some insight to exposure assessment
strategies for nanomaterials. The report noted that consumer exposure assessment tools
developed for nanomaterials are, so far, limited to qualitative judgements that may allow for risk
prioritization of exposure scenarios but not determination of concrete risk. The report developed
a well-supported assessment of consumer use scenarios and developed quantitative estimates of
exposure to a variety of nanomaterials in these. These analyses were specific to products in the
European market, but may provide some insight into consumer exposure risks from analogous
North American products. Other international organizations have compiled and reviewed
consumer exposure information to nanomaterials
(http://nanoportal.gc.ca/default.asp?lang=En&n=57FB12B0-1&printfullpage=true).

Several reviews have been published that further develop the scientific discussion of consumer-
level exposure to CNTs and other nanomaterials. Nowack et al. (2013) reviewed possible
scenarios of CNT release from various polymer-based product applications, including sports
equipment, electronics, car tires, and textiles. In general, potential for release was considered to
be low at all stages of product life cycles, including injection molding, machining, consumer use,
incineration, and disposal in landfills. Possible exceptions included CNTs incorporated into car
tires and textiles. Mitrano et al. (2015) reviewed possible transformations of CNTs and several
other nanomaterials during the life cycle of nano-enabled products, arguing that anticipation of
these transformations based on product use and environmental conditions is necessary to design
relevant toxicity tests. Caballero-Guzman and Nowack (2016) reviewed strategies to incorporate
nanomaterial release data into material flow analysis of nano-enabled products. The review,
which was not exclusive to CNTs, noted that only 36% of product categories (not individual
products) have been investigated and few relevant scenarios have been studied. Erdely et al.
(2016) reviewed the implications of exposure assessment science for risk assessment of CNTs in
general, stressing that toxicity testing should be informed as to what form of NPs are anticipated
in real-life exposure scenarios. Mackevica and Foss Hansen (2016) reviewed literature relevant
to consumer exposure assessment of nanomaterials in products, asking whether the available data
could satisfy requirements for exposure assessment under Registration, Evaluation,
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Authorisation and Restriction of Chemicals (REACH). The authors concluded that less than half
the retrieved exposure data was documented in a form that could be used under REACH, and
most studies did not characterize particles released from products, and that REACH guidelines
concerning hazardous substance release from products are not easily adapted to the unique
situation of nanomaterials. Taken together, these reviews place emphasis on using knowledge of
nanomaterial type, composite type, product life cycle and use to identify consumer exposure
risks. Further, high-priority scenarios should ideally be reflected in the design of toxicity
studies.

3.2 Consumer Exposure to CNTs

Due to their range of unique properties, CNTs are utilized in diverse applications including
construction and civil engineering, electronics, and biomedicine. MWCNTSs make up the
majority of CNT usage by volume. MWCNTs are used in roles such as flame retardants,
electrical conduction, structural reinforcement, and nanomanipulation/engineering. Product
groups, many of which are considered consumer products, incorporating or expected to
incorporate MWCNTs include reinforced composites, additives to polymers, textiles, filters,
cables, lithium ion batteries, photovoltaic cells, paints, inks, and developing biomedical products
(Versar, 2012; De Volder et al., 2013). Most current product applications use CNT powders
either dispersed in solids (most common) or deposited as thin films surface-bound to a product.
CNTs are rarely found in freestanding form in consumer products (Vance et al., 2015).
SWCNTs are typically used for demanding electrical applications, for example as transistors or
superconductors. These applications for SWCNTSs remain in development (De Volder et al.,
2013).

In response to the growing need to model nanomaterial release from products, numerous studies
have investigated the extent and character of particles released in simulated weathering
scenarios. Most of the nanomaterial research of this kind conducted outside of food and drug
applications have focused on CNT-enabled products. Schlagenhauf et al. (2012) investigated
abrasion of CNT-containing epoxy and found free-standing CNTs among abraded particles, but
could not quantify the level of free CNTs at that time. Wohlleben et al. (2013) developed a
CNT-containing polyurethane polymer and tested it in degradation scenarios that included
abrasion, machining, and outdoor weathering (UV exposure). The analysis detected no free
CNTs released under any of the conditions tested. After an extended period of wear in these
experiments, entangled CNTs previously suspended within the polymer were exposed from the
degraded polymer surface. The report noted that the softness of the polymer enhanced the
embedding of CNTs in the material, even in abraded particles. This suggests that CNTs
complexed with soft materials have less potential to be shed as freestanding CNT particles
compared to CNTs incorporated into hard matrices.

Ging et al. (2014) studied simulated outdoor weathering of CNT polymer nanocomposites and
tested the toxicity of weathered particles in a Drosophila model. This species was selected for
ease of studying developmental effects. The authors simulated weathering by subjecting CNT-
containing epoxy surfaces to repeated cycles of UV and humidity exposure. Weathered surfaces
featured bared CNT fibers and agglomerates, but release of particles was not quantified. These
weathered CNT-containing surfaces exhibited no toxicity when micronized into fine particles
and exposed in Drosophila larvae, while a comparable dose of free CNTs inhibited growth and
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survival. Jiang et al. (2014) studied particle release from a SWCNT-containing polystyrene
polymer under abrasion and thermal degradation conditions. Abrasion produced micron-sized
particles with protruding SWCNTs and SWCNTs agglomerates. Heat treatment of the
composites at 100°C for 10 days did not change particle release, but 350°C for 1 hr enhanced
SWCNT release, generating released SWCNTs in the form of clusters or rope-like bundles. The
high heat treatment resulted in the loss of almost half the weight of the polymer sample,
suggesting that CNTs were released as the polymer was burned away. The study concluded that
SWCNT incorporation modestly improved abrasion resistance, but that high heat decreased
abrasion resistance and could liberate agglomerates of intact CNTs by burning away surrounding
matrices.

Grieger et al. (2015) reviewed a risk ranking algorithm estimating risk of nanomaterial release
from nano-enabled materials used in U.S. Army equipment. CNTs were ranked highly due to
inhalation risks during research and development scenarios, which presumably may involve CNT
use and handling more typical of occupational settings involving manufacture or machining of
CNTs. Schlagenhauf et al. (2015a, b) characterized and quantified CNT release from epoxy
materials as a result of abrasion in combination with UV light or immersion in water. Abrasion
processes released free-standing CNTs from only one specific epoxy formula containing 1% w/w
MWCNTs (a composition considered to be typical of CNT-containing polymers). The authors
estimated that 0.004% (w/w) of the abraded nano-epoxy material released into the submicron
size fraction would be in the form of free-standing MWCNTs, suggesting a low rate of release
for CNTs not still entrained in abraded polymer particles. An additional component of this study
tested the toxicity of abraded particles containing CNTs and found they did not cause greater
toxicity than CNT-free epoxy in human airway and macrophage in vitro tests. Kim et al. (2016)
reported on methods for quantifying CNT release from barrier fabrics and polyurethane foam. In
general, free CNTs were not generated from weathering these composites. Sotiriou et al. (2016)
studied release of nanomaterials from thermoplastic polymers following thermal decomposition.
The group found minimal, but detectable, nanomaterial release. Wohlleben et al. (2016)
investigated the effect of chemical and mechanical weathering on model elastomers, tested in a
scenario of nanofiber-enabled car tires. Considerable release was only observed when aging
stresses were combined. Overall, these studies indicate that significant levels of CNT exposure
from composites are predictable and limited to a narrow range of scenarios. These scenarios
appear most likely to involve combinations of weathering stresses (e.g., heat and abrasion);
release potentials may be reduced or eliminated through combinations of material choices and
use restrictions.

In most cases of consumer product use observed so far, amounts of free CNTs released to direct
exposure pathways (e.g., inhalation from use of the product) will likely be negligible, as released
CNTs often remain embedded in the composite matrix (i.e., polymer) and freestanding particles
are not likely to be released at rates that would result in meaningful exposure concentrations in
most situations. The experimental data suggest that conservative assumptions should be used
where applications involve combinations of stresses, especially where high heat is a condition.
In addition, even low rates of free-standing CNT release may be a concern where continuous
release over time may result in accumulation of free CNTs in dusts on surfaces in homes and
other consumer environments.
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3.3 Consumer Exposure to Nanosilver

Nanosilver (or silver nanoparticles, Ag NP) is one of the most commonly used nanomaterials in
consumer products. Most of the applications utilize nanosilver’s inherent antimicrobial
properties. Nanosilver-enabled consumer applications are most commonly seen when
disinfectant or antibacterial properties are needed in spray disinfectants, medical products not
regulated by the FDA, hair dryers, soaps, cooking utensils, filters of air and water purification
systems, household appliances (refrigerators and washing machines), electronics (computer
hardware, mobile phones), textiles, clothing, shoes, and toys (Versar, 2012). Silver NPs in
consumer products are usually found moderately to well-dispersed and are used suspended in
solids, coated on surfaces, reactively bound to matrices (e.g., textiles), or in freestanding form
(Dallas et al., 2011). Silver NPs are known to be present in over 400 consumer products (not
necessarily all under CPSC purview) and is occasionally used in combination with nano-TiO2 in
the same product. Silver NPs are most commonly found suspended in liquids and are also
common as surface coatings (Vance et al., 2015).

Studies retrieved addressing consumer exposure to Ag NP released from products were largely
focused on food-related and medical applications, while only a few were considered relevant to
CPSC. Overall conclusions from these studies were that a significant fraction of Ag NP release
from surfaces and solids was in the ionic form, and that heat increased the rate of release overall.
Nanosilver in liquids can be found as particles or dissolved ions, the ratio of which can vary
widely among different product formulas. A recurring challenge in estimating consumer
exposure risk is inconsistency in manufacturer reporting of whether products contain nanosilver
and in what form (Quadros and Marr, 2010). Exposure of consumers to nanosilver via products
is expected to occur predominately from inhalation of freestanding Ag NPs in sprays
(http://toxnet.nlm.nih.gov/newtoxnet/hsdb.htm). The risk of nanosilver exposure to consumers is
of particular interest due to the prevalence of nanosilver use in products and, in particular, in
products meant for use in the home and around children (Tulve et al., 2015). The available
studies are summarized below.

Quadros and Marr (2010) reviewed the uses and anticipated release of Ag NPs in consumer
products, indicating disinfectant and deodorant sprays as having the highest potential for
aerosolization of this NP. Heat was considered a significant factor for NP release, especially
from coatings. Fourteen percent of inventoried nanosilver-containing products were estimated to
present the potential for aerosolization of silver NPs during use.

Schafer et al. (2013) reported on a conference held at the German Federal Institute for Risk
Assessment which covered several aspects of nanosilver toxicology and human exposure,
including exposure through consumer products. Most Ag-containing products identified and
discussed were microbiocidals, which generally contained more micron-scale, than nano-scale,
particles. Biocidal effects are due to dissolved ions from the surface of the particle. A presenter
at the conference reported functionalization of textiles with nanosilver where 0.75% (w/w)
nanosilver incorporation was effective at inhibiting bacterial growth. Details relating to release
were not presented, but the information in the review indicated that the nanosilver concentration
in textiles may be substantially higher than those in topical antibacterial creams. Riebeling et al.
(2016) used the in silico Multiple Particle Path Deposition (MPPD) model to estimate lung
deposition of NPs from antibacterial spray products with the goal of identifying consumer
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exposure situations that could lead to lung overload. Lung overload is a mechanism that
produces lung toxicity when phagocytic clearance mechanisms in the lung are volumetrically
overwhelmed and is associated with the high surface area of NPs (Oberdorster et al., 1994). The
study presented dosimetric modeling of nanosilver regional doses based on nanosilver spray
product information from Quadros and Marr (2010) and concluded overload was unlikely in the
context of consumer exposure to sprays.

Nazarenko et al. (2014) estimated quantitative exposure to NP aerosols through nanotechnology-
enabled spray products, one of which was a nanosilver spray. Transmission Electron
Microscopy (TEM) of the captured spray particles showed silver NPs, mostly in agglomerated
clusters in the 50-100 nm range. The quantitative estimate of nanosilver dose to the respiratory
tract was derived from the size-distributed mass fractions measured during a 1-minute simulated
use. The size-distributed mass fractions of particles captured from the nanosilver spray were not
statistically distinguishable from those captured from a particle-free silver (Ag) spray used as a
control. It was unclear whether this discrepancy in the expected size distribution is due to
inaccurate labeling of products, non-homogeneity of product samples, or an artifact of the
methods.

von Goetz et al. (2013) analyzed release of nanosilver from plastic food containers containing
different simulated foodstuffs, including water, olive oil, and solutions of acetic acid or ethanol.
Significant release of nanosilver into contents was observed only following storage of acidic
foodstuff in new containers. About 12% of released silver was in NP forms, with the remainder
being ions. The authors note that the level of total consumer exposure to silver (all forms) via
this ingestion route would be low compared to the background level of total silver in the general
population.

Tulve et al. (2015) published a detailed review and assessment of nanosilver-containing
consumer products, focused on the U.S. market and potential exposure to children. Children’s
products incorporating Ag NPs included wipes, breast milk storage bags, stuffed toys,
toothbrushes, and plastic dishware. The assessment characterized the forms and characteristics
of Ag particles in a wide variety of products. The silver particles ranged from micron to
nanoscale in size and included free silver ions (Ag+); particles and Ag+ were distributed
heterogeneously throughout product matrices. Freestanding Ag NPs in sprays were distributed
between agglomerated and dispersed states. A basic formula for estimating exposure of the user
(children) to Ag on a mg/kg bw basis was proposed. Presumably, some of this Ag would be in
an ionic state and some portion would be ingested or absorbed as nano- or micron-scale particles.
More detailed release simulations may allow for better characterization of exposure risk to
consumers, particularly considering the extent of nanosilver use in products meant for very
young children.

3.4 Consumer Exposure to TiO2

Nanosized Ti02 is used in air filtration and purification systems, motor vehicle coatings,
cleaning products, paints, and various other household products (Versar, 2012). Titanium
dioxide NPs are often incorporated into products to make use of their photochemical qualities.
They are found mostly in coatings and suspended in liquids. Although nanosilver far exceeds
nano-Ti02 in number of applications (inventoried products), nano-Ti02 is produced in far more
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volume due to its use in paints and coatings (e.g., Pigment White 6), which are applied to a wide
variety of surfaces (Vance et al., 2015). Food grade TiO2 (E171) is also widely used, for
example, to whiten frostings and gum, and is reported to contain approximately 30% particle size
below 100 nm by weight (Weir et al., 2012). TiO2 (P25 Aeroxide®) is a common sunscreen
ingredient and most of the available literature addressing consumer exposure is specific to this
use as well as its use in cosmetic products. Use of TiO2 in food, sunscreen and cosmetics are not
under CPSC regulatory jurisdiction.

There were few available resources specifically addressing non-FDA regulated products with
Ti02. Overall, the greatest risk of consumer exposure to TiO2 NPs appears to be via inhalation
of freestanding NPs, for example as present in wet paints, ink toners, and spray-on self-cleaning
coatings (Pirela et al., 2015). Nanoparticle release from dried paints and coatings appears to be
negligible relative to levels expected to be hazardous (Al-Kattan et al., 2013; 2014) and TiO2
NPs are thought to be firmly entrained in these matrices (Olabarrieta, 2012; Shandilya et al.,
2014). However, extended weathering experiments have nonetheless documented the release of
free-standing TiO2 NPs from coatings (Shandilya et al., 2015). Nanoparticles may leach from
surfaces when not entrained in coatings or other non-porous polymers, as is seen in the case of
textiles (Windler et al., 2012) and cement (Bossa et al., 2017). TiO2 NPs are also found in
antimicrobial sprays and similar products. There are also a number of products containing both
Ti02 and Ag NPs (Vance et al., 2015). Product categories featuring significant volumes of
nano-TiO2 are discussed below.

Paints, coatings, and printer inks/toners containing nanosized TiO2 are sources of freestanding
NPs which could be aerosolized and inhaled. Pirela et al. (2015) investigated physicochemical
and morphological characteristics of NPs released from toner cartridges used in consumer-level
laser printers. NPs released from the use of different printer toners resulted in peak emissions of
between 3000 and 1.3 x 10° particles/cm?, ranging from 49 to 208 nm in size and variously
dispersed and in small agglomerates. TiO2 NPs are used in this product category, but metals
only accounted for up to 2 to 3% of the composition. The study concluded that considerable
differences existed between NPs characterized in their native post-synthesis state (as usually
studied in toxicity assays) and post-usage. This may create uncertainty with regard to what may
be considered a safe level of consumer exposure when health reference levels are derived from
published toxicity data. The author notes that concentrations up to and over 1 million particles
per cm® have been documented by other investigators during the use of high-speed laser printers
utilizing NP-enabled toners.

A study by Al-Kattan et al. (2013) measured release of NPs from nanoTiO2-containing building
paints during simulated weathering (UV, rainwater extended storage), concluding that NP release
was negligible over the anticipated use lifetime and that NPs were tightly bound within the solid
paint matrix. This reflects the view that hardened paints and coatings present little risk of
exposure to free-standing TiO2 NPs, but this conclusion may be premature. Shandilya et al.
(2015) used simulated weathering consisting of UV and water spray cycles meant to simulate 7
months of weathering. An 80-um layer of coating containing 1.1% nano-TiO2 applied to a
masonry brick was used. Cracks in the coating were observed after 4 months and the surface
was discontinuous after 7 months. Titanium (Ti) was not detected in water runoff from the
coating, but the brick itself readily degraded. The authors indicated that the data are consistent
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with contraction of the coating layer with increased weathering, causing cracks and
inconsistencies in the coating, but firmly retaining the TiO2 NPs within the coating. However,
when weathered surfaces were abraded it was found that longer-weathered surfaces shed higher
amounts of Ti and free-standing NPs were observed among abraded particle aerosols. The
authors considered this unusual as NPs in hardened coatings are thought to be tightly bound, but
is consistent with the perspective that combinations of weathering stresses increase the likelihood
of matrix degradation and NP release.

The release of TiO2 nanoparticles from textiles was investigated during sweating (von Goetz et
al., 2013) and washing (Windler et al., 2012). In the Windler investigation, six nanoTiO2-
containing textile products (none of which listed nanoTiO2 as an ingredient) were subjected to
up to 10 wash cycles in a laundry machine. Textiles contained between 0.2 and 0.8% Ti content
by weight, which was assumed to be in TiO2 form. Repeated washings caused small, non-
significant decreases in T1 content, with the exception of two textiles that shed 23-32% of
product Ti content over 10 washes. TiO2 NPs were shed mostly as agglomerates of a few
hundred nm to over 1um in size. Textiles lost less than 0.07% of their Ti content in the first
wash cycle, except for one example which lost 3.4% Ti. The high-loss example included TiO2
for its antimicrobial properties rather than for pigment purposes.

Bossa et al. (2017) conducted an experimental study of NP release from hardened nanoTiO2-
containing cement pastes. Leeching of Ti in soluble and NP forms was quantified over a 7 day
leaching period in pure water. TiO2 released into water was detected only in NP form and NPs
were free-standing. The study found a maximum release rate of 33.5+£5.1 mg Ti (corresponding
to 0.04% of initial NP content) per m? of hardened cement surface over 168 h of leeching in
water (estimated to represent two years of aging in product use). The leaching occurred as a
result of increased porosity of the hardened cement and dissolution of the cement matrix into
water. The rate of nano-TiO2 loss appeared to plateau with time.

3.5 Summary

There are a wide variety of uses for the three nanomaterials discussed in this report. Some of
these applications involve high volume-use of nanomaterials, such as TiO2 NPs used in paint
pigment. Scenarios involving high volumes of freestanding NPs (e.g., spraying NP-containing
paints) appear to present the highest potential for consumer exposure. Carbon nanotubes are
rarely found as freestanding particles in material released from products, thus the overall
potential for significant exposure for consumer uses appears minimal. Long-term exposure
potential from accumulation in dusts in homes has not been explored in the reviewed studies. In
the cases of nanosilver and nanoTiO2, many nanomaterial-enabled products are intended for the
home and are used by adults and children. Examples include construction materials, glass
coatings, textiles, disinfectant sprays, cleaners, self-cleaning spray coatings, air and water filters,
and food containers. Nanosilver in particular is widely used in home products, including many
children’s products such as wipes, toys, toothbrushes, and plastic dishware. Caution would
therefore be prudent regarding, for example, assumptions about nanosilver exposure and
absorption in adults vs. children. Absorption of nanoparticles and ionic metals in infants and
small children may differ from that estimated for adults. It should also be noted that nanosilver-
containing products may release silver predominantly in the ionic form as opposed to NPs.
Dissolved ionic silver may exhibit different absorption and distribution behavior compared to Ag
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NPs, and relative toxicities may be different between these forms.

A significant challenge in estimating consumer exposure to nanomaterials in various products is
incomplete or unreliable information regarding the actual content of NPs and their form and
manner of incorporation. Manufacturers frequently do not fully describe these particulars and
information may only be available in the imprecise language of advertising. Furthermore,
manufacturers may be reluctant to clearly disclose or label where nanomaterials are used in
products due to public perception about nanotechnology safety (Vance et al., 2015).

Regarding NP release from products, peer-reviewed studies focused on consumer-level exposure
from the use of nanomaterial-enabled products emphasize the following: 1) consumer exposure
to high-aspect-ratio macromolecular particles (i.e., length many times greater than diameter, as
with CNTs and other graphenes) is primarily a function of incorporation into a stable matrix, and
2) the use of metal NPs (such as silver) introduces exposure to both nanoscale and ionic
(dissolved) metals, and 3) combinations of weathering and stresses/stressors potentiate the
release of freestanding NPs (CNT, Ag, TiO2) from surrounding matrices, especially when heat
stress is involved.
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4 TOXICITY DATA FOR CNTS
4.1 Physical and Chemical Properties of CNTs

As briefly summarized in Versar (2012), literature prior to 2010 reflects an appreciation of the
importance of physicochemical characteristics in determining the toxicity of CNTs. However,
literature from this period lacked empirical data investigating factors leading to biological
entrapment and toxicity of CNTs. Expert opinion at that time held the expectation that properties
including shape, crystal structure, particle size distribution, agglomeration state, surface area,
surface chemistry, surface charge, and porosity would be relevant to the toxicity of most
nanomaterials, including CNTs (Oberdorster et al., 2005).

4.1.1 Experimental Toxicology Studies

The body of experimental work testing the impact of physicochemical variation on the toxicity of
CNTs and other nanomaterials has continued to grow. Apart from single-walled vs. multi-
walled, which are being addressed separately in this report, characteristics of CNTs include
diameter, length, purity (particularly with regard to trace metal contaminants), surface area,
surface modification (pristine vs. functionalized or oxidized'), presence of defects in the CNT
molecular configuration, surface coating by dispersants, and morphology/agglomeration. There
have been a number of experimental studies contributing to the evidence of certain
physicochemical features of CNTs as determinants of toxicity. Although the observed norms
and available technical guidance regarding documentation of physicochemical characterization
have improved greatly (ISO, 2012), the published results of many experiments remain difficult to
interpret and generalize. In some scenarios, it is apparent that certain physicochemical features
of CNTs are reproducibly associated with specific toxic outcomes.

On balance, the most consistent distinction is that CNT diameter and length are generally
correlated with toxic effects, (i.e., fibrosis of the lung following aspiration or instillation bolus
exposures to CNTs) (Manke et al., 2014; Xu et al., 2014; Poulsen et al., 2015). With regard to
fiber diameter, high-diameter “thick” MWCNTs (greater than 40 to 50 nm) are semi-rigid and
experimental preparations are often dispersed as individual fibers, while lower-diameter “thin”
MWCNTs (less than 20 to 30 nm) or SWCNTs are curly and almost always form tangled,
amorphous agglomerates of some kind. There is consistent evidence that simple acid-based
functionalization (carboxylation) as it increases the solubility, it decreases the inflammatory
potential of CNTs (Lee et al., 2015; Hamilton et al., 2013; Silva et al., 2014). As of yet, the data
demonstrating functionalization effects on toxicity potential are largely limited to carboxylated
examples; there is some evidence that other functional groups may have the opposite effect on

Iraw: “As-delivered” CNTs that have not been washed to remove impurities.

pristine: Unmodified CNTs with no surface decoration or functionalization. Synonyms: unmodified, undecorated
purified: CNTs processed to remove metal contaminants, usually by acid treatment (common) or high heat (less
common). Acid treatment may introduce oxidation and acid-functionalization of the CNT surface. Synonyms: acid-
treated, acid-washed, oxidized functionalized: CNTs modified with functional groups. The chemical process
normally involves acid treatment, so functionalized CNTs may be assumed to be purified
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biocompatibility (Zhang et al., 2010). A review of the experimental literature since 2010 is
provided below.

4.1.1.1 SWCNT

Manke et al. (2014) tested the effect of fiber length on the fibrogenic potential of SWCNTSs using
in vitro fibroblast cultures, showing that long SWCNTs (~12.31 pm) were more potent than short
(~1.13 pm) in inducing collagen production and transforming growth factor beta (TGF-8) in
fibroblasts. The long SWCNTSs were also more fibrogenic when measured in a follow-up mouse
lung 90 day pharyngeal aspiration study.

Lee et al. (2015) tested the immunotoxicity of carboxylic acid (COOH)-functionalized SWCNTs
in the spleen of mice following IV exposure. The independent variable was degree of
carboxylation of the nanotube surface. Increased carboxylation of the CNT surface decreased
the level of cytotoxicity, proliferation, and inflammation induced in the spleen; this was
attributed to greater dispersion of the CNTs in biological media.

Fujita et al. (2015) tested toxicity differences between SWCNTs aggregated as long, thick
bundles (400 to 600 nm diameter, 1.5 to 1.7 um length) and shorter, thinner bundles (130 to 170
nm diameter, 0.36 to 0.51 um length) in vivo and in rat alveolar macrophage cultures. The
different dispersions were obtained from the same stock using different-sized pore filters and
were stabilized using 1% albumin. Rats were exposed to 1.8 mg/kg bw IT (one-time exposure)
and observed for up to 90 days. Long, thick- or short, thin-bundled SWCNTSs caused similar
responses in rat lungs, but the thin-bundled SWCNTs induced more cells in bronchoalveolar
lavage fluid (BALF), predominantly neutrophils. In rat alveolar macrophage cultures, thick-
bundled MWCNTs induced significantly more intracellular reactive oxygen species (ROS)
release as well as of macrophage inflammatory protein 1-alpha (MIP-1a).

Park et al. (2016) tested whether acid-treatment purification of a raw (unpurified) SWCNT stock
would affect immune system or reproductive toxicity in a mouse model following instillation in
the lung. Acid treatments are typically used to remove metal contamination from raw CNT
materials, although it is not clear whether the treatment used in this study had other effects such
as oxidation/functionalization. For animal exposures, SWCNT were delivered via a single IT
dose in Pluronic F127 surfactant; BALF and lung histology were analyzed 90 days post-
exposure. Although the study hypothesis addressed iron (Fe) contamination as a variable, the
starting level of metal contamination reported for the unpurified SWCNT was already quite low
(0.12% Fe, <0.03% other metals), leaving only a small 0.1% difference in iron contamination
between the raw and purified samples. The purified SWCNTs nonetheless induced less lactate
dehyrogenase (LDH) in BALF than unpurified SWCNTs, however, the purified SWCNTSs
appeared to cause slightly more total cell accumulation in BALF. Both SWCNT types (purified
and unpurified) decreased the pregnancy rate, with a greater decrease seen following exposure to
unpurified SWCNTs.

4.1.1.2 MWCNT

Zhang et al. (2010) reported on the development of an 80-member CNT library of surface-
functionalized CNT variants built on a common MWCNT precursor that had a mean diameter of
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40 nm. The purpose was to identify biocompatible variants on the basis of their functional
groups. The variants were tested for protein binding, cytotoxicity (in vitro viability), and
immunotoxicity (nitric oxide response in macrophages). Certain functional groups were
identified as being significantly less biocompatible than others based on experimental results.
These commonly included unsubstituted aromatic ring moieties, which were associated with
higher protein binding affinity for hemoglobin (HB), carbonic anhydrase, and chymotrypsin.
The most favorable biocompatibility scores went to variants featuring a specific monochlorinated
aromatic ring moiety that was associated with lower protein binding affinity.

Kim et al. (2011a) tested the effect of MWCNT aspect ratio on genotoxicity using Ames,
chromosome aberration, and in vivo micronuclei tests. The authors tested two MWCNTs of
identical diameter but different lengths. It was found that the longer MWCNTs caused greater
genotoxicity in the assays compared to the shorter variant.

Murphy et al. (2011) tested clearance of MWCNTs of varying lengths from the pleural cavity of
mice following intrapleural injection of a 0.5% albumin suspension. Longer MWCNT examples
were poorly cleared compared to shorter variants.

Tabet et al. (2011) tested the effects of surface coating on MWCNT toxicity using in vitro and in
vivo tests. MWCNTSs were tested as either pristine or 50/50 wt% coated with acid- or
polystyrene-based polymer. In both test systems, in vitro macrophages and mouse lungs
(wherein MWCNTs were delivered via IT), acid-based coating increased MWCNT-induced
cytotoxicity, oxidative stress, and inflammation compared to pristine MWCNTs, while the
polystyrene-based coating decreased toxic effects.

Muhlfeld et al. (2012) compared the effects of a 10 pg dose of either long, thick (mean 13 pm
length, ~85 nm diameter, semi-rigid fibers)) or short, thin (1 to 5 um length, ~15 nm diameter,
tangled agglomerates) MWCNTs administered to mice via OPA in a 0.5% albumin suspension.
Both MWCNT types caused inflammation, but only short MWCNTs caused an increase in septal
wall thickness 28 days following exposure. Long MWCNTs were also reported to cause type II
pneumocyte hypertrophy, but type II pneumocyte hyperplasia and granulomatous inflammation
(typically seen following MWCNT exposure in the lung) were not seen after exposure to either
material. The increase in septal wall thickness was examined by TEM and appeared to be due to
a fibrotic response, running against the general principle that fiber length and diameter are
associated with fibrosis. The authors noted that unlike the long MWCNTs, the short MWCNTSs
used contained 1.79% Fe and were shown to produce ROS based on electron resonance data,
suggesting that the fibrotic reaction could be tied to iron-induced oxidative stress. The surface
area of the short MWCNTs, although not reported, was also presumably much higher than the
long, thicker-walled example.

Bussy et al. (2012) performed a study testing the effects of ultrasonic shortening on the
inflammatory effects of MWCNT in murine macrophages in vitro. MWCNTs subjected to
sonication were shorter (4.8 pm mean length, 37.5 nm diameter) than the unsonicated particles
(9.5 pm mean length, 42 nm diameter) and were affected by molecular defects, chemical
oxidation, and accumulation of iron on the surface. These shortened MWCNTs induced higher
levels of cytokine and oxidative stress responses than the unsonicated CNTs. One possible
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explanation given by the authors was the presence of defects induced by sonication, which was
documented by X-ray diffraction data. Molecular defects in the n-hybridized nanotube surface
had been shown by Muller et al. (2008) to augment the inflammatory potential of MWCNTs.
While this explanation was not specifically tested, experimentation with iron chelators ruled out
iron accumulation as the cause of increased toxicity by sonicated MWCNTs. The extent of
molecular defects induced by sonication varies between different materials and preparations.

Fenoglio et al. (2012) tested MWCNT diameter as a factor in acute lung toxicity (via IT
administration) using animal and in vitro models. Effects of two MWCNT types with similar
characteristics apart from diameter (9.4 vs. 70 nm) were assessed using BALF analysis in rats
and in vitro tests for cytotoxicity, uptake, and oxidative stress in murine alveolar macrophages.
Both MWCNT types were taken up into cells, but low diameter CNTs caused more in vitro
cytotoxicity than thicker-diameter as well as more LDH and cell accumulation in BALF samples.
The authors note that the thick-diameter MWCNTs underwent acid-based purification, while
low-diameter was heat-purified. We note that these purification treatments could plausibly have
skewed results if the acid-purified MWCNTs underwent functionalization, which would be
expected to lead to lower toxicity.

Wang et al. (2012) conducted a study on the effect of dispersants on MWCNT toxicity. A
MWCNT material (20 to 30 nm diameter) was dispersed in aqueous media using either bovine
serum albumin (BSA) or pluronic F108, a non-ionic polyalkene oxide surfactant. Following
OPA lung exposure in mice, pluronic-dispersed MWCNTs caused less fibrosis and induced less
interleukin-1 beta (IL-1B) than BSA-dispersed MWCNTs. The authors determined through
functional inhibition experiments that the decreased toxicity of pluronic-dispersed MWCNTs
was due to decreased cell uptake and increased stability of lysosomes.

Hamilton et al. (2013a) conducted a study of unpurified, purified, and carboxylated forms of
three different MWCNT size variants in THP-1 human monocytes and seven-day exposures in
mice using single-dose OPA. Diameters ranged from 16 to 32 nm, lengths ranged from 760 to
“too long to measure” nm, and surface areas ranged from 140 to 217 m*/g. Contaminants of
unpurified MWCNTs included iron (0.51 to 0.85%) and nickel (0.47 to 1.19%). Purified
MWCNT were generated using dilute nitric acid and COOH-MWCNTs were generated using
concentrated nitric and sulfuric acids. All MWCNTs had similar tangled morphologies. Marked
differences in in vivo lung inflammation and in vitro inflammasome activation were not apparent,
and physicochemical differences between variants were themselves not extensive, but the authors
nonetheless found positive correlations between MWCNT size and toxicity where long, narrow
CNTs were more toxic than shorter ones. Carboxylation of the MWCNTs sharply attenuated
inflammasome activation in monocytes in vitro (this variable was not tested in vivo).

Hamilton et al. (2013b) conducted an additional study using ex vivo alveolar macrophages and
human THP-1 cells exposed to unpurified MWCNTs, purified MWCNTs, and COOH-
functionalized MWCNTs prepared from the same material. Purified MWCNTSs were prepared
using sonication in a hydrochloric acid bath, and COOH-MWCNTs were generated from
purified CNTs using concentrated nitric acid (no further details were given). Scanning electron
microscopy (SEM) showed the MWCNT variants to be 20 to 30 nm in diameter and had a
tangled morphology that precluded measurement of length. Detailed analysis of defects showed
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that purified MWCNTs carried the lowest extent of defects in the tube structure. Results from
exposure of mouse alveolar macrophages and human THP-1 cells to albumin-dispersed
MWCNTs showed that unpurified MWCNTs induced the greatest toxicity, purified slightly less,
and carboxylation again attenuated toxicity to levels approximating controls.

Lee et al. (2013) tested impacts on pulmonary surfactant following administration of short (0.94
um mean length) or long (3.4 pm mean length) MWCNTs derived from the same starting
material (44 nm diameter). Wistar rats were exposed to a single dose of 0.2 mg via IT and
BALF was analyzed up to 1-year post-exposure. As in similar studies, markers of inflammation
in BALF were slightly higher following exposure to long as compared to short MWCNTs.
Levels of surfactant protein D (SP-D) were increased in BALF less than 7 days following short
MWCNT exposure, and to a lesser extent after long MWCNT exposure. Surface tension values
in BALF were decreased following MWCNT exposures, but long MWCNTs decreased surface
tension to a greater extent compared to short MWCNTs. This was in contrast to the greater SP-D
increases following short MWCNT exposure, but the authors acknowledged that surface tension
is also affected by BALF total protein (inconclusive differences measured between short vs long
groups) and surfactant proteins B & C (not measured).

Yu et al. (2013) exposed mice to 100 pg one-time doses of either pristine (untreated) or acid-
treated MWCNTs (12.5 nm mean diameter) via IT and analyzed markers of autophagolysosome
accumulation in lung tissue after 6 months. Pristine MWCNTs caused significantly increased
markers of both autophagy and cell proliferation in lung tissue compared to levels observed from
acid-treated MWCNT exposure. Epithelial hyperplasia and adenoma/adenocarcinoma were also
seen following MWCNT exposure, and these were more pronounced in pristine MWCNT-
exposed animals.

Ohba et al. (2014) tested the difference in toxicity between two MWCNT variants, a ‘long’ (8
pum length, 150 nm diameter, as stiff, semi-rigid fibers) and a ‘short’ (3 um length, 15 nm
diameter, as tangled agglomerates). MWCNTs dispersed in Pluronic F68-supplemented medium
were administered by microsprayer to the upper trachea of rats on days 1, 4, and 7 in 0.3 ml
doses of 250 pg/mL MWCNTSs. Long MWCNTs caused loss of ciliated epithelium and short
MWCNTs caused granulation of tissue on day 8 post-exposure. A later study (Xu et al., 2014)
by a related group from the same institution, explored the extent to which size differences of the
aforementioned MWCNTs played a role in early markers of mesothelial disease expected to be
induced by exposure. Following 24 weeks of biweekly exposures (0.5 ml/dose of 250 pg/mL in
Pluronic F68 vehicle) via tracheal microspraying, the long, stiff MWCNTs translocated to the
parietal pleura and were associated with fibrosis, mesothelial cell proliferation, and inflammatory
cytokines recovered in pleural lavage. The short, tangled MWCNTs did not cause pleural
fibrosis, proliferation, or significant inflammation in pleura, but induced higher levels of
inflammatory cytokines in lung tissue than the long MWCNTs. The different effects of these
MWCNT examples may be linked to their contrasting morphology, where the longer, thicker
example consists of stiff fibers and the shorter, thin-walled example forms tangled, globular
agglomerates.

Silva et al. (2014) conducted a study testing three similar MWCNT types (20 to 30 nm diameter)
in both intratracheal and inhalation exposures in rats. One MWCNT variant was delivered

35



unpurified (4.5% Ni, 0.76% Fe), another was purified using acid washing, and a third was
carboxylated using concentrated acid. Animals were exposed by IT (single dose) or inhalation
(single 6h exposure) and BALF and lung histology analyzed 21 days following exposure. A
thermogravimetric method was used to determine lung burden. The intratracheal dose was 200
ug, while the retained inhaled dose was 380 pug. The study results suffer from what appears to be
a high level of background pathology in the rat lungs; however, the results are generally
consistent with the view that purified MWCNTSs are more biocompatible than unpurified, while
functionalization with carboxyl groups exhibit less toxicity compared to unmodified MWCNTs.
Another effect that was apparent and related to material properties was that dispersion of
MWCNTs in an albumin- and phosphocholine-supplemented medium prior to aerosolization (in
effect creating a coating) attenuated lung pathology and BALF macrophage levels compared to
water-dispersed MWCNTs.

Taylor et al. (2014) tested whether aluminum oxide coating would influence the toxicity of
MWCNTs, and whether in vitro methods showing a difference were predictive of similar
responses in vivo. MWCNTs (~50 nm diameter, 0.5 to 40 um length) were coated with
aluminum oxide nanoparticles, which increased the fiber diameter by ~20 nm. The coating
potentiated the production of IL-18 by THP-1 human monocytes and primary human monocytes
in vitro, but decreased release of interleukin-6 (IL-6), tumor necrosis factor (TNF), and Th1-
promoting cytokine osteopontin. /n vivo, aluminum oxide coating decreased CNT-induced
fibrosis 28 days following aspiration exposure, but did not significantly affect inflammatory
markers in BALF, as compared to uncoated CNTs.

Esposito et al. (2015) performed a modified quantitative structure-activity relationship (QSAR)
study using an 80-member library of surface-functionalized MWCNTs and tested these materials
for protein binding to four proteins, as well as cytotoxicity and induction of nitric oxide (NO) in
macrophages (this library is different from that used in Zhang et al., 2010, summarized above).
The aim of the study was to inferentially identify detailed interactions between CNT functional
groups and the biological milieu. The study built on the work of previous QSAR studies that
have associated specific molecular groups with toxicity and used this preexisting knowledge to
investigate the differences in toxicity (binding activity) between functional groups decorating
MWCNTs in different conformations (i.e., various peptide-like and branched-chain molecules).
The study found that protein binding and in vitro immunogenicity were increased by functional
groups that had an extended conformation perpendicular to the MWCNT surface, such as large
branched-chain molecules. Cytotoxicity (decreased cell viability) varied widely among
examples and the most cytotoxic subgroup of MWCNTs were those decorated with functional
groups in collapsed, tight conformations, where the presence of hydrophobic moieties
encouraged folding into a closed structure. These different outcomes could plausibly reflect
differing modes of action due to physicochemical differences.

Poulsen et al. (2015) tested two MWCNT types, a small variant (11 nm diameter, 0.85 pm
length, 87% pure) and a large variant (67 nm diameter, 4.05 um length, 97% pure) in a
toxicogenomics study of mouse lung tissue with exposure via IT. BALF, lung histology,
deoxyribonucleic acid (DNA) damage, oxidative stress, and global gene transcription were
evaluated up to 28 days post-exposure. The two MWCNT types caused similar inflammatory
responses as measured in BALF, but large MWCNTs caused a greater prevalence of eosinophils
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at 28 days post-exposure. Large MWCNTs appeared to cause significant alveolar septal fibrosis,
while limited fibrosis was observed following exposure to small MWCNTs. Large MWCNTs
also produced bronchoalveolar granulomas in the lung, while small MWCNTs caused smaller
foci and diffuse alveolar hyperplasia and septal thickening. The effects of exposure on gene
expression were measured using microarrays to quantify transcript abundance and results were
presented as activation status of biological functional pathways, as indicated by the gene changes
and their direction. Both MWCNT types had similar effects on functional pathways, except that
large MWCNTs upregulated pathways involved in fibrosis. This was consistent with apical
endpoints, and underscores the link between semi-rigid morphology and fibrosis as seen in
experimental models.

The relative toxicities of 10 MWCNT variants of varying dimensions and functional groups in a
mouse model of lung exposure were tested by Poulsen et al. (2016). MWCNTs were delivered
via IT and changes were assessed in BALF collected up to 92 days post-exposure. Inflammatory
markers in BALF were most accurately predicted by surface area. Genotoxicity, also measured
in BALF cells, was negatively associated with surface area and positively associated with
MWCNT diameter. Increasing functionalization by hydroxyl and carboxyl groups decreased the
extent of inflammation.

4.1.2 Meta-analyses and Assessments

In addition to the above experimental work, recent literature includes several assessments and
meta-analyses of primary results examining the implications of physicochemical variation in
CNTs. In one such analysis, Birch et al. (2013) assessed the relationship between particle
surface area and other physicochemical properties in a set of MWCNT and SWCNT examples
obtained from commercial sources. This was performed because surface area was recognized as
a significant predictor of toxicity for some nanomaterials. However, the measured surface area
of CNTs may be much higher than the effective surface area because of agglomeration. In many
cases, the surface area specified by the manufacturer (which is often used for investigators’
report of material characteristics) may not reflect the toxicologically active surface area of the
material because this information often does not reflect the degree of aggregation or
agglomeration that determines the effective surface area directly related to toxicity in
experiments. The assessment found that the number of walls, diameter, impurities, and surface
coating/functionalization all affected the effective (measured) surface area.

Two other recent analyses have attempted to build statistical associations between
physicochemical properties of CNTs and toxicity. Gernand and Casman (2014) reported on a
meta-analysis of 17 CNT toxicity studies (nine single-walled and 11 multi-walled) from 2004 to
2011 focusing on lung toxicity measured in vivo following inhalation, IT or OPA exposure.
Associations between test material characteristics and toxicity endpoints measured in BALF
(numbers of macrophages and neutrophils, level of LDH and total protein) were assessed using
regression tree and random forest methods. These predictive models are considered ideal for
quantitative association assessments that must rely on sparse data sets. In the analysis of CNTs,
the highest-scoring physicochemical predictor of inflammatory responses in BALF was metal
impurities, specifically cobalt (other metals, such as iron, were not correlated). Diameter, which
ranged from 1 to 35 nm, was slightly correlated with the protein level in BALF, and length
(reported as ranging from hundreds of nm to 100 pm) was slightly negatively correlated with
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LDH (cell damage marker) levels. The size of CNT aggregates was positively associated with
leukocytic response and negatively correlated with LDH (i.e., cell damage). The data were not
sufficient to evaluate a relationship between mass median aerodynamic diameter (MMAD) and
toxicity. The findings regarding the influence of cobalt at common MWCNT-borne levels on
toxicity, are significant considering that a number of toxicity studies have used material with
cobalt trace contamination (Ma-Hock et al., 2009a; Pauluhn, 2010), but overall the results of the
study do not agree with the principle that length and diameter contribute to toxicity. Wang et al.
(2014) included original experimental data in an analysis of a relationship between nanomaterial
physicochemistry and toxicity using a principal component analysis. Toxicity of a panel of
nanomaterials was assessed in in vitro tests for cytotoxicity, apoptosis induction, hemolysis, and
mitochondrial stress. Although only one CNT example was tested, together with results from
various metal nanowires, the data supported length as a determinant of toxicity for fiber
nanoparticles in general.

4.1.3 Summary

For the most part, it is not conclusively known how variation in given physicochemical aspects
relates to toxicity. Quantitative analyses of physicochemical profile and toxicity have made
progress, but prediction of toxicity based on intrinsic properties remains difficult beyond some
basic generalizations supported by data reviewed here. It may be suggested that thick-walled
(>50 to 60 nm diameter) MWCNTs dispersed as semi-rigid fibers are more likely to induce
fibrogenic effects in epithelial and mesothelial membranes compared to thin-walled, curly
MWCNTs, and that fiber length is also a factor for this outcome. The differences in toxic effects
may relate to MWCNT morphology, where thicker-walled variants are usually high-aspect-ratio
particles and thin-walled form tangled, amorphous agglomerates hundreds of nm to um in
diameter that are not fiber-like. This would appear to relate the case of MWCNTSs to the
historical understanding that fiber shape and rigidity are fundamental to the fibrogenic toxicity
associated with other insoluble fiber examples, such as amphibole asbestos (Donaldson et al.,
2006). The tangled agglomerated variants are often shown to have greater inflammatory effects
than the non-agglomerated variants (Fenoglio et al., 2012; Hamilton et al., 2013; Ohba et al.,
2014). A tangled-form MWCNT was also reported to be fibrogenic in one in vivo study
(Muhlfeld et al., 2012), but this was based only on an increase in septal wall thickness and
fibrosis (collagen deposition) was not specifically assessed. Poulsen et al. (2015) similarly found
that tangled-type MWCNTs increased septal wall thickness but only long, semi-rigid MWCNTs
caused pronounced interstitial deposition of collagen as evaluated using histochemical staining.
Poulsen et al. (2016) identified thick-walled, semi-rigid MWCNT variants as genotoxic
compared to tangled variants. This study also correlated surface area with inflammatory markers
in BALF, and high surface area is intrinsic to thin-walled variants adopting the tangled
morphology.

Simple acid functionalization (oxidation of the CNT surface with —OH and —COOH groups) is
consistently observed to markedly attenuate inflammatory effects in vivo and in vitro, which
appears to be due to the intrinsic solubility of these variants compared to unfunctionalized CNTs.
More elaborate functional groups may have a variety of effects on toxicity (Zhang et al., 2010;
Esposito et al., 2015) that may be difficult to predict, although solubility in general appears to
promote biocompatibility.
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One meta-analysis raises a concern that metal impurities may factor into toxicity results in ways
not previously appreciated, specifically that low levels of cobalt contamination previously
presumed inert may account for a significant portion of CNT-induced toxicity (Gernand and
Casman, 2014). This finding seems to have implications for efforts to measure CNT dose-
response toxicity, as quantification of CNT-entrained Co in tissue (via ICP-MS) is considered
one of the few accurate ways to measure CNT burden in tissue (Pauluhn, 2010). However, the
assessment is limited by the low number of studies in this case, and the association could reflect
some other quality common to commercial MWCNTs manufactured using a cobalt catalyst. In
general, this study disagreed with the premise of CNT length and diameter being modifiers of
toxicity, which runs against the general consensus found in other studies. This may reflect the
importance of particle morphology (e.g., bundled vs. amorphous and tangled), and if so, attempts
to assume simple relationships between a given metric (e.g., length) and toxicity without
considering that final morphology of CNT particles may fail to consistently predict toxicity.
Other properties, such as surface defects and oxidation state, have also been shown to influence
toxicity in experimental literature (Muller et al., 2008; Li et al., 2013; Jiang et al., 2017). One
aspect that is not well-captured is the extent to which defects in the CNT surface may be
introduced by dispersing MWCNTs in suspension via sonication. Defects following sonication
are documented in some cases and not found in others, and in many studies is not characterized
at all. This carries more implication for studies using CNTs in suspension, as sonication is rarely
used in preparations of CNTs as aerosols.

The summarized work supports the importance of fiber diameter, length, trace metals, and
agglomeration/morphology as modifiers of toxicity in some way. In this report, diligence was
applied to documenting CNT diameter, length, surface area, contaminants (purity), and
agglomeration in data tables and summaries. Most investigators report these metrics in some
form and their relevance to toxicity has good experimental support. Emphasis has also been
placed on testing nanomaterials in a form that is consistent with the physical conditions in which
they are thought to present a hazard (Pettitt and Lead, 2013), as well as characterizing test
materials in the same form used for experimentation (i.e., post-processing).

Experimental studies often use bolus exposures (instillation or aspiration of liquid particle
suspensions into the lung or pleura) instead of inhalation exposure for evaluation of lung effects.
Studies have shown that the use of dispersants in suspension media can have a considerable
effect on CNT toxicity, and some surfactant dispersants used in toxicology studies can attenuate
cellular toxicity by stabilizing interactions with cell membranes (Wang et al., 2012; Silva et al.,
2014). The MMAD is an important factor for inhalation toxicity of particles, but is not
applicable to bolus exposures in suspensions. These methodology differences cause uncertainty
in applying the results of the above work to meaningful conclusions about CNT inhalation
toxicity. For the current assessment, documentation of diameter, length, surface area,
contaminants, and agglomeration are considered core characterization for key studies. Inhalation
studies should also document MMAD and the geometric standard deviation (sigma g). The
toxicological differences between thick-walled semi-rigid MWCNTs and thin-walled
agglomerate-forming variants can only be ascertained with data from well-documented testing of
representatives from both groups. Dose-response data for thick-walled CNTs (which are usually
60 nm or greater, but might be conservatively assumed to be MWCNT of greater than 30 to 40
nm diameter) are needed as a minimum because investigation of only thin-walled MWCNT may
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underestimate the ability of thick-walled CNTs to cause lung remodeling and fibrosis at
comparable doses.

4.2 Toxicokinetics of CNT

4.2.1 Single-walled CNT
4.2.1.1 Oral Exposure
No oral exposure studies in humans were found in Versar (2012) or in recent literature.

Prior to 2010, only one study was published addressing kinetics of SWCNT by the oral route
(Versar, 2012). Wang et al. (2004) administered radiolabeled hydroxyl-SWCNT (OH-SWCNT,
diameter of ~1.4 nm, mean length of 340 nm) to male KM mice (5/group) by gavage. OH-
SWCNTs were detected primarily in stomach, bone, kidney, and lung on orders of 10’s to over
100 ng per gram of tissue. Lesser amounts of OH-SWCNTs were found in the blood/skin, heart,
liver, spleen, intestine, muscle, or brain.

No studies published after 2010 addressing biokinetics of SWCNT by the oral route were
identified. Available studies found no evidence of systemic toxicity following exposure via the
oral route.

4.2.1.2 Inhalation Exposure

No studies specifically addressing SWCNT biokinetics in humans or animals following
inhalation exposure could be found in the literature, either before (Versar, 2012) or after 2010.
Some information can be gleaned from studies designed for other purposes.

In a study examining respiratory toxicity one year following a five-day inhalation exposure to 5
mg/m* SWCNTs, Shvedova et al. (2014) (Table 10) observed SWCNT in tracheobronchial
lymph nodes of mice, indicating the possibility of extrapulmonary transit of SWCNT from lungs.
The SWCNT were fibers 1 to 4 nm in diameter (1 to 3 um length) and mostly aggregated into
bundles and ropes around 65 nm in diameter. One other inhalation study (Morimoto et al., 2012)
was not informative regarding SWCNT kinetics.

Sturm (2016) conducted an in silico assessment of SWCNT and MWCNT deposition in the
human lungs by assuming a stochastic structure of the bronchial network where particle transport
takes place along randomly selected paths. Particle deposition in the entire lungs was
approximated by using the aerodynamic/thermodynamic diameter concept and related empirical
deposition formulae. Deposition was modeled for SWCNT variants of diameter from 5 to 10 nm
and up to 10 um long. The authors found a significant dependence of CNT regional deposition
on the size of the particles and breathing conditions affecting flow rate in the model. Based on
the modeling, the authors concluded that extremely small-diameter CNTs (~1 nm) are primarily
filtered in the extrathoracic airways, intermediate diameter CNTs (~10 nm) exhibit a preference
to deposit in the alveoli, and large diameter CNTs (~100 nm MWCNTs) are marked by minimal
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deposition. SWCNT length was described by aspect ratio in results, and total deposition of 1:1
vs. 1:1000 aspect ratio SWCNTs did not differ by more than 18% of inhaled particles for a given
diameter group. The modeling treated CNTs as dispersed fibers and did not appear to account
for agglomeration. The conclusions could, therefore, be considered informative for dispersed or
tightly bundled SWCNTSs, but may not accurately predict the deposition of tangled agglomerates
and non-fibrous aggregates.

4.2.1.3 Lung Instillation of SWCNTs

Matthews et al. (2013) examined the extent of pulmonary translocation of SWCNTs from lung
airways of rats. SWCNTs (1.2 to 1.5 nm diameter, 2 to 5 um in length) and polyethylene glycol
(PEG)-conjugated SWCNTs (4 to 5 nm diameter, 0.5 to 0.6 um length) were used. These
investigators used an ex vivo isolated perfused rat lung (IPRL) model that retains the intact lung
architecture to evaluate upper limits of potential translocation of SWCNTs. Doses (100 pg) of
SWCNTs were instilled into the airways of the IPRL and the pulmonary translocation of
SWCNTs to a modeled circulatory compartment was quantified based on SWCNT-bound nickel
(Ni). Results showed a small increase in Ni in the circulatory compartment, but this result was
not statistically significant. The authors concluded that SWCNT translocation from the airways
across an intact pulmonary barrier into what would be the systemic circulation would be no
greater than 0.05% of the instilled dose over 90 minutes, which was the limit of detection (LOD)
for this method. Using this as a theoretical maximum, further pharmacokinetic simulation
incorporating a term for mucociliary clearance estimated that over a 14-day post-exposure period
the maximum approximate cumulative pulmonary translocation from rat lung would be less than
0.15% of a 100 pg deposited dose.

Metabolism of SWCNT may take place through degradation by hypochlorite that is generated by
neutrophil myeloperoxidase (MPO), as demonstrated by Kagan et al. (2010). Shvedova et al.
(2012) used in vivo knockout models to demonstrate that MPO-deficient mice had several fold
higher lung burdens of SWCNTSs compared to wild type mice 28 days following a 40 pg
exposure via instillation in saline suspension. Other peroxidases have been shown to be capable
of degrading SWCNT as well (Vlasova et al., 2011). This suggests degradation in the lung as a
significant clearance mechanism for SWCNTs.

4.2.1.4 Dermal Exposure

No studies assessing SWCNT absorption through human or animal skin were found. A recent
critical review (Filon et al., 2016) observed that rigid nanoparticles less than 45 nm in cross-
sectional size have the ability to penetrate skin. SWCNTs are, in general, non-rigid particle
fibers, and individual fibers and small agglomerates may be less than 45 nm in cross-sectional
size. However, the dimensions of the fibers make it unlikely that significant penetration of
SWCNTs will occur in contact with unbroken skin. Although very small agglomerates or
truncated fibers could conceivably permeate the epidermis, the possibility of significant systemic
absorption of SWCNTs through dermal exposure is not likely.

4.2.1.5 Other Routes of Exposure

Principi et al. (2016) exposed male and female MITO-Luc and CD1 mice (aged 6 to 8 weeks;
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9/group), to 0.16 mg/kg, 1.6 mg/kg, or 6.4 mg/kg of SWCNTs (1.2 nm diameter, 2 to 5 um
length) via the tail vein, either once or once every 3 weeks for 9 weeks. Specifically, these
investigators monitored and traced the accumulation of SWCNTs in different organs and the
subsequent biological responses. SWCNTs accumulated in the lungs, spleen, kidneys and liver.
A dose- and time-related accumulation in the liver was associated with increases in metabolic
markers associated with liver damage.

4.2.1.6 Summary

Data on toxicokinetics of SWCNTs are limited. Absorption of SWCNTs via the oral route
appears to be minimal, although there is evidence that a small amount of individual fibers and
small aggregates may enter the bloodstream following oral exposure. Very little data are
available for assessing the potential for systemic absorption of particles through skin, although
the risk of significant exposure through this route is anticipated to be relatively low. Inhaled and
instilled SWCNTs deposit in the respiratory tract, and absorption is largely limited to the lung-
associated lymph nodes (LALN). SWCNTs in circulation become entrained in liver, kidneys,
and spleen. Experimental data informative of SWCNT lung clearance is limited, but one study
in mice (Shvedova et al., 2012) reported ~80% clearance of a 40 pg dose of SWCNTs 28 days
following OPA. The results of that study also suggested metabolism of SWCNTs by neutrophil
MPO and other peroxidases is possible and may be a significant mechanism of clearance from
the lung. Data on excretion of SWCNTs were not available.

4.2.2 Multi-walled CNTs

Several studies have been conducted in humans and experimental animals investigating the
biokinetics of MWCNT. These studies range from theoretical, to ex vivo, to in vivo.
Comparisons among species and nanoparticle types are difficult due to physicochemical
variation among test materials. MWCNTs vary in diameter; thin-walled (less than ~30 nm
diameter) MWCNTs usually have a tangled morphology, while thick-walled are rigid fibers.

4.2.2.1 Oral Exposure

No studies investigating MWCNTs biokinetics by the oral route were located by the original
report (Versar, 2012). Morphology of MWCNTs is expected to affect tissue translocation.
Thicker MWCNTs (greater than 40-50 nm diameter) individually dispersed as semi-rigid fibers
may passively penetrate barriers, whereas thin MWCNTs (<less than ~30 nm diameter) usually
have a curly morphology and are tangled into amorphous agglomerates that are not expected to
translocate in the absence of an active mechanism.

In literature reviewed after 2010, no studies specifically designed to evaluate MWCNT
localization following oral exposure were found. Two studies investigating toxicity via the oral
route inform the biokinetics. Golokhvast et al. (2013) exposed mice to MWCNTs (18 to 20 nm
diameter, length not reported, surface area of 130 m?/g, Fe 0.21%, Co 0.12%) in food at 500
mg/kg/d for 6 consecutive days. MWCNTs in the form of 10 to 20 um aggregates were
observed in epithelial cell cytoplasm and nuclei in the small and large intestine starting at day 2.
MWCNTs were not observed in the spleen or kidneys. Systemic toxic effects were minimal, but
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included lymphoid hyperplasia in the gastrointestinal (GI) wall and spleen. Awasthi et al. (2013)
exposed mice via the “oral route” to up to 100 mg/kg bw (single dose) MWCNTs (diameter 20 to
30 nm, length 5 to 50 um, acid-washed and HNO3/H2S0O4-oxidized) and examined livers up to
28 days later. Although mild inflammatory effects were observed in the liver, CNT particles
were not observed in hematoxylin and eosin (H&E)-stained liver (at 63x objective
magnification).

The limited available oral biokinetic data do not show evidence of systemic absorption/uptake of
MWCNTs via oral exposure. However, the available data are not quantitative and the materials
tested in these studies are limited to thin-walled fibers that are usually present as agglomerates.
The likelihood of systemic absorption following exposure to thick-walled, semi-rigid MWCNT
variants cannot be gauged from the current data.

4.2.2.2 Inhalation Exposure

Studies available prior to 2010 informing MWCNT biokinetics following inhalation exposure are
limited to two toxicity studies (Ellinger-Ziegelbauer and Pauluhn, 2009; Ryman-Rasmussen et
al., 2009a; as reviewed in Versar, 2012). Both of these studies showed that MWCNTSs
accumulated in lungs and slowly translocated to LALN over a period of months.

The toxicokinetics of inhaled MWCNTs is further explored in several toxicity studies published
after 2010, as well as in studies specific to CNT biodistribution. The results reported in post-
2010 toxicity studies are consistent with the earlier studies, in that MWCNTs accumulate in the
lung and slowly translocate to lymph nodes, with little distribution to other tissues.

Pauluhn (2010) exposed rats to MWCNT (~11 nm diameter, length uncertain, delivered as
micronized dust-like aggregates 2 to 4 um in size with a MMAD of 2.84 um, geometric standard
deviation [GSD] = 2.04) via nose-only inhalation for 13 weeks. MWCNT lung burden and
localization were determined by quantification of trace Co that the manufacturing process used
to initiate/catalyze MWCNT growth. It is known that some proportion of the Co remains
attached to the initiating terminus of the MWCNTs. MWCNTs manufactured by this process
contained 0.53% Co; it was determined that 0.115% by weight consisted of attached, non-
leachable Co that therefore could be used as a surrogate marker for MWCNT disposition in the
body. Cobalt was quantified in left lung lobes and LALN at weeks 8, 13, 17, 26, and 39. Lung
elimination half-times of Co were 151, 350, 318, and 375 days following exposure to 0.1, 0.4,
1.5, and 6 mg/m>, of MWCNTSs, respectively. Cobalt was detected in LALN following exposure
to 1.5 and 6 mg/m”>.

Pauluhn and Rosenbruch (2015) further studied the impact of agglomeration/aggregation on
tissue distribution of the above MWCNT stock following inhalation. The specific focus was on
the comparative inhalation dosimetry and kinetics to better understand the cause of putative
differences in pulmonary toxicity from exposure to dry, undispersed and dispersed (wetted)
formulas of MWCNTs. ‘Dry’ aerosols were generated from a dust of micronized bulk CNTs,
while wet aerosols were produced from nebulization of a CNT suspension “rigorously dispersed”
in 2.9% aqueous sodium carboxymethyl cellulose (CMC), which is a commonly used dispersant
preparation for nanomaterial studies. Rats were nose-only exposed to dry- and CMC-dispersed
CNT aerosols for 6 h at 25 to 30 mg/m>. Time-course changes of MWCNT retained in the lung
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were measured using an optical method for quantifying elemental and total carbon in digested
tissues during a post exposure period of 3 months. The initially deposited pulmonary dose of
MWCNTs was three times higher following CMC-dispersed MWCNTs when compared with
those of dry-dispersed at essentially similar inhalation chamber concentrations. The elimination
half-time of dry- and CMC-dispersed MWCNTs was 87 and 46 days, respectively.

Umeda et al. (2013) exposed rats to MWCNTs (88 + 5 nm mean diameter, 5.0 = 4.5 pm length,
surface area 24 to 28 m?/ g) via whole-body inhalation at 0, 0.2, 1, or 5 mg/m3 for two weeks.
Unprocessed CNTs were aerosolized into particles with an MMAD of ~1.3 um and a GSD of 2.4
pum at 0.2 mg/m?® to 3.4 um at 5 mg/m>. Deposition of CNTs, assessed using conventional
microscopy of tissue sections, was confined mostly to the lung. CNTs were observed in the
nasal cavity and bronchiolar lymphoid tissue only in rats exposed to 5 mg/m>. After a 4-week
post-exposure recovery, CNTs were seen in the bronchiolar lymphoid tissue of rats exposed to 1
mg/m?, while rats exposed to 5 mg/m> showed CNTs in peritracheal (mediastinal) lymph nodes.

In a study investigating major routes of exposure following addition of MWCNTs (9.5 mean
diameter, 1.5 pm mean length, surface area of 250-300 m?/g) to bedding material of mice, Albini
et al. (2015) found that CNT accumulation occurred primarily in the lungs, brain, and liver, with
a small number of aggregates observed in the intestine and kidneys. Based on this, the authors
concluded that the respiratory tract appeared to be the main route of entry, with little absorption
occurring via the oral route, although it is not clear how this determination was made by the
authors.

In Pothmann et al. (2015), rats were exposed to MWCNTs (~12 nm diameter, ~ 1 pm mean
length, 225.6 m?/g surface area, micronized/ball-milled from bulk) via inhalation (MMAD of
1.62 to 2.30 um, GSD of 4.67 and 2.47, respectively) to doses of 0.05, 0.25 and 5 mg/m? for 90
days with a 90-day recovery period. Although lung burdens of CNTs were only estimated
qualitatively as a part of histological examination, the CNT burdens in lung tissue at 0.05 and
0.25 mg/m? appeared to be lower after the 90-day recovery period compared to immediately after
exposure. Lung burdens following 5 mg/m? exposure did not appear to decrease substantially
during the 90-day recovery.

Kasai et al. (2015) exposed rats to MWCNTs (same characteristics as Umeda et al., 2013, above)
via whole-body inhalation at concentrations of 0, 0.2, 1, or 5 mg/m? for 13 weeks. The MMAD
of the aerosols was ~1.5 um with a GSD between 2.5 and 3.0. CNTs were observed throughout
the respiratory tract at all exposure concentrations. Higher concentrations (1 and 5 mg/m?)
increased the incidence of deposited CNTs being observed following exposure, especially in
bronchiolar lymphoid tissue and mediastinal lymph nodes. In a follow-up study (Kasai et al.,
2016) rats were exposed to the same MWCNT source and preparation methods for a 2-year
period. The findings regarding deposition were similar, with single CNTs and aggregates
observed in the lungs and mediastinal lymph nodes in a concentration-related manner. Only very
small amounts of CNTs were seen outside of the respiratory tract and lymph nodes; however,
CNTs and aggregates were observed in the spleen and liver. Single CNT fibers were also found
in the kidneys, olfactory bulb, and brain. Lung burdens were measured using a semiquantitative
manual counting process, and were similar in males and females on a body-weight basis.
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Several studies published after 2010 have specifically assessed MWCNT distribution following
inhalation exposure. Two studies (Mercer et al., 2013; Albini et al., 2015) have used
semiquantitative light-microscopy counting methods to assess extrarespiratory distribution of
inhaled MWCNT. These studies found that after lung and lymph nodes, the highest observed
levels of particles were in the brain followed by lesser amounts in the kidney and liver. It is not
known how translocation of freestanding CNTs and small aggregates to the brain occurs, but
absorption and retrograde axonal transport though the olfactory nerves and transport of
phagocytized CNTs in migrating microglia were suggested as possibilities (Albini et al., 2015).
A third study undertook an in silico modeling of fiber deposition in human airways (Sturm,
2016).

Mercer et al. (2013) conducted inhalation exposure studies of mice to determine if MWCNTs (49
+ 13 nm width, 3.86 + 1.94 length, 0.32% iron [Fe], surface area not reported) distribute to the
tracheobronchial lymphatics, parietal pleura, respiratory musculature and/or extrapulmonary
organs. Specifically, four groups of male C57BL/6 J mice were exposed in a whole-body
inhalation system to either 0 or 5 mg/m®> MWCNT aerosol for 5 h/d for 4 times/week for 3
weeks. Two groups of mice (one control and one exposed) were sacrificed after 1 day and two
groups of mice (one control and one exposed) were sacrificed after day 336 of exposure. Lungs,
lymph nodes and extrapulmonary tissues were preserved. MWCNT material in tissue was
visualized using an enhanced darkfield microscopy method and particles/fibers were counted.
Tracheobronchial lymph nodes were found to contain 1.08 and 7.34 percent of the lung burden at
1 day and 336 days post-exposure, respectively. Agglomerates of MWCNTSs accounted for
approximately 54% of lung burden. In contrast, only singlet MWCNTSs were observed in the
diaphragm, chest wall, liver, kidney, heart and brain. On average, there were 15,371 and
109,885 fibers per gram in organs outside of the lung at 1 day and 336 days post-exposure,
respectively.

Albini et al. (2015) investigated the main routes of entry following environmental exposure to
MWCNTSs (9.5 mean diameter, 1.5 pum mean length, surface area of 250 to 300 m?/g). These
investigators developed a novel CD1 mouse model to represent a surrogate of a workplace
exposure to MWCNTs, and traced the localization of MWCNTSs and their possible role in
inducing a number of immune responses. Specifically, these investigators exposed 40 male CD1
mice (6 to 8 weeks of age) to 1.5 g MWCNT/80 g litter by adding the dry MWCNT into the
wood shaving cage litter. The MWCNTs were “gently mixed with litter without dispersing
aggregates.” The normal behavior of the experimental animals then allowed for dermal, oral and
inhalation exposure, similar to what would be expected in an industrial setting. Following 1 to 5
weeks of continuous environmental exposure, investigators observed that MWCNTs, as compact
aggregates at least several pm in diameter, rapidly enter and disseminate in the mice, initially
accumulating in the lungs and brain and later reaching the liver and kidney. Minimal MWCNT
material was observed in the GI tract, suggesting that oral exposure was not a significant route of
entry in this model.

Sturm (2016) conducted an in silico assessment of CNT deposition in human lungs by assuming
a stochastic structure of the bronchial network where particle transport takes place along
randomly selected paths. Deposition was modeled for SWCNT variants of diameter from 5 to 10
nm and up to 10 um long, and for MWCNTs of diameter 50 to 100 nm and up to 100 pm long.
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This investigator found a significant dependence of CNT deposition on both diameter and aspect
ratio of the particles. For example, extremely small-diameter CNTs (~1 nm) are primarily
filtered in the extrathoracic airways, intermediate diameter CNTs (~10 nm) exhibit a preference
to deposit in the alveoli, and large diameter CNTs (~100 nm) are marked by minimum
deposition. This modeling did not appear to account for agglomeration and modeled CNT
particles as dispersed fibers, suggesting that these results may be informative for thick-walled,
semi-rigid MWCNTs (~100 nm). Semi-rigid MWCNTs are more frequently found as dispersed
fibers, while thinner variants are tangled agglomerates and aggregates. No data on metabolism
or excretion were reported.

4.2.2.3 Lung Exposure via Instillation of Suspensions

Two recent studies investigated biokinetics of semi-rigid and tangled MWCNTs using lung
exposure (transtracheal spraying) to MWCNTs in suspension. These studies established that
semi-rigid MWCNTs may translocate to tissues that are not reached by agglomerated, tangled
fibers. Both MWCNT forms exhibit poor lung clearance. Importantly, studies using the
intratracheal route did not observe CNTs in brain tissues (Shinohara et al., 2016), in contrast to
tissues from inhalation studies (Mercer et al., 2013; Albini et al., 2015; Kasai et al., 2016). This
is consistent with the hypothesis that CNT distribution to the brain happens by way of axonal
retrograde transport through the olfactory epithelium following inhalation exposure, because
administration that bypasses the nasal cavity does not appear to be associated with distribution to
the brain.

Xu et al. (2014) exposed rats to various MWCNTs for a period up to 24 weeks to determine
whether the size and shape of MWCNT impact deposition and lesion development in the pleura
and lung. Two different MWCNT examples were chosen for this study: a larger sized needle-
like MWCNT (MWCNT-L; length = 8 um, diameter = 150 nm), and a smaller sized MWCNTs
(MWCNT-S; length = 3 um, diameter = 15 nm), which forms aggregates. Both suspensions
were administered to the rat lung once every 2 weeks for 24 weeks by transtracheal
intrapulmonary spraying. In contrast to MWCNT-S, MWCNT-L was found to translocate into
the pleural cavity, deposit in the parietal pleura, and induce fibrosis and patchy parietal
mesothelial proliferation lesions.

Shinohara et al. (2016) administered MWCNTs (mean diameter 48 nm, mean length 2.5 um) in
0.5 mg/ml Triton-X solution to rats at one dose of 0, 0.20 or 0.55 mg via IT instillation and
investigated the pulmonary burden after 1, 3, 7, 28, 91, 175 and 364 days of instillation.
Analysis of lung burden suggested that approximately 30% of administrated MWCNTs may
have been cleared by bronchial ciliary motion within 24 h of administration of either 0.20 or 0.55
mg. However, pulmonary MWCNT burden did not decrease significantly over 364 days after
instillation, suggesting that MWCNTs were not readily cleared from the lung. TEM showed that
alveolar macrophages internalized the MWCNTs and that the MWCNTs were retained in the
lung for at least 364 days after instillation. MWCNTSs were not detected in the liver or brain
within the 364-day study period.

4.2.2.4 Dermal Exposure

No studies were identified in humans or animals assessing MWCNTs toxicity by the dermal
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route. Filon et al. (2016) provides a general literature review of dermal absorption of
nanomaterials, including carbon fibers, fullerenes, quantum dots, and metal NPs. MWCNTs
were not specifically addressed, however significant uptake of MWCNTs through skin and
systemic exposure is not considered likely given the evidence presented for other nanoparticle
examples.

4.2.2.5 Other Routes of Exposure

Al-Jamal et al. (2012) studied how functionalization of a MWCNT material affected distribution
in mice. MWCNTs were 20 to 30 nm in diameter and 0.5 to 2 um in length and were
functionalized with diethylentriaminepentaacetic dianhydride (DTPA) in low- and intermediate-
degree functionalization variants (the experiment did not appear to use controls). '''Inidium was
used as a radiotracer and the dispersed radiolabeled-MWCNT were imaged up to 24 h following
IV administration. DTPA-CNTs primarily accumulated in the liver and spleen, with
intermediately functionalized CNT accumulating less in the liver and more so in the spleen and
lung compared to lightly functionalized variants.

4.2.2.6 Summary

Based on the limited data available for the oral biokinetics of different forms of MWCNTs, oral
exposure is not expected to result in systemic absorption. This is consistent with the conclusions
of a 2013 review by the Danish EPA. The difficulty in accurately identifying and quantifying
CNTs in tissues was noted as a challenge in generating robust absorption data (Danish EPA,
2013).

Generally, it is thought that biopersistent insoluble fibers are not well cleared from the lung
(Lippmann, 1990). Data informing lung clearance of MWCNTs indicate that MWCNTs are
poorly cleared from the lung. These data include a quantitative study reporting a 151-day half-
time following a 90-day inhalation exposure to 0.1 mg/m> MWCNTs, the lowest concentration
used in the study (Pauluhn, 2010). Other lung studies focused on toxicity have reported
MWCNT material evident in the lung following post-exposure recovery periods of up to 1 year
(Mercer et al., 2013; Pauluhn and Rosenbuch, 2015; Pothmann et al., 2015; Shinohara et al.,
2016). The aforementioned studies also indicate that MWCNTs in the lung slowly migrate to
lung-associated lymph nodes over time, with small amounts of material distributing to the liver,
kidney, and spleen. One study (Xu et al., 2014) presented evidence that long, semi-rigid
MWCNTs may migrate to the pleura and are poorly cleared, while a shorter, agglomerated
variant did not reach the pleura. Data from experiments using agglomerated, tangled (thin-
walled) MWCNTs indicate that lung clearance of this variety of MWCNT diminishes as a
function of dose. The slower clearance of these agglomerates at high doses is presumably due to
volumetric overloading of macrophages, as has been demonstrated by Pauluhn (2010). MWCNT
were also found in brain tissue, possibly due to exposure of the olfactory epithelium to inhaled
MWCNT. No data on excretion of MWCNTs was available.

Although data are limited (especially for low doses), MWCNT fibers that are inhaled should be
considered to have very long half-lives in the lower lung, and are expected to gradually migrate
to lymph nodes. There is some evidence that significant clearance of SWCNTs from the lung
may occur by way of metabolism by peroxidases (Shvedova et al., 2012). MWCNTs are
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reported to be labile to peroxidase activity (Russier et al., 2011; Zhao et al., 2011), but
experimental data relating to MWCNT clearance by this mechanism are not available.
Regardless, the prolonged residence of MWCNTs in the lung indicates that clearance by any
mechanism should be assumed to happen at a slow rate. Accumulation in the brain has also been
reported following inhalation although the number of studies remains limited. Those particles
would plausibly be persistent in this compartment due to their properties and the lack of a
clearance mechanism. Overall, a conservative assumption would be that daily exposures to
MWCNTs are largely cumulative with regard to total dose, and that a relatively slow clearance
rate should be assumed for estimating total dose.

4.3 Acute and Short-Term Toxicity
4.3.1 Single-walled CNT

No SWCNT human data for acute toxicity via the oral, inhalation or dermal routes were located
in the recent literature.

4.3.1.1 Oral Exposure

In literature published prior to 2010, limited testing in animals indicated that nonfunctionalized
CNTs have a low potential for toxicity following acute oral exposure. Administration of single,
oral, 1,000-mg/kg doses of three types of SWCNTs (differing in iron content and lengths) to
male Swiss mice produced no deaths, no body-weight changes, no changes in serum
biochemistry variables or hematological variables, and no histological changes in several tissues
including the stomach, intestines, brain, liver, and kidneys within 14 days after exposure
(summarized in Versar, 2012).

In the more recent literature, Matsumoto et al. (2012) investigated SWCNT toxicity in Crl:CD
(Sprague-Dawley) rats according to OECD Test Guideline 423 (Acute Oral Toxicity). The
SWCNT material is identified as a principal sample in the OECD Sponsorship Programme on the
Testing of Manufactured Nanomaterials (Principal 1, Nikkiso SWCNTSs) and is characterized in
related documentation. The SWCNTs are described as “around 2 nm” in diameter and present as
tangled bundles when dispersed in 5% gum acacia in water. Surface area was not provided.
Purity was “>95%" but appears to be heavily contaminated with iron (greater than 43,700 parts
per million [ppm] Fe) based on OECD documentation. Three female rats were given 50 mg/kg
bw SWCNTs subdivided into four gavage doses of 12.5 mg/kg at 1 hr intervals (50 mg/kg total
dose) and observed for 14 days for changes in body weight and clinical observations. No body
weight changes or clinical signs were evident in the treated rats.

Zhao et al. (2014) exposed Kunming mice (10/group, sex not specified) to SWCNTs with a mean
diameter of 1.1 nm and lengths between 0.5 and 100 pm under OECD Test Guideline 401 (for
acute oral toxicity). The only endpoint reported was mortality. No deaths were observed at a
dose of 5000 mg/kg. The NOAEL of the study was 5000 mg/kg.

The limited available literature indicates that SWCNTs have a low toxicity by way of oral
exposure.
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4.3.1.2 Inhalation Exposure

Shvedova et al. (2008) reported that short-term SWCNT inhalation exposure was associated with
signs of pulmonary inflammation in BALF and/or histological lesions (e.g., epithelial
hyperplasia, granulomas, or fibrosis) in bronchoalveolar, alveolar, or subpleural regions of the
respiratory tract of female C57B1/6 mice. A target concentration of 5 mg/m? of unpurified
SWCNTs (containing 17.7% iron) via whole-body inhalation at 5 hours/day for 4 consecutive
days caused minor changes in breathing patterns (elevated breathing frequency). BALF and
histology indicated signs of inflammation including leukocyte accumulations, granuloma
formation, and epithelial hypertrophy. This study is summarized in Table 11.

In a subsequent study, Shvedova et al. (2014) used a similar exposure model (as Shvedova et al.,
2008) in female C57B1/6 mice with a 1-year post exposure recovery. SWCNTs were 99.7% pure
with 0.23% iron content, 1 to 4 nm in diameter, 1 to 3 um in length, with a surface area of 1040
m?/g. SWCNTSs were agglomerated as ropes and formed bundles up to 65 nm in diameter.
Female C57BI1/6 mice (5/group) were exposed to 5 mg/m? via whole-body inhalation at 5
hours/day for 4 consecutive days followed by a 1-year post-exposure period. Endpoints included
lung histology, BALF analysis, and determination of collagen in lung homogenates.
Histopathology of lungs of exposed mice showed fibrosis, pneumonia, and granulomatous
lymphadenitis (swelling of tracheobronchial lymph nodes) in all animals following the 1-year
recovery. A 2.5-fold increase in lung collagen was also observed. BALF analysis showed
sustained elevations of neutrophils, macrophages, and lymphocytes as well as increased LDH. In
another group, a SWCNT dose estimated to be equivalent to inhaled was given by bolus
(oropharyngeal aspiration), and the authors concluded that inhaled SWCNTs induced more
severe inflammatory and fibrogenic effects in the lung than aspirated SWCNT.

Overall, data for acute inhalation of SWCNTs indicate that exposure to SWCNTSs can cause lung
inflammation persisting up to 1-year post-exposure accompanied by granulomatous changes,
epithelial hyperplasia, and increased collagen deposition. The available studies only used very
high SWCNT exposure concentrations and are inadequate for demonstrating dose-response or
providing a reliable LOAEL or POD dose.
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Table 11. Summary of Toxicity to SWCNT via Acute Inhalation

Species and study |Exposure Particle NOAEC |LOAEC |Responses at the LOAEC |Comments Reference
type (n/sex/group) |(report characteristics® |(mg/m®) |(mg/m®)
concentrations,
frequency,
duration)
C57BL/6 mice 0 or 5 mg/m>5 h/d|SWCNT: 0.8-1.2 None 5 Increases in polymorphonuclear |Aerosols generated by Shvedova et
12 F/group for 5 d; nm dia and 0.1-1 neutrophils (PMN) and acoustically fluidized powder al., 2008°
whole-body exposure |pulmonary pm length; 82% macrophage counts, protein feeder and knife mill.
toxicity assessed |pure, 17.7% Fe, content, LDH activity in BALF |Histology of respiratory tract
at1l,7,and28d [0.16Co, 0.049Cr, at 1, 7, and 28 d. Increased showed pulmonary
after last exposure |and 0.046% Ni. proinflammatory and fibrogenic |inflammation, bronchiolar
Surface area and cytokines (TNF-a, IL-6, and epithelial cell hypertrophy, and
morphology not TGF-B) in BALF at 1, 7, and 28 |“green-brown” foreign material
reported. d after exposure. Alveolar wall |in lung interstitium, within
MMAD of aerosol = collagen increased with macrophages, or freestanding in
~4.2um increasing time after exposure. |alveoli; material was most
frequently aggregated near
bronchoalveolar junctions.
C57B1/6 mice 0 or 5 mg/m? SWCNTs, [-4nm  [None 5 Increased macrophages, An estimated equivalent dose of |Shvedova et
6F/group 5 h/d for 4 d,; dia, 1-3 um in neutrophils, and lymphocytes in |SWCNTs via OPA induced less |al., 2014
whole-body exposure |pulmonary length, 99.7% pure, BALF. Fibrosis, pneumonia, severe inflammatory and
toxicity assessed |surface area of 1040 and granulomatous fibrogenic effects.
at 1 yr post m?/g, agglomerated lymphadenitis observed in lung
exposure into ropes and histology. 2.5-fold collagen

bundles up to 65 nm

increase in lung homogenates.

aNT characterization data are stated, if reported: source, diameter and length, surface area, purity and impurities, and state of aggregation; shape (bundles,

tangles, ropes)

As reviewed in Versar (2012)
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4.3.1.3 Dermal Exposure

There are no studies of systemic toxicity via the dermal route of exposure for SWCNTs either in
the recent available literature or literature prior to 2010 (Versar, 2012).

4.3.1.4 Other Routes of Exposure

Numerous studies using either IT or OPA administration of SWCNTs are available. Those
published prior to 2010 are summarized in Versar (2012). In general, exposure-related toxicity
data by these routes are not appropriate for identifying a POD dose due to the non-realistic nature
of the total doses, dose rates, deposition, and preparation of suspensions. In the current report,
only those IT and OPA from Versar (2012) or recent literature searches that report dose-related
toxicity (i.e., three or more doses plus control) and that may inform hazard characterization or
uncertainty factors are presented in Appendix B. Acute toxicity studies wherein SWCNTs were
administered by IP or IV routes were not considered relevant to exposure from non-food/drug
consumer products and are not covered in this section.

Overall, studies of SWCNT toxicity by IT or OPA agree with the results of acute SWCNT
inhalation studies, which exposed animals to relatively high concentrations of SWCNTs for short
time periods (less than 1 week). The findings demonstrate that SWCNT accumulations in the
lungs cause inflammation evident in BALF and lung histology that is persistent up to several
months following exposure. Granuloma/granulomatous foci, epithelial hypertrophy/hyperplasia,
and increased lung collagen are long-lived lung changes that may be induced by SWCNTSs in the
lung.

4.3.2 Multi-walled CNTs

No human data for acute toxicity of MWCNTs via oral, inhalation or dermal routes were located
in the recent literature.

4.3.2.1 Oral Exposure

In a study published prior to 2010, no changes in serum biochemistry or hematological variables
were observed in CD-1 mice within 30 days of administration of single oral doses of 1, 2.5, or 5
mg/kg of acid-functionalized MWCNTs (Carrero-Sanchez et al., 2006). For a more detailed
description, see Versar (2012).

Matsumoto et al. (2012) investigated MWCNT toxicity in Crl:CD (Sprague-Dawley) rats
according to OECD Test Guideline 423 (Acute Oral Toxicity) in a single-dose tolerance study.
The MWCNTs are described as “around 30 nm” in diameter and present as tangled agglomerates
when dispersed in 5% gum acacia in water. Surface area was not provided or measured. Purity
was reported as “>98%”. Three female rats were given 200 mg/kg bw MWCNTs spread across
four gavage doses (200 mg/kg total dose) in 1 hr intervals and observed for 14 days for changes
in body weight and clinical observations. No body weight changes or clinical signs were evident
in the treated rats.

Awasthi et al. (2013) investigated liver toxicity of MWCNTs in an acute oral study in mice with
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a 28-day post-exposure observation. MWCNTSs were 20 to 30 nm in diameter and reported to be
5to 50 um in length. Surface area and purity were not reported; an acid-washing step included
in processing would be expected to minimize trace metals and impurities. Swiss albino mice
(24/group, all male) were “orally exposed” to 0, 60, or 100 mg/kg bw MWCNTs in a single
bolus dose and observed for 28 days. Body weights were monitored, and livers were examined
histologically and antioxidant response (superoxide dismutase [SOD] and catalase [CAT]
activity) measured. No body weight changes were observed in treated animals relative to
controls. The authors reported inflammation, spot necrosis, and coagulation at both dose levels,
but further stated that “no significant changes in liver histology” were induced by the lower dose.
Both doses decreased antioxidant enzyme activity in the liver. Taken together, the authors
interpreted the responses as “slight hepatotoxicity” in the high-dose group.

Golokhvast et al. (2013) investigated the effects of short-term daily CNT exposure on the GI
tract of mice. MWCNTSs with 18 to 20 nm diameter and surface area of 130 m?/g were used.
Metal contaminants were iron (0.21%), cobalt (0.12%), and very low amounts of aluminum.
Initial aggregates were coiled wires 30 to 50 um in size. Sonication was used to disperse
materials, but post-processing material analysis was not conducted. Male CBA mice (30 per
treatment) were exposed to 0 or 500 mg/kg/d CNTs in diet for 6 consecutive days. Kidneys and
Gl tract sections were collected daily (5 mice/daily group) for examination on days 1 through 6.
From day 2 post-exposure, uptake of MWCNTs into epithelial cells was observed in the small
and large intestine and was accompanied by mucus hypersecretion. No CNTs were observed in
kidney tissues. Generalized lymphoid hypertrophy was seen in the lamina propria of the GI
mucosa, but no pronounced toxic effects were associated with oral CNT exposure. CNT
particles observed in tissue (visualized via TEM) were present as globular aggregates 10 to 20
um in size.

The available studies for acute oral exposure to MWCNTs, albeit limited in endpoints examined,
species and numbers of animals studies, indicate that MWCNTs exhibit low toxicity by the oral
route.

4.3.2.2 Inhalation Exposure

Short-term inflammation in BALF and/or histological lesions (e.g., epithelial hyperplasia,
granulomas, or fibrosis) were observed in bronchoalveolar, alveolar, or subpleural regions of the
respiratory tract in male Wistar rats exposed to aerosols of MWCNTs at concentrations greater
than or equal to 2 mg/m® (Ma-Hock et al., 2009a) or 11 mg/m? (Ellinger-Ziegelbauer and
Pauluhn, 2009); and in male C57BL/6 mice exposed to aerosols of MWCNT at 1 and 30 mg/m?
(Ryman-Rasmussen et al., 2009a) or 100 mg/m?® (Ryman-Rasmussen et al., 2009b). The
aforementioned studies (reviewed by Versar, 2012) are summarized in Table 12 along with
literature available after 2010.

Three recent short-term inhalation studies were located for MWCNTs. Umeda et al. (2013)
investigated MWCNT toxicity in a 2-week inhalation study in rats. MWCNTs were 88 nm in
mean diameter with a surface area of 24 to 28 m?/g and a carbon purity of 99.8%. Mean length
was 5.0 um. MWCNT aerosols were characterized by SEM post-exposure. F344 rats of both
sexes were exposed via whole-body inhalation to MWCNT at 0, 0.2, 1, or 5 mg/m? for 6 h/d, 5
d/week, for 2 weeks. One cohort (5 M/5 F/exposure level) was necropsied at the end of the study
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and another cohort (SM/5F/exposure level) was examined at 4-weeks post-exposure. Clinical
observations and organ histology were recorded in addition to BALF analysis. The no observed
adverse effect concentration (NOAEC) for the study was 0.2 mg/m? and the lowest observed
adverse effect concentration (LOAEC) was 1 mg/m® based on goblet cell hyperplasia of the nasal
cavity and nasopharynx and mild neutrophil accumulation in BALF. Both of these effects were
reversible following the 4-week recovery period.

Ma-Hock et al. (2013) tested the toxicity of MWCNTs in a 28-day inhalation study in rats. The
study was designed as a comparison study between MWCNTs, graphene, graphite nanoplatelets,
and high-surface area carbon black. MWCNTSs were 15 nm in mean diameter, 161 m?/g in
surface area, and greater than 99% pure. MWCNT agglomerates were fibrilles ranging from 100
nm to 1 um diameter and amorphous bundles up to 20 um across. Density of agglomerates was
0.39 g/mL. Male Wistar rats (11 M/group) were exposed to MWCNT at 0, 0.1, 0.5, or 2.5
mg/m?® for 6 h/d for 5 consecutive days via nose-only inhalation. Measured concentrations were
0,0.15, 0.57, and 2.86 mg/m?, respectively. The MMAD at the LOAEC was 1.3 um with a GSD
of 3.7. BALF was collected on days 7 and 28 and analyzed for cytology and cytokines.
Increases in measured BALF endpoints were greatest at the 7-day time point and somewhat
abated (30-60% abated at the LOAEC) at the 28-day time point. Histology was described for a
limited number of lung samples. Interstitial microgranulomatous foci and mild alveolar
epithelial cell hyperplasia were observed on study day 4 after exposure to 2.5 mg/m> MWCNTs,
but toxicologic pathology did not appear to be quantitatively scored. The NOAEC is considered
to be 0.1 mg/m> and the LOAEC was 0.5 mg/m? based on critical effects of neutrophil
accumulation and increased LDH, alkaline phosphatase (ALP), and several cytokines measured
in BALF.

Pothmann et al. (2015) investigated MWCNT toxicity in a short-term inhalation study in rats.
The MWCNTSs were 12 nm in diameter, with a surface area of 225.6 m?/g, and the major
contaminants were aluminum (3.0%) and iron (2.7%). MWCNTs were ball-milled to increase
dustiness and were delivered as compact aggregates in the size range of hundreds of nm to up to
several microns in diameter. MWCNTs were administered to Wistar rats (5 M/5 F per group)
via nose-only inhalation at 0, 0.05, 0.25, or 1.25 mg/m?® (6 h/d) for 5 days and were sacrificed
either 24 hours or 28 days post-exposure. The MMAD at the LOAEC was 1.84 uym with a GSD
of 1.84. BALF were analyzed and lung histology was examined. BALF cytology revealed no
significant changes following MWCNT exposure except for the 1.25 mg/m? concentration,
which caused a very small increase in neutrophils following the 5-day exposure. Exposure to
1.25 mg/m’ also caused a small increase in gamma-glutaminase in BALF following 5 days
exposure. Although significant inflammatory cell infiltration was not seen at any dose, BALF
showed a clear dose-related increase in the levels of total protein following the 5 day exposure as
well as the 28-day recovery. Histology of lungs showed minimal bronchiolar cell hypertrophy
and slight increases in macrophage infiltration in the group exposed to 1.25 mg/m>. These
changes remained present following the 28-day recovery. The NOAEC for the study was 0.25
mg/m? and the LOAEC was 1.25 mg/m® based on a critical effect of bronchiolar hypertrophy.
Total protein increases were evident in BALF below this dose, but in the absence of increases of
any other inflammatory markers (leukocytes, LDH) this does not appear to be an adverse effect.
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Table 12. Summary of Acute and Short-term Inhalation Toxicity to MWCNTSs

Species and Exposure (report |Particle NOAEC |[LOAEC |Responses at the Comments Reference
study type concentrations, |characteristics® (mg/m® |(mg/m®) |LOAEC
(n/sex/group) |frequency,
duration)
C57BL/6 mice 0,03,1,0r MWCNTs, >95% pure, 5 None Histology of lungs sampled [Aerosols were generated by Mitchell et al.,
6 M/group 5 mg/m3, 6 h/d for 7 |97.9% C, 2.1% oxidized within 24 hours after the last |mechanical agitation using a jet mill |{2007°
or 14 d; BALF C; 0.5% Ni and 0.5% Fe. high-concentration (5 coupled to a dry chemical screw
whole-body samples and lungs |10-20 nm dia and 5— mg/m®) exposure were feeder.
exposure collected the day 15 um length; 100 m%/g reported to be
after the last surface area; MMADs nondistinguishable from Lack of lung response may be due to
exposure. were 0.7-1 um (~2 GSD) control lungs. relatively low tested concentrations

for low and 1.8 pm (~2.5
GSD) for the highest
concentration.

BALF samples collected the
day after 14 d of exposure
showed no exposure-related
change in counts of
macrophages, PMNs, or

lymphocytes.

or insufficient observation time to
develop lung responses.
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Species and Exposure (report |Particle NOAEC |LOAEC |Responses at the Comments Reference
study type concentrations, |characteristics® (mg/m®) |(mg/m?) |LOAEC
(n/sex/group) |frequency,

duration)
Wistar rats 0, 11, or 241 mg/m?® |Pristine and acid-treated  |None 11 Increases in total cell and Responses in BALF samples greater |Ellinger-
6 males/group for 6 h; pulmonary |MWCNTSs, Baytubes®, PMN counts, soluble in rats exposed to pristine MWCNT, |Ziegelbauer and
nose-only toxicity assessed on |containing 0.53 and 0.12% collagen content, and LDH |compared with acid-treated Pauluhn, 2009°

post-exposure d 7,
28, and 90. Acid-
treated MWCNT
only assessed at
11 mg/m?

Co, respectively. 10—

16 nm dia, length not
specified; 253 mg?/g
surface area; MMADs
ranged from 1.9 to 2.9 um,
GSD 1.6-2.6. Aerosols
were generated by a
Wright-Dust Feeder.

activity in BALF samples at
7 d after exposure at 11
mg/m?, and at all time points
after exposure to 241 mg/m?.
Increased lung weights at 7-
and 90-d sacrifices in both
exposure groups. Lung
histology at 90 d after
exposure to 11 mg/m?
pristine MWCNT: 6/6 with
minimal enlarged foamy
macrophages; Response to
acid-treated MWCNT was
slightly more severe: 4/6
with minimal and 2/6 with
slight/mild enlarged foamy
macrophages, and 2/6 with
minimal focal septal
thickening.

MWCNT. In contrast, histological
responses more severe with acid-
treated MWCNT. Results suggest
metal contaminants may contribute
to the initial (i.e., within 7 d)
inflammatory response.

Histological responses at 90 d to 241
mg/m? included: 6/6 with
hypercellularity of bronchioalveolar
tissue (vs. 0/6 in control); 6/6 with
focal septal thickening (vs. 1/6); and
6/6 with focal increase in septal
collagen (vs. 0/6), indicative of a
fibrotic response.
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Species and Exposure (report |Particle NOAEC |LOAEC |Responses at the Comments Reference
study type concentrations, |characteristics® (mg/m®) |(mg/m?) |LOAEC
(n/sex/group) |frequency,
duration)
C57BL/6 mice; |0, 1, or 30 mg/m* |MWCNTS, 94% pure None 1 Lesions 1 d after exposure:  [Subpleural fibrotic lesions Ryman-
10M/group for 6 h; lung tissue |containing 5.5% Ni; 30-50 increased incidence of progressed in initial time points after |Rasmussen et
nose-only collected at 1 d, and |nm dia, 0.3—50 um length; pleural mononuclear cell exposure, but appeared to resolve by |al., 2009a"
2,6, 14 wks after  |reported MMADs were aggregates with higher 14 wks after exposure to the high
exposure. 164 and 183 nm for the incidence after 30 mg/m? concentration.
low and high exposure.
concentrations, Aerosols were generated from
respectively. Aerosols Subpleural fibrosis observed |aqueous suspensions in 1% pluronic
appeared to be in 1/10, 1/10, and 3/10 mice |F-68.
agglomerated with at2, 6, and 14 wks after
individual tube lengths exposure to 1 mg/m? (not
ranging from <100 nm to found in controls at any
>10 pm® time). After exposure to 30
mg/m?, subpleural fibrosis
found in 9/10, 6/10, and
1/10 mice at 2, 6, and 14
wks.
Wistar rats 0, 2, 8, or 30 mg/m’,[MWCNTs, 90% pure, 10% |None 2 Increases in total cell counts |Aerosols were generated by a brush (Ma-Hock et al.,
5 M/group 6 h/d for 5 d. BALF |metal oxide (9.6% (principally PMNs), total generator. BALF fluid samples 2009aP
head-nose samples collected 3 |aluminum oxide with protein content, and enzyme |collected from 5 rats/group;
inhalation and 28 d after last |traces of Fe and Co); 5— activities (LDH, B-NAG, histology of respiratory tract on 3

exposure.

15 nm dia and 0.1-10 pm
length; 250-300 mg?*/g
surface area; MMADs
between 0.5 and 1.3 pm;
GSDs between 3.1 and
5.4;77.4-86.3% mass of
particles had aerodynamic
size <3 um®

ALP, and y-GT) in BALF
samples, 3 and 21 d after last
exposure.

Histology showed diffuse or
focal histiocytosis, particle-
laden macrophages, and
broncheoalveolar
hypertrophy and
hyperplasia.

Histological changes were
not resolved in rats 3 wks
after the last exposure.

rats/group. Other effects at 8§ mg/m?:
increased lung weight, small alveolar
septal granulomas. Additional effects
at 32 mg/m? included decreased body
weight gain, increased upper
respiratory tract irritation, minimal to
mild diffuse pulmonary histiocytosis,
and minimal infiltration with
neutrophils.
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Species and Exposure (report |Particle NOAEC |LOAEC |Responses at the Comments Reference
study type concentrations, |characteristics® (mg/m®) |(mg/m?) |LOAEC
(n/sex/group) |frequency,
duration)
Wistar rats 0,0.1,0.5,0r2.5 Arkema; mean dia of 15 |0.1 0.5 Neutrophil accumulation and |Study designed as a comparison Ma-Hock et al.,
5-6 M/group mg/m3, 6 h/d for 5 |nm; surface area of 161 (measured |(measured |increases in ALP and study between different carbon 2013
nose-only days. BALF m?¥g; >99% pure; fibrils  |as 0.15) as 0.57) proinflammatory cytokines |nanomaterials and only measured
inhalation analyzed 7 and 28 d |ranging from 100 nm to measured in BALF BALF endpoints. The responses
after the start of Ium in dia and amorphous were strongest at 7 d but still present
exposure. bundles up to 20 pm at28 d.
across.
MMAD at the LOAEC
was 1.3 um with a GSD of
3.7
F344 rats 0,0.2,1,0r5 Hodogaya Chemical Co.; (0.2 1 Goblet cell hyperplasia of the | Deposition of CNT in the alveolar |Umedaetal.,
5M/5 F/group mg/m?, 6 h/d, 5 mean dia of 88 + 5 nm, nasal cavity and mild spaces at all doses. Deposition in the |2013
whole-body d/wk for 2 wks. mean length of 5.0 + 4.5 neutrophil accumulation in  |airways only at 1 and 5 mg/m?>.
inhalation BALF samples and |um; surface area of 24-28 BALF. Both effects were After the 4-wk recovery, there was
histology analyzed |m%g; 99.8% pure; reversible following the 4-wk [no change from this deposition
at the end of study |morphology not given. recovery period. pattern but increased migration of
and after 4 wks MMAD at 1 mg/m? was CNT into lymph was seen at this
post-exposure. 1.2 with a GSD of 3.4 time.
Wistar rats 0, 0.05,0.25, or MWCNTs, 3.0% Al, 2.7% [0.25 1.25 Bronchiolar hypertrophy, Critical effects remained following  |Pothmann et
5M/5F/group 1.25 mg/m3, 6 h/d |Fe, mean dia of 12.1 nm, |(measured |(measured |increased BALF total protein |28-day post exposure recovery al., 2015
nose-only for 5 d. BALF mean length of 1.07+ 1.10 |as 0.26 + |as 1.30 +
inhalation samples and lung  |pm, surface area of 225.6 |0.03) 0.03)
histology analyzed |m?/g. Bulk MWCNTs

at the end of study
and after 4 wks
post-exposure.

were ball-milled to
increase dustiness.
MMAD at 1.25 mg/m® was
1.84 um with a GSD of
1.84

aNT characterization data are stated, if reported: source, diameter and length, surface area, purity and impurities, and morphology/state of aggregation (bundles,
tangles, ropes)
bAs reported in Versar (2012)
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4.3.2.3 Dermal Exposure

No studies of systemic toxicity by the dermal route for MWCNTs were available either in the
recent literature or prior to 2010 (Versar, 2012).

4.3.2.4 Other Routes of Exposure

Numerous studies using either IT or OPA of MWCNTs have been conducted. Those available
prior to 2010 are summarized in Versar (2012). In general, effects in the lung following exposure
by these methods are similar to those seen following inhalation and consist of an initial
inflammatory reaction that is poorly-resolving and progresses to epithelial lesions and fibrosis.
The current report summarizes IT and OPA studies that report dose-response toxicity (i.e., three
or more doses plus control) that may inform hazard characterization or uncertainty factors.
However, in general, toxicity data by IT and OPA are not appropriate for identifying a POD dose
for ADIs by the oral, inhalation or dermal routes due to the total doses, dose rates, deposition,
and preparation of suspensions used. Exposures delivered as a bolus in suspensions result in non-
realistic tissue deposition/absorption and total doses are frequently too high and delivered too
quickly to be relevant to inhalation toxicity on a dose-response basis. Appendix C lists these
studies (entries prior to 2010 are taken from Versar, 2012).

Overall, dose-response studies using I'T or OPA administration of MWCNTs indicate that
MWCNTs delivered to the lungs as a bolus may cause inflammation evident in BALF at the
lower end of most dose ranges used (as low as 5 ug MWCNTs). This inflammation continues
for up to several months, and is more persistent with increasing doses. Significant pathology, in
the form of granulomatous inflammation and epithelial hyperplasia is evident at doses in the
range of 20 pg. Significant septal thickening and collagen increases are associated with higher
doses, from 40-80 ng. Lung function has been shown to be affected by these exposures at 4
mg/kg bw (~80 pg assuming a 20 g mouse). Studies have documented hepatotoxicity (Kupffer
cell hypertrophy, vascular degeneration) following bolus lung exposure to MWCNTs and high
doses have been reported to affect the heart (exacerbated reperfusion injury and depressed
coronary flow). These results overall agree qualitatively with those seen in high-dose inhalation
exposures.

There are toxicity studies of MWCNT administered by IP and IV routes available that were not
considered relevant to exposure from use of non-food/drug consumer products, and are not
covered herein.

4.4 Repeat-Dose and Subchronic Toxicity
4.4.1 Single Walled CNT

There were no systemic toxicity repeat-dose or subchronic studies in humans via oral, inhalation
or dermal routes located in the recent literature.

4.4.1.1 Oral Exposure

There are no repeat-dose studies of SWCNTs in animals by the oral route available prior to 2010.
Matsumoto et al. (2012) investigated SWCNT toxicity in Crl:CD (Sprague-Dawley) rats
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according to OECD Test Guideline 407 (Repeated Dose 28-Day Oral Toxicity Study in
Rodents). The SWCNTs are an OECD principal material (“Nikkoso SWCNT”, OECD, 2016b)
described as “around 2 nm” in diameter and present as tangled bundles when dispersed in 5%
gum acacia in water. Surface area was 878 m*/g according to OECD data, but length was not
provided. Purity was “>95%" but appears to be heavily contaminated with iron (greater than
43,700 ppm Fe) based on documentation of this material by OECD. Twenty rats/group (10 M/10
F) were administered 0, 0.125, 1.25, or 12.5 mg/kg bw-day by gavage for 28 days. The highest
dose was based on physical limits of the amount of SWCNTs deliverable by gavage. Clinical
observations, organ histopathology, blood biochemistry, and hematology were recorded. No
significant toxicological effects were seen at any dose. The 28-day NOAEL for this study is 12.5
mg/kg/day (highest dose tested).

4.4.1.2. Inhalation Exposure

There are no repeat-dose studies of SWCNTSs by the inhalation route available prior to 2010.
Morimoto et al. (2012) exposed rats to SWCNT in a 28-day inhalation study. SWCNTs were
99.9% pure, 3 £ 1.1 nm in mean diameter, and had a surface area of 1064 + 37 m?/g. SWCNTs
were dispersed via ultrasonication in 1% Tween-80 (surfactant) aqueous medium prior to
aerosolization. Male Wistar rats (5/group) were exposed to 0, 0.03, or 0.13 mg/m> SWCNTs at 6
h/d, 5 d/wk for 4 weeks. The exposure was followed by a 3, 30, or 90-day recovery period. As
aerosols, SWCNT were agglomerated into ropes. The geometric mean length of the SWCNT
aerosol agglomerates was 0.7 um with a GSD of 1.7. The geometric mean width of the
agglomerates was 0.2 um with a GSD of 1.7. Lungs were analyzed by histology, protein levels
of pro-inflammatory cytokines and heme oxygenase were measured in lung homogenates, and
BALF was analyzed. No treatment-related effects were seen in these endpoints and no sign of
inflammation was present in the lung.

4.4.1.3 Dermal Exposure

No studies investigating systemic toxicity from repeated dermal exposure to SWCNTs were
available in the recent literature or prior to 2010 (Versar, 2012).

4.1.1.4 Other Routes of Exposure

Relevant repeat-dose toxicity studies via IT or OPA exposure to SWCNT were not located.
Single doses of SWCNT given as a bolus instillation are thought to model repeated exposures in
the lung due to the poor clearance of SWCNT; dose-response studies of this kind are
summarized in Appendix B. Studies of repeated IP or IV exposure to SWCNTs were not
considered relevant to consumer products within CPSC purview.

4.4.2 Multi-walled CNTs
4.4.2.1 Oral Exposure
No repeat-dose studies of MWCNTs by the oral route were available prior to 2010. More

recently, Matsumoto et al. (2012) investigated MWCNT toxicity in Crl:CD (Sprague-Dawley)
rats according to OECD Test Guideline 407 (Repeated Dose 28-Day Oral Toxicity Study in
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Rodents). The MWCNTs are described as “around 30 nm” in diameter and present as tangled
agglomerates when dispersed in 5% gum acacia in water. Surface area was not provided or
measured. Purity was reported as “>98%”. Twenty rats/group (10 M/10 F) were administered 0,
0.5, 5.0, or 50 mg/kg/d by gavage for 28 consecutive days. The highest dose was selected based
on the maximum amount of MWCNTs that the authors were able to suspend in the volume of
medium that could be given by gavage. Clinical observations, histopathology, and blood
chemistry were recorded. No significant toxicological effects were seen at any dose. The 28-
day NOAEL for this study is considered 50 mg/kg/d (highest dose tested).

4.4.2.2 Inhalation Exposure

In studies published prior to 2010 and reviewed in Versar (2012), the toxicity of repeat-dose
inhaled MWCNTs to the respiratory tract and concentration-response relationships have been
examined in two 13-week studies of Wistar rats exposed to aerosols of two different types of
MWCNTs (Pauluhn, 2010; Ma-Hock et al., 2009a). Li et al. (2007, 2009) carried out 30- and
60-day inhalation studies using an unconventional repeat-dose exposure regimen wherein
Kumming mice were exposed to MWCNTs every other day. These studies are summarized in
Table 13. Detailed documentation of the 13-week studies by Pauluhn (2010) and Ma-Hock
(2009a) are available in Versar (2012).

Two studies of intermediate or subchronic duration were located in the recent literature
investigating repeated exposure to MWCNTs by inhalation. One study (Pauluhn, 2010) appears
in the searches of both the original report (Versar, 2012) and the current report, and is included
in the summaries here for completeness. Pauluhn (2010) investigated toxicity of MWCNT
(Baytubes®) in a 13-week inhalation study in rats. MWCNTs were 10 nm in diameter, 253 m?/g
in surface area, and greater than 98.6% pure with Co being the major contaminant (0.46 to 0.53%
Co). Bulk density was 0.16 g/cm?®. The MWCNTSs as obtained in bulk-stock form were compact
aggregates on the order of several hundred um. These were micronized (finely ground), which
decreased bulk density to 0.11 g/cm? and decreased particle size to ~1 to 3 um, but did not affect
the primary morphology of the densely aggregated MWCNTs. HsdCpb:WU Wistar rats (50
M/10 F per group) were exposed via nose-cone inhalation to 0, 0.1, 0.4, 1.5, or 6 mg/m? for 6
h/d, 5 d/wk for 13 weeks. The MMAD varied with concentration; at the LOAEC (for increased
lung weights, neutrophils, alveolar hypercellularity, and septal thickening) the MMAD was 3.05
pum with a GSD of 1.98. Lung histopathology and BALF and lung/lymph node burdens (Co
measured as index for CNTs in lung lobes and lymph nodes, n = 6) were assessed up to 39 weeks
after the start of exposure. Full clinical observations, including general hematology, clinical
pathology, and urinalysis (OECD-compliant) were performed at week 13. Clinical signs of
toxicity, mortality, body temperature, body weights, and food and water consumption were
monitored and were not affected during the 13-week exposure. In BALF samples collected at 13
weeks, MWCNT exposures at concentrations of 0.4 mg/m> and above caused increases in
neutrophils recovered. Lung and lung lymph node weights were increased at 13 weeks in the
groups exposed to the 0.4 mg/m? concentration and higher. Histopathology analysis revealed
that exposure to 0.4 mg/m? caused septal thickening, bronchoalveolar hypercellularity,
leukocytic infiltration, and focal increases in collagen staining. Lesions caused by
concentrations greater than 0.4 mg/m?® increased in severity, and included pleural thickening and
widespread increased collagen staining. The post-exposure recovery periods, ranging up to 26
weeks of recovery, showed levels of bronchoalveolar cellularity and leukocyte infiltration
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decreasing to non-significant levels in the 0.4 mg/m? exposure group, while septal thickening
and focal collagen staining did not decrease. This was true in the higher exposure groups as
well, where inflammatory and repair-related responses (cell infiltration and hypercellularity)
subsided in post-exposure periods, but remodeling responses (increased septal/pleural thickening
and collagen) appeared more long-lived. The half-lives of Co in the lung were 151, 350, 318,
and 375 days at 0.1, 0.4, 1.5, and 6 mg/m?, respectively. Cobalt was also detected in hilar lymph
nodes at 6 months post-exposure in the groups exposed to 1.5 or 6 mg/m? (n=6
males/concentration, kept as satellite groups). The NOAEC was 0.1 mg/m?, the LOAEC was 0.4
mg/m?, based on critical effects of increased lung weight, neutrophil accumulation (in BALF),
bronchoalveolar hypercellularity, and alveolar septal thickening.

Pothmann et al. (2015) investigated MWCNT toxicity in a 13-week inhalation study in rats. The
MWCNTSs were 12 nm in diameter, with a surface area of 225.6 m?/g; the major contaminants
were aluminum (3.0%) and iron (2.7%). MWCNTs were ball-milled to increase dustiness and
were delivered as compact aggregates from the nanometer range up to several microns in
diameter. MWCNTs were administered to Wistar rats (10 M/10 F per group) via nose-only
inhalation at 0, 0.05, 0.25, or 5.0 mg/m? (5 h/d, 5 d/wk) for 90 days. An additional arm of the
study exposed rats (10 M/10 F per group) to 0, 0.05, 0.25, or 5.0 mg/m? for 90 days (as above)
with a 90-day recovery period. The MMAD varied with concentration; at the LOAEC (for
effects of neutrophilic inflammation and epithelial lesions) of 0.25 mg/m?, the MMAD was 1.62
pum with a GSD of 4.67. Antemortem endpoints measured included functional observations,
clinical examination, blood chemistry, hematology, urinalysis, and estrous cycle. Postmortem
endpoints included organ histology and BALF analysis. Cells recovered in BALF were
increased following exposure to 0.25 mg/m> MWCNTs, with the increases due to neutrophil
accumulation. Total BALF cell numbers generally did not decrease significantly following the
90-day recovery and, in fact, increased in the 5.0 mg/m? group. Cytokines measured in BALF
included IL-18, interleukin 1 alpha (IL-1a), TNF, and interleukin 5 (IL-5). IL-1a and B levels
were not affected following the 90-day exposure to 0.25 and 5.0 mg/m?, but were increased
following the 90-day recovery. IL-5 was also detected following the 90-day recovery, but the
levels appeared spurious and not related to exposure concentration. TNF showed the most
consistent response in both males and females and was increased at exposure to 0.25 and 5.0
mg/m>. Lung weights for both sexes were increased following the 90-day exposure to 5.0
mg/m>. In lung histology, alveolar macrophage increases were present (severity of ‘minimal’)
following exposure to 0.25 mg/m?.

Exposure to 5.0 mg/m? additionally caused leukocytic infiltration and interstitial inflammation at
levels ranging from minimal to moderate, and bronchiolar cell hyperplasia and lymphoid
infiltrates at a level of ‘minimal’. Exposure to 0.25 mg/m?® caused minimal increases in
eosinophilic globules of the nasal cavity, squamous metaplasia of the larynx, and increased
lymphocytes in tracheobronchial lymph nodes. Histopathological effects were not significantly
decreased following the 90-day recovery. The NOAEC for this study was 0.05 mg/m? (0.06
mg/m? measured) and the LOAEC was 0.25 mg/m? (0.28 mg/m> measured), based on
accumulations of neutrophils, IL-18, and TNF in BALF, and lesions of the nasal and laryngeal
epithelia.

Kasai et al. (2015) tested toxicity of MWCNTs in a 13-week inhalation study in rats. MWCNTs

61



were 90.7 nm in mean diameter (measured). Mean length was 5.7 um, with 48.7% of tubules
greater than 5 um. Surface area was 24 to 28 m?/g and carbon purity was greater than 99.6%.
MWCNTs were delivered in the form of individual, dispersed fibers based on SEM images.
OECD Test Guideline 413 for subchronic inhalation toxicity was followed for this study.
Aerosol generation used a cyclone sieve method. F344 rats (10 M/10 F/group) were exposed via
whole-body inhalation to concentrations of 0, 0.2, 1, or 5 mg/m> MWCNTs for 6 h/d, 5 d/wk
over 90 days. The MMAD varied with concentration; at the LOAEC (for effects of
granulomatous inflammation and cell damage markers in BALF) of 0.2 mg/m?, the MMAD was
1.5 um with a GSD of 2.7. A full array of toxicity endpoints (clinical observations, blood
chemistry, hematology, histological examination, and BALF analysis) was measured. All
exposure levels caused adverse changes in the lungs. Total protein, LDH, and ALP were
increased in BALF at all doses and increases were concentration-related. Neutrophils and
lymphocytes were increased following exposure to 1 or 5 mg/m*> MWCNTs. Exposure to 1 or 5
mg/m? also caused granulomatous inflammation and focal fibrosis of the lung in nearly all
animals, with lesions present at an average grade of ‘slight’ or ‘slight’ to ‘moderate’ in 1 and 5
mg/m?> groups, respectively. At 0.2 mg/m?, 1/10 of the lungs showed granulomatous
inflammation. MWCNTs also caused goblet cell hyperplasia and eosinophilic globules in nasal
epithelium and nasopharynx, with all animals affected following exposure to 1 or 5 mg/m?;
grades were ‘slight’ to ‘slight to moderate’, respectively. Exposure to 0.2 mg/m? caused
eosinophilic globules in the nasal cavity in 2/10 males and goblet cell hyperplasia in 1/10 male.
Histological findings in females were similar to those in males, but only one female showed any
histopathological changes in the respiratory tract (eosinophilic globules in the nasal cavity) in the
0.2 mg/m> group. In addition, females were less affected with regard to granulomatous
inflammation of the lung (4/10 affected at 1 mg/m?> as opposed to 8/10 in males). The LOAEC
was 0.2 mg/m> (lowest concentration tested) based on granulomatous inflammation and
increased LDH, ALP, and total protein recovered in BALF. There was no NOAEC. An
estimation of MWCNT lung burden was carried out after the 13-week exposure using a
hydrocarbon adsorption-desorption method on the digested left lung lobe. The lung burdens of
CNTs at the LOAEC were 3.23 pg/left lung in males and 2.30 pg/left lung in females. MWCNT
burdens were consistently 1.4 to 1.6 times higher in males compared to females at all dose levels.
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Table 13. Summary Intermediate Duration and Subchronic Inhalation Toxicity to CNTs

Species and study [Exposure Particle NOAEC |LOAEC [Responses at the LOAEC Comments Reference
type (n/sex/group) |(report characteristics® |(mg/m®) |(mg/m?®)

concentrations,

frequency,

duration)
Kunming mice 0 or32.61 mg/m® |MWCNT, 95% None 32.61 In 24-, 30-, and 60-d mice, the  |During 90-min exposure periods |Li et al.,
9 F/30-d and 60-d |6 h/dfor5dinan |pure,<0.2% Laand principal lung pathology reported |(four during exposure days), 2009° 2007°
exposure groups 8d period, 10 d in a |Ni; surface area to be proliferation and thickening |concentrations decreased from
whole-body exposure [16-d period, and 15 [280 m?%/g.® of the alveolar walls. No about 80 to 13 mg/m®. The

d in a 24-d period incidence data reported. reported concentration is an

(Li et al., 2007). average. Constant

Other groups In 60-d mice (but not 30-d mice), |concentrations were apparently

exposed for 15d in BALF samples showed increased |not attained. Histology data

30 dand 30 din 60 activities of ALP, ACP, and were only described

d (i.e., every other LDH. qualitatively.

day) (Li et al.,

2009P). Collected data are not useful for

describing dose-response
relationships.

Wistar rat 0,0.1,0.5, or MWCNT, 90% None 0.1 Lung lesions: minimal diffuse Incidence and severity of lung  |Ma-Hock et
10/sex/group 2.5mg/m’, 6 h/d, |pure, 10% metal histiocytosis (8/10 vs. 0/10 in and lymph node lesions al., 2009a°

head —nose exposure

5 d/wk for 90 d

oxide (9.6%
aluminum oxide
with traces of Fe
and Co); 5-15 nm
diaand 0.1-10 ym
length; 250—

300 mg?/g surface
area; MMADs
between 0.7 and
2.0 um; GSDs
between 2.1 and
4.1, 77.4-86.3%
mass fractions of
particles had
aerodynamic size
<3 pm®

control);

Mediastinal lymph node lesions:
granulomatous inflammation
(2/10 vs. 0/10)

Other lesions at 0.5 and

2.5 mg/m3: granulomatous
inflammation, diffuse
neutrophilic inflammation, and
intraalveolar lipoproteinosis in
lung; lymphoreticular
hyperplasia in lymph node; and
particles in macrophages in
lymph nodes.

increased with increasing
concentration.

No exposure-related changes in
hematological or serum
chemistry variables.
Comprehensive examination of
other tissues and organs in
control and high-concentration
rats revealed no exposure-
related increased incidence of
lesions.

Aerosols were generated by
brush generator.
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Species and study |Exposure Particle NOAEC |LOAEC |[Responses at the LOAEC Comments Reference
type (n/sex/group) |(report characteristics* |(mg/m®) |(mg/m®)

concentrations,

frequency,

duration)
Wistar rats 0,0.1,0.4,1.5, or |Pristine MWCNT, 0.1 04 BALF samples through post- Severity scores for lung lesions |Pauluhn,
50 M and 10 F/group |6 mg/m? 6 h/d, Baytubes®, exposure wks 3 or 13 showed with significantly increased 2010

nose only exposure

5 d/wk for 13 wks.
Pulmonary toxicity
assessed 1 d, and 4,
13, and 26 wks
after exposure.

containing 99.1%
C, 0.8% O, and
0.53% Co; 10 nm
dia. and 200-300
nm length;

257 m*/g surface
area; MMADs
ranged from 2.74—
3.05 um (GSDs
1.98-2.14).
Aerosols of
micronized
MWCNT were
generated by a
Wright Dust
Feeder.

increased PMN counts, soluble
collagen and protein and, y-GT
activities.

Lung lesions: particle laden
macrophages at d 1 and wk 13;
alveolar interstitial thickening or
hypercellularity at bronchio-
alveolar junction at all sampling
dates after 13 wks of exposure;
focal-widespread inflammatory
cell influx at 1 d after exposure;
focally increased collagen
staining in terminal bronchiole at
all sampling dates.

incidences reported. Number of
lesions and their severity
increased with increasing
exposure.

More pronounced and sustained
changes in more BALF
variables were observed at

1.5 and 6 mg/m® (e.g., increased
total cell counts and activities of
LDH and B-n-acetyl
glucosaminidase).

Additional lung lesions observed
at 1.5 and 6 mg/m? at all
sampling dates: pleural
thickening (6 mg/m? only),
increased collagen staining in
terminal bronchioles. Upper
respiratory tract lesions
observed on d 1 after exposure
included goblet cell hyperplasia
and/or metaplasia, eosinophilic
globules, and focal turbinate
remodeling at 1.5 and 6 mg/m>.
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Species and study |Exposure Particle NOAEC |LOAEC |[Responses at the LOAEC Comments Reference
type (n/sex/group) |(report characteristics® |(mg/m®) |(mg/m?®)
concentrations,
frequency,
duration)
Wistar rats 0, 0.05, 0.25, or MWCNTs, 3.0% 0.05 0.25 Accumulation of neutrophils and |Endpoints included clinical Pothmann et
10 M/10 F per group |1.25 mg/m3, 5h/d |Al, 2.7% Fe, mean |(measured |(measured |increases in IL-18 and TNF in exam, blood chemistry, al., 2015
nose-only exposure |for 5 d/wk for 13 |dia of 12.1 nm, as 0.06) as 0.28)  |BALF and metaplastic lesions of |urinalysis, estrous cycle, organ
wks. mean length of 1.07 the nasal and laryngeal epithelia |histology, and BALF analysis.
+1.10 pm, surface Effects at the LOAEC were not
area of 225.6 m%/g. reversed following a 90-day post
Bulk MWCNT exposure recovery period
were ball-milled to investigated in additional groups
increase dustiness. (10 M/10 F per group), with the
MMAD at exception of BALF neutrophils,
0.25mg/m> was which were somewhat abated
1.62 pum with a
GSD of 4.67.
F344 rats 0,02,1,0r5 MWCNT, >99.6% |None 0.2 Increased alkaline phosphatase, |This study was done according |Kasai etal.,
10 M/10 F mg/m?, 6 h/d for 5 |pure, mean dia of LDH, and total protein in BALF, |to OECD 413. 2015

whole body exposure

d/wk for 13 wks.

90.7 nm, mean
length of 5.7 pm,
surface area of 24-
28 m%/g. MWCNT
were delivered
dispersed as
individual fibers.
MMAD at 0.2
mg/m> was 1.5 um
with a GSD of 2.7.

and granulomatous inflammation
of the lung

Endpoints included clinical
exam, blood chemistry,
hematology, organ histology,
and BALF analysis.

Lung burdens were estimated on
digested lung using a
hydrocarbon adsorption-
desorption method. The lung
burden of CNTs at the LOAEC
was 3.23 pg/left lung in males
and 2.30 pg/left lung in females.
MWCNT burdens were
consistently 1.4 to 1.6 times
higher in males than females at
all doses

aNT characterization data, if reported: source, diameter and length, surface area, purity and impurities, and state of aggregation; shape (bundles, tangles, ropes)
bAs reviewed in Versar (2012)
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4.4.2.3 Dermal Exposure

No studies investigating systemic toxicity from repeat-dose dermal exposure in animals were
available either in the recent literature or in literature prior to 2010 (Versar, 2012).

4.4.2.4 Other Routes of Exposure

Repeat-dose studies relevant to an ADI derivation (i.e., dose-response) using IT or OPA
exposure to MWCNTs were not located. Single doses of MWCNT instilled as a bolus are
thought to model repeated exposures in the lung due to low clearance rates of MWCNT burdens,
and adequate dose-response studies of this kind are summarized in Appendix C. As there are
adequate studies by the inhalation route, studies of IP and IV exposures were not considered to
contribute additional relevant information.

4.4.2.5 Summary

Overall, the data reflect that both SWCNTs and MWCNTs exhibit low repeat-dose/subchronic
toxicity by the oral route, although data is limited to experimentation with one formula each for
SWCNTs and MWCNTs (dispersed in 5% gum acacia) in one species (rat) (Matsumoto et al.,
2012). The absence of clinical, histological, or blood biochemical effects at the highest doses
used in the study (exposures to 12.5 mg/kg/d SWCNT or 50 mg/kg/d for 28 consecutive days)
suggest that adverse health effects at lower levels are very unlikely. These high doses were used
based on the physical limits of what could be prepared for gavage so testing at the guideline dose
limit of 1000 mg/kg/d was not possible.

Data for repeated inhalation exposure to SWCNT is limited to one study (Morimoto et al., 2012).
No treatment-related lung effects or inflammation were observed after exposing rats to low
concentrations (maximum 0.13 mg/m?) of surfactant-coated SWCNTs over a 28-day exposure
duration. Dose-response toxicity following repeat inhalation to SWCNTs is not well-
characterized. In dose-response studies using IT or OPA administration to rats and mice, bolus
lung exposures in the range of 0.2 mg/kg bw SWCNTs were sufficient to cause inflammatory
responses as measured in BALF (see Appendix B).

Studies of repeat inhalation of MWCNTSs showed granulomatous changes and epithelial
hyperplasia in the airways and lungs accompanied by signs of neutrophilic inflammation in
BALF at LOAECs in the range of 0.1 to 0.4 mg/m? over 90-d exposures to MWCNTSs. While

several well-documented studies agree on these effect levels, the well-characterized data are
limited to exposures in rat.

4.5 Chronic Toxicity

4.5.1 Single-walled CNTs

No studies of chronic toxicity from SWCNT exposure by oral, inhalation or dermal routes in
humans or animals were available either prior to 2010 (Versar, 2012) or in the recent literature.
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4.,5.2 Multi-walled CNTs

Only one study of MWCNT exposure by inhalation in the rat is available for assessment of
chronic MWCNT exposure; no oral or dermal studies are available.

Kasai et al. (2016) documented chronic MWCNT toxicity by inhalation in a rigorous and Good
Laboratory Practices (GLP)-compliant 2-yr carcinogenicity study in rats according to OECD
Test Guideline 451. MWCNTs were 90.7 nm in mean diameter (measured). Mean length was
5.7 um, with 48.7% of tubules greater than 5 pm. Surface area was 24 to 28 m?/g and carbon
purity was greater than 99.6%. MWCNTs were delivered in the form of individual, dispersed
fibers as visualized by SEM. F344 rats (50 M/50 F/group) were exposed via whole-body
inhalation to 0, 0.02, 0.2, or 2.0 mg/m> MWCNT at 6 h/d, 5 d/wk for 104 weeks. Aerosol
particle size and morphology were monitored weekly by SEM. The MMAD was 1.3 pm with a
GSD of 2.9. Non-neoplastic adverse effects and lesions were documented via clinical
observations, hematology, blood biochemistry, organ histology, and BALF analysis. MWCNT
exposure caused no adverse changes in urinary, hematological, or blood biochemical endpoints
and did not cause changes in any organs apart from lungs and associated tissues. The incidence
of non-neoplastic lesions in lungs and associated tissues are given in Table 14. MWCNT
exposure for 104 weeks increased lung weights in males at concentrations starting at 0.2 mg/m?
and in females at doses starting at 0.02 mg/m>. Lung histology reflected a trend of increasing
incidence of the following adverse effects, beginning at the lowest exposure level (0.02 mg/m?):
bronchiolo-alveolar hyperplasia, alveolar hyperplasia, macrophage accumulation, focal fibrosis,
and granulomatous inflammation. These effects were statistically significant in males at 0.2
mg/m?>, and focal fibrosis and granulomatous inflammation were present in over 80% of males
and females at this concentration. Mesothelial hyperplasia in the pleura was increased in males
at 2.0 mg/m?>, and focal fibrosis of the pleura was significantly increased in both males and
females at this concentration. In BALF, a trend toward increased macrophage and neutrophil
numbers was seen at all exposure levels in both males and females, but this increase was
statistically significant only in the 2.0 mg/m® group. Significant increases in total protein, LDH,
and ALP were measured in BALF in males and females exposed to 0.2 mg/m®> MWCNT. For
non-neoplastic adverse effects, the authors considered 0.02 mg/m? as the LOAEC based on
increased lung weight in females; there was no NOAEC in this study. MWCNT lung burdens
were also estimated using an SEM-enabled counting method. The lung burdens at the LOAEC
in males and females were 10.0 and 8.1 pg/lung, respectively.
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Table 14. Non-neoplastic Lesions in Lung and Pleura in Rats exposed to MWCNT for 104
weeks

Male Female

Exposure
Concentration | 0 0.02 0.2 2.0 0 0.02 0.2 2.0
(mg/m?)

Number of

Animals in 50 50 50 50 50 50 50 50
Group

Lung Weights
(mg) + SD

Lung

131£10 | 134£12 | 151%*+13 | 237*%*+31 | 90+21 94**+10 | 114**£27 | 187**£18

Bronchiolo-
alveolar 2(1.5) | 6(1.3) | 13*%(1.2) 22%%(1.0) | 3(1.3) 3(1.0) 8(1.1) 12*(1.1)
hyperplasia
Atypical
hyperplasia
Alveolar
hyperplasia
Bronchiolar
hyperplasia
Alveolar
macrophage 2(1.0) 7(1.0) 5(1.0) 48**(2.0) | 2(1.0) 6(1.0) 9(1.0) 48%*(1.8)
accumulations
Focal fibrosis
(alveoli)
Granulomatous
inflammation

0 0 1(1.0) 10%%(1.3) | 0 0 0 14%(1.1)

0 2(1.0) | 13%%(1.0) | 41**(1.0) | 11.0) | 1(1.0) | 6(1.0) 41%%(1.1)

0 0 4(1.0) 8*%(1.0) | 0 0 4(1.0) 26**(1.0)

0 2(1.0) | 43%*%(1.0) | 48**(1.8) | 0 3(1.0) | 44%%(1.0) | 49%%(1.2)

0 5(1.0) | 42%%(1.0) | 50%*(1.9) | 0 3(1.0) | 45%%(1.0) | 50%*(1.8)

Pleura

Simple
mesothelial 3(1.0) | 3(1.0) | 7(1.0) 12*(1.0) 3(1.0) 2(1.0) 6(1.0) 10(1.0)
hyperplasia
Focal fibrosis
(parietal face)
Focal fibrosis
(ventral face)
Mediastinal
inflammation
Diaphragm
inflammation
*Values indicate number of animals bearing lesions; values in parentheses are average severity grade (4-point
grading system).
*p <0.05, **p < 0.01, Chi-square Test except for lung weights, evaluated with Dunnett’s test.
Source: Kasai et al., 2016

0 0 2(1.0) 6%1.0) |0 0 0 3(1.0)

0 2(1.0) | 4(1.0) 19%%(1.1) | 0 2(1.0) | 2(1.0) 20%*(1.0)

15(1.0) | 18(1.0) | 21(1.0) | 26%(1.0) | 17(1.0) | 17(1.0) | 16(1.0) 19(1.0)

0 0 1(1.0) 1(1.0) 0 1(1.0) | 1(1.0) 1(1.0)

In summary, no chronic studies are available for SWCNT exposure by the oral, inhalation or
dermal routes. Only one study using one MWCNT example material in the rat is available for
assessment of chronic MWCNT exposure by inhalation; no oral or dermal studies are available.
The LOAEC for chronic toxicity data in rat (0.2 mg/m?) is supported by the subchronic
inhalation studies showing similar epithelial and granulomatous lesions with LOAECs in this
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range (see Table 14).
4.6 Reproductive and Developmental Toxicity
4.6.1 Single-walled CNTs

There is a lack of information regarding human exposure to SWCNT and reproductive or
developmental outcome. Versar (2012) reported that no standard mammalian tests of
reproductive or developmental toxicity had been located for CNTs. More recently,
developmental and reproductive studies of CNTs were reviewed by Ema et al. (2016). Four
developmental and/or reproductive toxicity studies of SWCNTSs were located in the recent search
of literature since 2010 (Philbrook et al., 2011; Pietroiusti et al., 2011; Campagnolo et al., 2013;
Huang et al., 2014), but none used standard guideline protocols with an environmentally relevant
exposure route (such as oral or inhalation). Administration of SWCNTs in
developmental/reproductive toxicity studies was restricted to mice and to a single dose or to a
few days during gestation; there was one study by oral gavage and three studies by IV
administration (Pietroiusti et al., 2011; Philbrook et al., 2011; Campagnolo et al., 2013; Huang et
al., 2014). The studies had design, method and analysis limitations: did not use standard
guideline protocols, had limited characterization of the nanotubes that was difficult to compare
across studies, may have used only one dose level, and/or administered the SWCNTs via
parenteral routes. Furthermore, the studies used SWCNTs with differing surface modifications
(described by the authors as functionalizations) and chemical treatments (oxidization), and some
did not report results for SWCNTs alone. The studies by Campagnolo et al. (2013), Huang et al.
(2014), and Pietroiusti et al. (2011), examined external but not skeletal or visceral anomalies.
Table 15 summarizes these studies.

4.6.1.1 Oral Exposure

Philbrook et al. (2011) investigated the effect of ingested hydroxyl-functionalized SWCNTs
(OH-fSWCNTs) on reproduction and development in CD-1 mice in a non-guideline protocol.
Comparison of fSWCNTs with non-functionalized SWCNTs was not provided in the study. The
purchased OH-fSWCNTs measured 1 to 2 nm in diameter and 5 to 30 um in length, and were
greater than 90% pure; 75 um graphite particles at 99.9% pure were used as a control material.
The pregnant mice were gavaged with a single 0, 10 or 100 mg/kg suspension of OH-fSWCNTs
on gestation day (GD) 9 and sacrificed on GD 19. At termination, all fetuses were counted,
weighed, length determined, and examined for external defects. Fetuses were stained with
Alcian blue and alizarin red S for visualization of cartilage and bone, respectively. Placentas,
livers and kidneys were removed and histopathologically examined from sacrificed fetuses.
Clinical observations and changes in maternal weight (GD 9 to GD 19) were statistically similar
across all treatment groups; no other maternal effects were reported. Fetal length, weight and
viability were also similar across treatment groups. This study is limited in that data analyses
were conducted on fetuses rather than by litter, as is more appropriately performed, thereby
limiting interpretation of results. There were significantly higher percentages of resorbed
implantations, percent total fetuses with gross defects, and skeletal abnormalities in fetuses
exposed to 10 mg/kg, but not 100 mg/kg, OH-fSWCNTs. The statistical analyses were based on
accumulated gross morphological and skeletal defects using Fisher’s Exact test on a fetal, and
not on a litter, basis as the unit of analysis. The percentage of total non-viable fetuses were
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increased relative to controls (3.2 vs. 0.8), albeit not statistically significantly, and the percentage
of fetuses with skeletal defects (mainly limb and vertebral) was significantly higher at 10 mg/kg
OH-fSWCNTs.

4.6.1.2 Other Routes of Exposure

There were no reproductive and developmental toxicity studies located for SWCNTs by
inhalation or dermal exposure.

Three studies using IV injection evaluated developmental endpoints in pristine or functionalized
SWCNT; these studies are listed in Table 15 and described in Appendix D.

4.6.1.3 Summary

There was only one study administering OH f~-SWCNTs by the oral route and this study included
exposure only on one day of organogenesis (GD 9) in the mouse (Philbrook et al., 2011).
Comparison between functionalized and non-functionalized SWCNT was not provided in the
study; graphite particles were used as a control due to similarity in chemical structure. The
developmental effects were not dose-related (10 mg/kg of OH f~-SWCNT had more severe
findings than 100 mg/kg), and the statistical analysis must be viewed with caution (as it did not
use the litter as the experimental unit). There were three studies using IV administration of
SWCNTs (Pietroiusti et al., 2011; Campagnolo et al., 2013; Huang et al., 2014) that produced
abortions, fetal malformations and placental damage, demonstrating transplacental passage of the
nanoparticles and adverse developmental outcome. However, these studies had limitations: they
did not use standard guideline protocols, often had limited characterization of the carbon
nanotubes, and/or used only one dose level. Although these studies, taken together, suggest the
potential for adverse developmental effects should the SWCNTSs become systemically
distributed, the limitations of the database preclude definitive conclusions as to the
developmental and reproductive toxicity of SWCNTs.
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Table 15. Developmental and Reproductive Studies of SWCNT's

Species | SWCNT | Route | Day | Dose NOAEL | LOAEL | Findings Reference
CD-1 OH- Single GD9 | 0,100r ND? ND? 1 % resorbed Philbrook et al.,
mice fSWCNTs | oral 100 mg/kg implantations, % 2011
(10- -D:1-2 gavage total fetuses with
12/gp) nm x 5-30 gross defects, and %
pm skeletal
>90- abnormalities in 10
99.9% mg/kg but not 100
pure mg/kg group; study
limited by data
analyses not
performed on a per
litter basis
CD-1 p- v GD 0, 0.01, 1 incidence of Pietroiusti et al.,
mouse SWCNTs; 5.5 0.1,0.3, 3, miscarriage at 30 pg | 2011
(16— o- or of p-, 0-, and uo-
23/gp) SWCNTs; 30 SWCNTs;
uo- pg/mouse Malformed fetuses
SWCNTs at3 pug of p-
SWCNTs, 30 pg of
0-SWCNTs, and 0.3
pg of uo-SWCNTs
CD-1 PEG- v GD 0,0.1, 10, One fetus with Campagnolo et
mouse SWCNTs 5.5 or 30 external al., 2013
(5- L: 86 nm pg/mouse malformations at 30
18/gp) GDs | Oor10 pgon GD 5.5 and
5.5, pg/mouse/ five fetuses with
8.5, day malformations in
and after multiple
11.5 injections (30 pug
total). | size and
vascularization of
the placentas of
malformed fetuses
p53+/- fPEG- v GDs | Oor2 No effect on Huang et al.,
mouse NH4- 10.5, | mg/kg/d maternal or fetal 2014
(4-6/gp) | SWCNTs 12.5, body weight, or
D: 1-2 nm and incidence of fetal
x 0.5-2 15.5 defects
pm)

*NOAEL and LOAEL cannot be determined due to study limitations
PEG = polyethylene glycol; f= functionalized; p = pristine; o = oxidized; uo = ultra-oxidized

4.6.2 Multi-walled CNTs

There is no information regarding human exposure to MWCNT and reproductive or

developmental outcome. For MWCNTs, eight reproductive and developmental studies in
animals were available in the recent literature (Bai et al., 2010; Lim et al., 2011; Fujitani et al.,
2012; Ivani et al., 2012; Hougaard et al., 2013; Huang et al., 2014; Qi et al., 2014; Wang et al.,

2014). Versar (2012) reported that no standard mammalian tests of reproductive or

developmental toxicity had been located for CNTs. Routes of exposure included oral gavage, IT,
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and IP and IV injection. Of the eight studies, two were via oral gavage, one in rats (Lim et al.,
2011) and one in mice (Wang et al., 2014); the remaining six studies used parenteral routes of
administration and several strains of mice (Bai et al., 2010; Fujitani et al., 2012; Ivani et al.,
2012; Huang et al., 2014; Qi et al., 2014). Only one study investigated male reproductive
toxicity (Bai et al., 2010). None of the studies utilized a standard guideline testing approach, and
the studies often used a relatively small number of animals, only one dose level, and/or provided
limited and differing types of characterization of the MWCNTSs. While the majority of studies
were via IT, IV, and/or IP routes and are not generally directly relevant to human exposure via
oral, inhalation or dermal exposure, they inform the potential for adverse reproductive and/or
developmental effects given the limited database. Table 16 summarizes these studies and, for the
two oral studies, the associated NOAELs and LOAELSs.

4.6.2.1 Oral Exposure

Lim et al. (2011) investigated MWCNT fetotoxicity in pregnant BALB/c rats in a developmental
study via the oral route. The MWCNTs were commercially available, 10 to 15 nm in diameter
and approximately 20 nm in length, and “95% carbon and approximately 5% iron” (presumed to
be manufacturer-reported). MWCNTs were sonicated in 1% carboxymethylcellulose buffer and
administered by gavage to pregnant Sprague-Dawley rats (n =12/group) on GD 6 to 19. Doses
were 0, 40, 200, or 1000 mg/kg/d at 20 ml/kg. Pregnant mice were monitored for mortality,
morbidity, appearance, and behavior. Postmortem endpoints on GD 20 were organ weights,
oxidative stress markers in maternal liver homogenates, uterine content parameters, and skeletal
and visceral examination of the fetuses. Significant decreases in maternal absolute and relative
thymus weights (approximately -27 and -23%, respectively) occurred at 1,000 mg/kg and were
considered treatment-related, showing a clear dose-response. No treatment-related effects were
seen in the exposed fetuses.

CD-1 mice were orally gavaged with carboxylated MWCNTs at 0, 22 or 65 mg/kg/d during
gestation and lactation (GD 0 through postnatal day [PND] 21) in a perinatal developmental and
reproductive study as part of a Bisphenol A investigation (Wang et al., 2014). COOH-fMWCNT
alone, at two different dose levels, had no adverse effects on maternal reproductive endpoints,
embryo-fetal development, male offspring growth and organ weights, or serum hormone levels
(follicle stimulating hormone [FSH], testosterone and leutinizing hormone [LH]) of only male
offspring at PND 35. Comparison of fIMWCNTs with non-functionalized MWCNTs was not
provided in the study.

4.6.2.2 Other Routes of Exposure

There were no developmental or reproductive toxicity studies by the inhalation or dermal route
for MWCNTs located in the recent literature search.

The male reproductive toxicity of water soluble carboxylate-functionalized MWCNTs (COOH-
fMWCNTs) or amine-functionalized MWCNTs (NH4-fMWCNTs) was studied (Bai et al.,
2010). Male mice were IV injected at 0 (vehicle) or 5 mg/kg/d once or five times, every third
day with one of the types of MWCNTs. Partially damaged seminiferous tubules and reductions
in tubule thickness were observed on day 15 for both fMWCNTs. Neither f MWCNT changed
hormone levels (testosterone, FSH and LH) or sperm parameters (concentration, motility,
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morphology and acrosome integrity), or had adverse effects on reproductive performance
evaluated on days 15 or 60, relative to control. Labeled COOH-fMWCNTs were found to cross
the blood—testicle barrier and induce transient histopathological changes in the testes, but not in
sperm parameters or male reproductive parameters.

Fujitani et al. (2012) conducted a developmental study wherein 0 (vehicle), 2, 3, 4, or 5 mg/kg
MWCNTs by a single IP injection of 3, 4, or 5 mg/kg MWCNT or by a single IT were
administered to pregnant CD-1 mice on GD 9; average size of MWCNT was 90 nm (range 70 to
110 nm as described in Sakamoto et al., 2009). For IP, maternal (decreased body weight) and
fetal toxicity (decreased fetal weight and increased early resorptions) were observed at all doses,
but no statistically significant increases were found in the incidence of individual types of
malformations. For IT, maternal toxicity was observed at 4 and 5 mg/kg and fetal growth was
inhibited at 5 mg/kg. The incidence of dams with fetuses with external and skeletal defects was
higher at 4 and 5 mg/kg, with significant increases in the incidences of fetuses with short or
absent tails and with fusion of the ribs, or vertebral bodies, and arches.

Pregnant NMR 1 mice were IP injected with MWCNTs at 0, 1.0 or 10 mg/mouse/day on GD 0
and 3 in a postnatal behavioral study (Ivani et al., 2012). Adverse behavioral effects (forced
swimming test) were increased at 1.0, but not at 10 mg/mouse/day (i.e., responses were not dose-
related).

Hougaard et al. (2013) IT instilled female C57BL/6 mice with MWCNTs at 0 or 67 pg/mouse/d
on GD §, 11, 15 and 18 (total dose 268 pg/mouse). Time to deliver first litter was delayed by an
average of 5 days. No effects were observed for gestation and litter parameters, offspring
behavior or daily sperm production.

Developmental toxicity was examined for amine-functionalized MWCNTs (NH4-fMWCNT)
with outer diameters of 8, 20, or 50 nm; all had a length of 0.5 to 2 um (Huang et al., 2014).
Pregnant heterozygous p53 +/- knockout mice were IV injected with 0 (vehicle) or 5 mg/kg/d on
GDs 10.5, 12.5, and 15.5. Only the 50 nm MWCNTs increased the incidence of brain defects
and decreased survival of fetuses at termination (GD 17.5). A back-cross mating caused brain
defects in half of the p53-/- fetuses but not in p53+/+ and p53+/- with injection on GD 10.5.
Injection on GD 15.5 decreased body weight of p53+/+ fetuses. Larger sized (50 nm) MWCNTs
crossed the blood-placenta barrier, reduced fetal weights and induced brain deformities, whereas
single-walled and smaller sized multi-walled carbon nanotubes caused no or less fetotoxicity.

The abortifacient effect of oxidized MWCNTs (o-MWCNT) was studied in a developmental
study in pregnant Kunming mice IV injected with 0 or 20 mg/kg/d, starting on GD 7 and
continuing daily until abortion or parturition occurred (Qi et al., 2014). Higher abortion rate and
decreased maternal body weight gain were observed in mice injected from GD 7 until abortion or
parturition. The observed delay in fetal growth and increased fetal death based on 99mTC
labeling seemed to be associated with placental dysfunction caused by o-MWCNTs.

4.6.2.3 Summary
In total, there were two developmental and reproductive studies for MWCNT using the oral route

of exposure (Lim et al., 2011; Wang et al., 2014). The Lim et al. (2011) rat study covered
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organogenesis and had appropriately spaced dosages (0, 40, 200, or 1000 mg/kg/d). The only
findings were a decrease in maternal absolute and relative thymus weights at 1000 mg/kg/d with
no adverse fetal findings. The other oral study (perinatal study) in mice was part of a Bisphenol
A investigation (Wang et al., 2014) and used two dose levels (22 or 65 mg/kg/d) of
functionalized MWCNTs (COOH-MWCNT) with exposure throughout gestation and lactation.
There were no adverse effects on maternal reproduction, embryo-fetal development, offspring
growth and organ weights, or serum hormone levels of male offspring.

The six studies using parenteral routes of administration were all conducted in mice and showed
that MWCNTs could damage seminiferous tubules (Bai et al., 2010); produce adverse maternal
and fetal toxicity (Fujitani et al., 2012); behavioral effects (Ivani et al., 2012); delayed mating
(Hougaard et al., 2013); brain defects (Huang et al., 2014); and be an abortifacient (Qi et al.,
2014) once the CNTs enter the blood stream.

It is difficult to draw definitive conclusions regarding the developmental and reproductive
hazards (including male reproductive toxicity) of SWCNTs and MWCNTs as there are no
published standard or guideline studies. The limited data herein suggest MWCNTs are more of a
developmental hazard than SWCNTSs. Furthermore, the larger diameter CNTs are more of a
reproductive and developmental hazard than smaller diameter CNTs. This is consistent with the
general observation that MWCNT examples with diameters in the range of 50-100 nm have a
semi-rigid fiber morphology that is more toxic than other MWCNT forms (see Sec. 4.1). There
is insufficient data to draw conclusions between toxicity of functionalized and non-
functionalized CNTs.
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Table 16. Developmental and Reproductive Studies of MWCNTSs

Species | MWCNT? Rout | Day Dose NOAEL? | LOAEL | Findings Referenc
e mg/kg/d | e
mg/kg/d
CD-1 fCOOH-MWCNT | Oral GDs 0-21 0,22 0r65 | 65— None No effect on maternal body weight, behavior, or Wang et
mice inner/outer dia: gavage | and until mg/kg/d maternal reproduction. No effect on litter size, sex ratio of al., 2014
(10/gp) ~20 nm/30 nm x weaning 65— None pups, or body or organ weight, or serum levels of
~0.5-2.0 pm develop- malondialdehyde, FSH, LH, or testosterone of male
mental offspring.
Sprague- CM-95 by Oral GDs 6-19 0, 8, 40, 200- 1000- | Maternal thymus weight at 1000 mg; no effect on Limetal.,
Dawley Hanwha Nanotech | gavage 200 or maternal maternal | fetal growth, viability, or morphological 2011
rat (12/gp) | (Incheon, 1000 1000- None development
Republic of mg/kg/d develop- develop-
Korea) mental mental
MWCNT M-95;
dia 10-15 nm x
~20 um
95% carbon; 5%
iron
CD-1 MWCNT-7 - dia: Single | GD9 0,2,3,4, | Maternal BW, | litter size and fetal weight at all Fujitani et
mouse (6— | 90 nm x 1P or 5 mg/kg doses; T Maternal spleen weight at > 2 mg; al., 2012
16/gp) 27.5% longer than resorption rate at > 4 mg; fetuses with malformations
5 um >2mg.
Single 0,3,4,0r5 | Maternal BW at 4 and 5 mg; fetal BW at 5 mg; 1
IT mg/kg Maternal lung weight at 5 mg; fetuses with
malformations at 4 and 5 mg
NMRI1 MWCNT dia: 30 IP GDs0Oand | Oor1 and Ttime in forced swimming test at 1 pg. No deaths or | Ivanietal.,
mouse nm x 10 um; 3 10 changes in toxicity or reproductive parameters. No 2012
(10/gp) Surface area: pg/mouse/ external malformations or changes in developmental
female 270 m%/g, 95% d landmarks, reflexes, or behavior in the open field or
Morris water maze
C57BL/6 | MWCNT-400, IT One day 0 or 67 1 time to delivery; pathologic changes in Hougaard
mouse dia: 10 nm, length: preconceptio| pg/mouse/ mononuclear infiltration and bronchiole edema and 1 | etal., 2013
(30/group) | 295 nm n d Kupffer cells. No effect on maternal BW or gesta-
female tional or litter parameters.
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Species | MWCNT? Rout | Day Dose NOAEL? | LOAEL | Findings Referenc
e mg/kg/d | e
mg/kg/d

BALP/c fCOOH-MWCNT | IV Onceevery | Oor5 Transient histopathological changes in testes after Baietal.,
mouse (4- | dia: 2030 nm x 3 days; 5 mg/kg/d multiple injections of both fIMWCNTs; transient 2010
8/gp) 0.5-2.0 mm) times over increased levels of MDA in testes after multiple
male fNH4-MWCNT 13 days. injections of f{COOHs.

dia: 2030 nm x

0.5-2.0 ym
pS3+/- fPEG-NH4- v GDs 10.5, Oor2 | Maternal BW and | fetal BW after injection of Huang et
mouse (4— | MWCNT 8 dia:<8 12.5, mg/kg/d fPEG-NH4-20 and 50; 1 Fetal brain deformity after al., 2014
6/gp) nm x 0.5-2 um); and 15.5 injection of fPEG-NH4-50.
female PEG-NH4-20 dia:

20-30 nm x 0.5—

2 um); PEG-NH4-

50 dia: ~50 nm x

0.5-2 pm)

PL-PEG-NH4- GD 155 0,20r5 | Survival rate of postnatal offspring at 5 mg

MWCNT-50 mg/kg

PL-PEG-NH4- GD 15.5 Oor5 1 Fetal brain defect (50% of p53-/- fetuses) after

MWCNT-50 mg/kg injection on GD 10.5; | Body weight of p53+/+

fetuses after injection on GD 15.5; | Brain defect in
p53-/- fetuses after co-injection of NA on GD 10.5
Kunming | o-MWCNTs v GD 7 to 0 or 20 1 Abortion rate Qietal.,
mice dia:10-30nmx 1— abortionor | mg/kg/d | Maternal body weight gain 2014
(10/gp) 2 pum, purity parturition
female >96%, GDs 4, 11, | Progesterone in maternal sera at GDs 7, 14, and 18
and 15 1 Estradiol in maternal sera at GDs 7 and 14
GDs 9-11 1 Placental ROS in first-time pregnant mice

| Placental VEGF in first- and second-time pregnant
mice

aDetailed characterization information is provided for nonfunctionalized CNTs administered by routes relevant to human exposure as follows 1. Source 2.

Diameter and length 3. Surface area 4. Purity and impurities 5. State of aggregation; shape (bundles, tangles, ropes)
"NOAEL and LOAEL determined only for oral studies because this route is relevant to human exposure
FSH = follicle-stimulating hormone; LH = luteinizing hormone; MDA = malondialdehyde; VEGF = vascular endothelial growth factor
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4.7 Carcinogenicity
4.7.1 Single-walled CNTs

No studies in humans or animals are available for SWCNT carcinogenicity by any route, either
in the recent literature or prior to 2010 (Versar, 2012).

4.,7.2 Multi-walled CNTs

Only one study examining potential carcinogenicity by the inhalation route was located in the
recent literature searched. Earlier reports (Versar, 2012) did not locate any carcinogenicity
studies for MWCNTs.

Kasai et al. (2016) investigated the carcinogenic potential of MWCNTs in rats in a 2-yr GLP-
compliant bioassay according to OECD Test Guideline 451. MWCNTs were 90.7 nm in mean
diameter (measured). Mean length was 5.7 pm, with 48.7% of tubules greater than 5 um.
Surface area was 24 to 28 m*/g and carbon purity was greater than 99.6%. MWCNTSs were
delivered in the form of individual, dispersed fibers as visualized by SEM. F344 rats (50 M/50
F/group) were exposed via whole-body inhalation to 0, 0.02, 0.2, or 2.0 mg/m* MWCNTs for 6
h/d, 5 d/wk for 104 weeks. Aerosol particle size and morphology were monitored weekly by
SEM. The MMAD was 1.3 um with a GSD of 2.9. Survival rates over the 104-week exposure
were at least 72% (males) and 68% (females) in all groups, and no differences in survival rates or
body weights were seen in MWCNT-exposed groups vs. controls. No differences from controls
were observed in urinary, hematological, or blood biochemical analyses. Postmortem tumor
surveillance was carried out via histology of the nasal cavity, nasopharynx, larynx, trachea,
lungs, bone marrow, lymph nodes (including LALN), thymus, spleen, heart, tongue, salivary
gland, esophagus, stomach, small intestine, large intestine, liver, pancreas, kidneys, urinary
bladder, pituitary gland, thyroid, parathyroid, adrenal glands, testis, epididymis, seminal vesicle,
prostate, ovaries, uterus, vagina, mammary gland, brain, spinal cord, peripheral nerve, olfactory
bulb, eye, Harderian gland, muscle, bone, and diaphragm. Tumors caused by MWCNT exposure
were limited to the lung and pleura; incidences are given in Table 17. The incidence of
bronchiolo-alveolar carcinomas was increased in males following exposure to 0.2 and 2.0 mg/m?
(8/50 and 10/50, respectively), and in females exposed to 2.0 mg/m? (5/50). The incidence of
bronchiolo-alveolar adenomas was increased in males at 0.2 and 2.0 mg/m?® (13/50 and 16/50,
respectively) and in females at 2.0 mg/m? (11/50). Adenosquamous carcinoma in the lung was
found in 1/50 male and 1/50 female in the 2.0 mg/m® groups. One incidence each of poorly
differentiated adenocarcinoma and squamous carcinoma in the lung were also found in the
female 2.0 mg/m? group. Although not statistically significant, the latter three tumor types were
noted to be extremely rare as background lesions. Bronchiolo-alveolar carcinomas were
accompanied by fibrous proliferations, which the authors note as not being seen in spontaneous
background tumors occurring in controls. Pleural mesothelioma was not observed at any
exposure level, but mesothelial hyperplasia and focal fibrosis was seen in the pleura following
exposure to 2.0 mg/m? in both sexes. The authors concluded that 0.02 mg/m® was the NOAEC
for carcinogenicity. The LOAEC for carcinogenesis was 0.2 mg/m? based on a statistically
significant increase in the incidence of bronchiolo-alveolar carcinoma in males. The lung burden
at this concentration, estimated using visual counting of fiber particles in tissue sections, was
152.4 pg/lung.
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Table 17. Tumor Incidence in Rats exposed to MWCNT for 104 weeks (Kasai et al., 2016)

Male Female

Exposure Level (mg/m?) 0 0.02 0.2 2.0 0 0.02 0.2 2.0
Number of Animals in Group 50 50 50 50 50 50 50 50
Lung
Bronchiolo-alveolar carcinoma 1 1 8* 10%* 0 1 0 S**
Adenosquamous carcinoma 0 0 0 1 0 0 0 1
Poorly differentiated adenocarcinoma 0 0 0 0 0 0 0 1
Squamous carcinoma 0 0 0 0 0 0 0 1
Total carcinoma 1 1 8* [1#* 0 1 0 8**
Bronchiolo-alveolar adenoma 1 1 vk 5 3 1 4 3
Total lung tumors 2 2 13* 16%** 3 2 4 11*

Peritoneum
Malignant mesothelioma 0 3 I I 0 0 0 0

*Values indicate number of animals bearing lesions. *p < 0.05, **p < 0.01, Fisher Exact Test.

4.7.3 Summary

Overall, the carcinogenicity of SWCNTs and MWCNTs is challenging to predict due to the
limited number of long-term studies. No studies are available for SWCNTs and only one well-
documented study has been published for MWCNTs. The study uses inhalation of MWCNTs in
both sexes of F344 rat and reports increased adenomas and carcinomas at 0.2 mg/m®. The tumor
incidence was significant in males at 0.2 mg/m> and was significant in females at the high dose

of 2.0 mg/m>.

Considering the data are limited to one species (rat), it should be noted that tumorigenesis
secondary to lung overload (volumetric overwhelming of alveolar macrophage-mediated

clearance) is often considered to be a rat-specific phenomenon (Oberdorster, 1996). This is
significant because lung overload was considered by Pauluhn (2010) to be a principal mode of

action of MWCNT toxicity in rodents. However, the MWCNT variant used in Kasai et al.

(2016) (commonly known as “MWNT-7" or “Mitsui-7”) is a thick-walled, semi-rigid fiber-like
variant of MWCNT, while Pauluhn’s MWCNTs were thin and densely aggregated. Fiber-like
CNTs are toxicologically distinct from agglomerated forms (Arts et al., 2015). Pauluhn (2010)
used bulk density to extrapolate data from airborne concentrations of carbon black inducing
overload in the F344 female rat (Elder et al., 2005) to MWCNTs. The density of MWNT-7 is

comparable to the density of carbon black (~2 g/cm?, manufacturer data), so following the

example of Pauluhn (2010) would lead to a hypothesis that MWNT-7 may cause overload at

concentrations between 1 and 7 mg/m? based on results from Elder et al. (2005). Using

Pauluhn’s (2010) results concluding that overload in a 90-day exposure was reached in the F344
rat at a concentration of 0.4 mg/m*> MWCNTs (density = 0.1-0.3 g/cm?), overload would be
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predicted to occur at a concentration of 4.0 mg/m* MWNT-7, adjusting for bulk density. Both of
these estimates indicate that overload may be occurring in the current study at the high
concentration of 2.0 mg/m?>, but that it is rather unlikely to be the principal mechanism of
tumorigenesis as this would be at the far low end of the estimated range of overload conditions,
and tumors are observed below this dose (in males).

Overall, it is likely that carcinogenicity of inhaled MWCNTs in Kasai et al. (2016) occurs
through a morphology-dependent paradigm intrinsic to semi-rigid, high-aspect-ratio biopersistent
fibers where fiber morphology frustrates clearance mechanisms of the lung, damaging
phagocytic macrophages and prolonging residency (Oberdorster, 2002: Hirano et al., 2008).
Reflecting this perspective, an IARC working group in 2014 specifically classified MWNT-7 as
‘possibly carcinogenic in humans’ (Group 2B), while both SWCNTs and MWCNTs other than
MWNT-7 were not classifiable (Group 3) (Grosse et al., 2014).

4.8 Mechanistic Data
4.8.1 Mutagenicity /Genotoxicity Studies Overview

Results of short-term tests to assess the mutagenicity/genotoxicity of CNTs published prior to
2011 have been previously reviewed by Versar (2012) and are presented in Appendix E (Tables
E-1 and E-2). Data for both types of CNTs (SWCNTs and MWCNTs) were cited in Versar
(2012) in support of the general observations made about CNT mutagenicity/genotoxicity. The
Versar review noted that CNTs have not induced mutations in most in vitro studies. Both
SWCNTs and MWCNTs showed negative results for mutagenicity in standard Salmonella
typhimurium strains (three studies). Two out of three in vifro mammalian cell mutagenicity
studies were negative, although one of the negative studies involved only a single test
concentration. In the study showing positive results, a MWCNT test material purified to lower
metal catalyst residues induced an increase in mutation frequency at the adenosine
phosphoribosyl transferase (Aprt) locus in mouse embryonic stem cells. Another study of
MWCNTs found no increase in mutation frequency at the hypoxanthine phosphorybosyl
transferase (HPRT) locus in Chinese hamster lung cells treated with MWCNTs.

The Versar review (2012) noted that in vitro studies of both SWCNTs and MWCNTs induced
genotoxicity in a number of mammalian cell types, including human cells. Nearly all of the nine
micronucleus (MN) assays for both SWCNTs and MWCNTSs were positive, with the exception
of one assay with equivocal results for SWCNTs. In the comet assay three of five studies of
SWCNTs were positive, and two were negative. The two negative studies involved testing of a
single concentration. All four comet assays of MWCNTs were positive. Five studies (two with
SWCNTs and three with MWCNTs) evaluated DNA repair as measured by induction of y-H2AX
foci or induction of DNA repair enzymes, and all were positive. In vitro chromosomal
aberration assays were limited to two studies of MWCNTs and showed no evidence of an
increase in chromosomal aberrations, although in one study polyploidy was induced.

Three in vivo studies, one with SWCNTs administered by oral gavage and two with MWCNTs
administered by IP or by IT, have shown that these materials are associated with genotoxicity in
a number of tissues (liver, lungs, bone marrow, and peripheral lymphocytes). Endpoints
evaluated include MN and DNA damage as measured by the Comet assay, oxidative DNA
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damage, and chromosomal aberrations. SWCNTSs were evaluated in two other studies employing
endpoints that are less commonly used for evaluation of in vivo genotoxicity. These studies
showed mitochondrial DNA damage in aortic tissue after pharyngeal aspiration and increased K-
ras mutations in lung after inhalation exposure.

Several factors were mentioned in Versar (2012) as potentially contributing to the potential for
genotoxicity of CNTs. These include length, diameter, surface charge, metal content, presence
or absence of functional groups, and degree of agglomeration or dispersibility in aqueous media.
However, the available data were considered inadequate to determine the relative importance of
these factors or to characterize their interactions. Although the molecular modes of action by
which CNTs induce genotoxicity are uncertain, the Versar review noted that the involvement of
ROS associated with inflammatory responses and direct interaction with DNA have been
proposed.

Numerous additional mutagenicity/genotoxicity studies of CNTs (both SWCNTs and MWCNTs)
have been published demonstrating both in vitro and in vivo genotoxicity, with experimental
evidence for in vivo genotoxicity clearer for MWCNTSs. Less data are available to evaluate the
mutagenic potential of these materials, since in vitro studies in mammalian cells have produced
conflicting results and there are insufficient data from in vivo studies. The mutagenic/genotoxic
mode of action of CNTs appears to be complex and may differ for different endpoints. These
data are summarized separately for SWCNT and MWCNT in Appendix E.

A large number of both in vitro and in vivo mutagenicity/genotoxicity studies on SWCNTs and
MWCNTs have been recently conducted. An extensive review of these studies is presented in
Appendix E (Section E.1 and Tables E-3 and E-4). CNTs have not induced mutations in most in
vitro studies. Both SWCNTs and MWCNTs have shown negative results for mutagenicity in
standard S. typhimurium and E. coli WP2uvrA strains. It has been suggested that the lack of a
mutagenic response in bacteria may be due to a lack of cell uptake. However, Clift et al. (2013)
reported that SWCNTs, MWCNTs, and other nanofibers did penetrate bacterial cells based on
visualization with electron microscopy, suggesting mutagenicity is not dependent on uptake.
Few in vitro mutagenicity studies in mammalian cells have been published. Only one in vitro
study measuring SWCNT mutagenicity in mammalian cells was found in the recent literature
(Manshian et al., 2013). SWCNTs of varying lengths were tested in an HPRT mutation assay,
where SWCNTs of 1 to 3 um length increased mutation frequencies dose-dependently but longer
(5 to 30 um) or shorter (400 to 800 nm) did not. The intermediate-length SWCNTs also caused
ROS increases and oxidative stress responses. All SWCNT examples were described as high-
purity, so metal contamination does not appear to account for the differences in mutagenicity and
oxidative stress induction. No recent in vitro mutagenicity studies in mammalian cells were
found for MWCNTs, although one earlier study summarized in Versar (2012) reported Aprt
mutations induced by MWCNT in mouse embryonic stem cells.

No in vivo mutagenicity studies of SWCNTs have been identified beyond the study reporting K-
ras mutations in lung after inhalation exposure summarized in Versar (2012). One in vivo
mutagenicity study of MWCNTs in transgenic mice reported an increase in mutation frequency
in the lung after repeated intratracheal doses, suggesting that exposure sufficient to result in
mutations can be achieved in vivo under certain conditions. Two in vivo somatic mutation and
recombination tests (SMART) in D. melanogaster with MWCNTs have been published and
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neither showed evidence of an increase in somatic mutation. Systemic uptake appeared to be
very low, and the lack of mutagenic response may be attributable to lack of exposure.

In vitro genotoxicity studies have been conducted using the chromosomal aberration assay, the
MN assay and/or the comet assay. In vitro chromosomal aberration assays have produced mixed
results for both SWCNTs and MWCNTs, with roughly half the studies showing negative results
and half showing a positive response. In studies where a positive response has been observed,
clastogenicity and/or aneuploidy have been reported for both SWCNTs and MWCNTs. In vitro
MN assays in cells from a variety of mammalian species have shown predominantly positive
results for both SWCNTs and MWCNTs. Notable exceptions to this are two studies that
reported no increase in MN frequency for SWCNTs and/or MWCNTs (Lindberg et al., 2013;
Catalan et al., 2016). Both of these studies were conducted in a human bronchial epithelial cell
line. However, other investigators have observed a significant dose-related increase in mitotic
spindle damage in this same cell line along with an increase in aneuploidy with both SWCNTSs
and MWCNTs. Given adequate dose levels, SWCNTs and MWCNTs are capable of producing
DNA damage in most of the cell lines evaluated, including human cell lines, when tested in
comet assays. None of the in vitro comet assays with SWCNTs employed a fgp-modified assay
to determine if oxidative DNA damage was induced. However, one publication found an
increase in malondialdehyde DNA adducts after SWCNT treatment in two human cell lines
established from the lung (Lindberg et al., 2013), suggesting capacity for oxidative DNA
damage. Four in vitro comet fgp-modified assays with MWCNTs found no evidence of
oxidative DNA damage in human cell lines established from the lung; the same human cell lines
showing an increase in malondialdehyde DNA adducts associated with SWCNTs found a dose-
related decrease in these adducts after MWCNT treatment.

With respect to in vivo genotoxicity potential, two older studies discussed in Versar (2012)
reported some evidence of genotoxicity (oxidative DNA adducts in lung and liver after oral
gavage and mitochondrial DNA damage in aortic tissue after pharyngeal aspiration) associated
with SWCNTs. However, more recent in vivo genotoxicity studies of SWCNTSs have been
limited to three bone marrow MN assays in animals dosed by oral gavage and one comet assay in
lung after intratracheal administration, and none of these studies reported evidence of
genotoxicity (Naya et al., 2011, 2012a; Ema et al., 2013; Kim et al., 2015). In vivo genotoxicity
study results with MWCNTs present a different picture. Six in vivo comet assays produced
results that clearly showed an increase in DNA damage either in the lung following inhalation or
intratracheal instillation or in bone marrow or lymphocytes following IP injection. The results in
one study that showed a positive comet response in the lung after inhalation of semi-rigid
MWCNTs, but not tangled MWCNTSs, are consistent with the consensus that semi-rigid fibers
are generally more toxic (as noted in Section 4.1). Both SWCNTs and MWCNTs have
demonstrated genotoxicity in vitro and in vivo, although the experimental evidence for in vivo
genotoxicity is clearer for MWCNTs. Less data are available to evaluate the mutagenic potential
of these materials, since in vitro studies in mammalian cells have produced conflicting results
and data is insufficient from in vivo studies. In vivo studies involving all routes of exposure,
including oral, inhalation, IP and IV routes have been included in this report for completeness.
However, the IP and IV routes of exposure are generally not recommended for risk assessment
for consumer products without specific scientific justification.
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The mutagenic/genotoxic mode of action of CNTs appears to be complex and may differ for
different endpoints. While oxidative stress may be associated with mutagenic capacity, it may
not be the primary factor involved in chromosomal damage. Modes of action involving both
direct interaction with chromosomes (either the DNA or mitotic spindle) are likely more
important for the observed clastogenic effects and induction of aneuploidy. The induction of
ROS may, in some cases, be related to the presence of metal catalyst impurities. Oxidative stress
associated with inflammatory responses that are unrelated to metal catalyst has also been
proposed. The degree of agglomeration and formation of tangles and bundles for both SWCNTs
and MWCNTs can also influence exposure, the outcome for both in vitro and in vivo tests, and
further complicate an understanding of mutagenicity/genotoxicity as a possible mode of action.

4.8.2. Mode of Action of CNTs
4.8.2.1 Introduction

A review of literature prior to 2010 (Versar, 2012) summarized in vitro studies investigating
mechanisms of CNT toxicity in cultured animal and human cells. Hypotheses tested in these
studies addressed mechanisms of CNT-effects including cellular uptake, growth arrest, cell
lethality, induction of apoptosis, induction of proinflammatory Nf-kB, AP-1, and p38/mitogen-
activated protein kinase (MAPK) pathways, and activation of immune cells to secrete
inflammatory mediators. The report noted that the majority of cell culture cytotoxicity studies
demonstrated cellular uptake of CNTs with ensuing toxic effects, but some studies reported low
or no toxicity following CNT uptake.

The literature published since 2010 is more richly populated in both in vitro and in vivo
mechanistic studies modeling CNT toxicity, mostly germane to lung effects following inhalation
exposure. CNT toxicity mechanisms have been investigated using an extensive array of
endpoints, with most efforts addressing pulmonary inflammation, lung fibrosis, and
carcinogenicity. Immune system toxicity (local to the lungs) and cardiotoxic effects have also
been documented and explored on a mechanistic basis. The nature of the toxicity varies based
on physicochemical characteristics, and studies demonstrating this are discussed in Section 4.1.

Recent literature has seen broad improvements in documentation of critical information such as
physicochemical characteristics of CNT test articles. However, there are a large number of
published mechanistic studies that inadequately report critical information, are of poor quality in
general, or contribute little to existing knowledge. Several reviews of CNT toxicological
mechanisms are available summarizing the body of published literature (Dong and Ma, 2015;
Shvedova et al., 2012; Vietti et al., 2016). Although some insightful data have been published,
the critical biological interactions are only speculation at this time and are complicated by what
are likely multiple possible modes of action. In addition, physicochemical variation among CNT
materials and preparations severely hampers cross-examination of data. There is widely
acknowledged difficulty extrapolating mode-of-action information from experimental CNT
exposures to real-world scenarios. Many studies investigating toxicity mechanisms utilize
experimental designs that are non-standard and the format for reporting data varies widely. Even
for many studies of moderately good quality, documentation of effects cannot be clearly
compared to standardized toxicity testing identifying critical effects and effect levels.
Differences in reporting formats, in addition to other variables such as test article formulation,
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make it challenging to determine whether mechanisms identified in experiments have a causal
relationship to toxicity in test animals and real-world scenarios.

The conclusions that can be drawn regarding mechanisms of toxicity of SWCNTs and MWCNTSs
include mode-of-action information generalizable to non-specific ultrafine particles as well as
mechanisms that may be specific to CNTs. Much of the literature addressing mechanisms of
CNT toxicity do not address SWCNTs and MWCNTs separately, instead focus on specific
adverse effects (most of which are common to both forms).

4.8.2.2 Molecular Mechanisms Initiating CNT Toxicity

There are competing hypotheses as to what molecular interactions fundamentally initiate the in
vivo toxic effects of CNTs. Several possible modes-of-action are common to SWCNTs and
MWCNTs, while others are variant-specific. As noted in Section 4.1, different physicochemical
variants may act as toxicologically distinct entities. This appears especially true for MWCNTs,
due to the more diverse range of fiber morphologies and secondary structures. There are no
well-demonstrated “receptors” mediating toxicity from SWCNTs or MWCNTs, but macrophage
scavenger receptors have been shown to be instrumental in uptake of CNTs into cells (Hirano et
al., 2012; Keka et al., 2014).

4.8.2.3 Oxidative Stress

Both SWCNTs and MWCNTSs have been shown to induce oxidative stress, and numerous
authors consider oxidative stress to be a primary mechanism of CNT toxicity (Rodriguez-Yanez
et al., 2013; Liu et al., 2013; Dong and Ma, 2016). At the same time, it is remains unclear
whether oxidative stress is an initiating mechanism, obligatory downstream event, or simply
correlated with CNT toxicity. Several early CNT toxicity studies initially attributed oxidative
stress-mediated adverse effects to CNTs, but the effects were later found to be caused by
catalytic metal contamination, principally iron, rather than the CNT particles themselves
(Pulskamp et al., 2007; Ge et al., 2012). By nature of their surface chemistry, SWCNTs and
MWCNTs are capable of both generating and absorbing free radicals (Fenoglio et al., 2006;
Galano, 2008; Crouzier et al., 2010), meaning that CNTs could plausibly induce oxidative stress
as well as act in an antioxidant capacity.

SWCNTs have been shown to induce oxidative stress in cell culture-based experiments (Azad et
al., 2013; Wang et al., 2012) and in rodents (Shvedova et al., 2012). Unpurified SWCNT
material commonly contains high amounts of iron, but induction of oxidative stress by SWCNTs
has been documented in both the presence and absence of iron. Shvedova et al. (2012) reviewed
evidence identifying molecular initiating events of SWCNT toxicity, focusing primarily on
oxidative stress. Numerous studies had, at the time, identified oxidative stress in cells as a
consequence of exposure to various CNT types in a variety of exposure models. The primary
goal of the review was to define the role of oxidative stress as a toxic initiating event, a
downstream obligatory mechanism of toxicity, or an incidental byproduct of cellular responses.
The authors profiled peroxidized lipid species following four days of whole-body inhalation
exposure to 5 mg/m> SWCNTs containing high amounts of iron (17.7%/weight). Profiling was
conducted using lipidomic methods (tandem MS). Despite the presence of iron, a known catalyst
for the generation of hydroxyl radicals, lipidomic profiles did not reflect widespread non-specific
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oxidation. Results detected the presence of oxidized lipid species in a specific profile that
several other studies had associated with release of cytochrome c to the cytoplasm, suggesting
mitochondrial toxicity as a source of redox stress. This restricted pattern of lipid peroxidation
was also associated with widespread apoptosis of lung cells, suggesting that oxidative effects and
apoptosis induction were secondary to a shared cause. These findings are consistent with
mitochondrial stress being an upstream event. However, antioxidants such as vitamin E have
been shown to inhibit SWCNT cytotoxicity in vitro, including loss of mitochondrial membrane
potential (Wang et al., 2012). It remains unknown whether oxidative stress is an initiating or
downstream event in SWCNT toxicity and it is possible that oxidative stress effects following
SWCNT exposure are induced by multiple mechanisms.

MWCNTs have been shown to cause oxidative stress in vitro. This is true for both thick, semi-
rigid MWCNTs (Palomaki et al., 2011) and thin, tangled MWCNTs (He et al., 2011; Alarifi and
Ali, 2015; Srivastava et al., 2011). Similarly to SWCNTs, studies often identified mitochondrial
stress as a mechanistic event in MWCNT toxicity. Again, it is not known whether oxidative
stress following MWCNT exposure is initiated by reactive surface chemistry of the MWCNT
itself or by disruption of mitochondria. A recent comparison study of SWCNTs and a thin-
walled MWCNT variant (diameter of 5.5 nm) concluded that both caused toxicity to
mitochondria (loss of membrane potential, decreased mitochondrial adenosine triphosphate
(ATP), and release of cytochrome ¢, but SWCNTs were more toxic than the thin MWCNTSs
(Ghanbari et al., 2017). It has been suggested that the relatively low toxicity of OH-
functionalized MWCNTs (vs. unfunctionalized) may be due to reduced toxicity to mitochondria
(Liu et al., 2014). Beyond intrinsic reactivity and mitochondrial disruption, a third possible
mechanism of CNT-induced oxidative stress is destabilization of phagolysosomes (see Section
4.8.2.4). A loss of lysosomal integrity causes release of reactive contents, including free radicals
(Palomaki et al., 2011).

4.8.2.4 Frustrated Phagocytosis and Destabilization of Lysosomes

As non-specific unopsonized particles, CNTs and their agglomerates are taken up by immune
cells (principally macrophages) and subject to processing in phagolysosomes. This process
induces NADPH oxidase and generates free radicals to be utilized in the breakdown of
phagocytosed material. Because of their shape and aspect ratio, CNTs are known to disrupt the
membranes of macrophages (Hirano et al., 2008; Nagai et al., 2011), frustrating phagocytosis
and destabilizing the phagolysosome and causing the release of lysosomal free radicals and
cathepsins. These events are known to contribute to induction of inflammasome assembly,
which allows for the maturation of IL-18. This mode of action may be specific to the semi-rigid
morphology of thicker, larger-diameter MWCNT variants, as semi-rigid or “needle-like”
MWCNTs were shown to destabilize lysosomes and induce inflammasome maturation, while a
thin-walled, tangled variant produced less-pronounced effects (Palomaki et al., 2011). Oxidative
stress is considered to be a requirement for activation of the inflammasome and maturation of IL-
1 cytokines (Martinon, 2010; Rabolli et al., 2016), with lysosomal cathepsins being a co-
stimulatory inducer of this process. The argument that semi-rigid fiber morphology is intrinsic
to this mode of action is further supported by the use of crocidolite asbestos as a comparison test
article. Palomaki et al. (2011; 2015) showed not only that asbestos had a similar effect on
inflammasome maturation, but that the protein profile secreted by exposed macrophages was
similar between semi-rigid MWCNTs and asbestos. This was in contrast to the protein profile
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secreted after exposure to tangled MWCNTs. Inflammasome maturation is likely to be of
importance for adverse effects including acute inflammation caused by CNT exposure, but its
role in longer-lived responses associated with eosinophilic or Th2-type (allergic) inflammation
may be more complex (Girtsman et al., 2014; Arnoldussen et al., 2015). The IL-
I/inflammasomal signaling axis has been shown to be critical for lung remodeling and fibrosis in
other toxicological models of progressive lung disease (Gasse et al., 2007; Cassel et al., 2008).

4.8.2.5 Volumetric Overload of Alveolar Macrophages

The capacity of alveolar macrophages to clear poorly-soluble particulates from the lower lung is
limited by the volume of material that may be carried in a given cell at once. Alveolar
macrophages loaded beyond this limit are inhibited in their mobility, leading to failed clearance
and persistence of particles in the lung (Morrow, 1988; Oberdorster et al., 1992; Tran et al.,
2000). Cytotoxicity and inflammation may ensue in these cases due to the prolonged residence
of activated macrophages. The possible mechanisms of macrophage immobility include
competition for actin mobilization between phagocytic and cell migratory demands and the
induction of chemotactic factors as a consequence of excessive activation by repeated cell-
particle interactions (Morrow, 1988). The rat is known to be a sensitive species in toxicity
occurring by the overload mode of action, especially with regard to tumorigenesis following high
level exposures to otherwise inert insoluble dusts. Guideline two-year carcinogenicity studies
are generally conducted in the F344 rat. Overload-induced tumorigenesis is considered specific
to that species and is not used as a critical effect for human risk estimates (McCunney, 1996).

CNTs may cause overloading because they are resistant to breakdown after uptake into alveolar
macrophages, and may accumulate to overload volumes in the cell. Pauluhn (2010) considered
lung overload to be a principal mechanism of lung toxicity from exposure to thin-walled, tangled
MWCNTs. These CNTs generally form amorphous agglomerates in suspensions and aerosols.
Although the MWCNT primary structure is fundamentally fibrous, the particulates they form are
amorphous and may not share the same mode of action as rigid fibers. Pauluhn argued that the
low density of MWCNTs is a driving factor in toxicity in the rat lung because exposure dose on
the basis of mass will result in a higher volumetric dose relative to inert reference materials such
as carbon black. This argument contends that tangled MWCNTs caused toxicity through an inert
dust-like mechanism rather than a fiber-related or nanostructure-specific mechanism. Pauluhn’s
experimentation supports this hypothesis, but is limited to the rat.

Lung overloading effects other than tumorigenesis do generally occur in other species, and cause
disease in humans (e.g., coal worker’s pneumoconiosis) (McCunney, 1996). MWCNTs are
biopersistent and whether they cause overload effects in humans will be dependent on whether
exposure levels are sufficiently high. Given the available data, the initiating mechanisms of
toxicity by thin-walled tangled MWCNT variants may include lung overload in some exposure
scenarios and may not include it in others. Mechanistic studies summarized in this report
indicate that MWCNTs can potentially elicit a host of effects that do not appear to be related to
an overload-based reaction. Given that the relevant dose-response data are limited to a sensitive
species (rat), it is difficult to say whether in vivo studies have demonstrated toxicity of tangled
MWCNTs below the overload threshold dose. A variety of dose-response curves have been
published using bolus instillation (IT or OPA) studies in mice, but these are generally not useful
for estimating effect-levels in true inhalation exposures. Overload response is considered a high-
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dose phenomenon and may not be of concern in exposure scenarios pertaining to consumer
products.

4.8.2.6 Disruption of Chromosomes by Fiber Structures

Although results are somewhat mixed, several in vitro studies have documented chromosomal
aberrations, including aneuploidy and micronuclei formation, in cells exposed to SWCNTs and
MWCNTs (Sargent et al., 2009; Sargent et al., 2012; Catalan et al., 2012; Siegrist et al., 2014).
A more thorough accounting of genotoxicity studies is given in Appendix E. Based on detailed
microscopy localizing CNT fibers within microtubule-chromosomal assemblies in these studies,
the mechanism of the effects appears to be disruption of the mitotic spindle as a result of CNT
fiber morphology. Interestingly, COOH-fSWCNTs or MWCNTs were reported to be more
potent inducers of chromosomal aberrations than unfunctionalized forms (Patlolla et al., 2010;
2016). As discussed in Section 4.1, COOH-functionalization is associated with sharply
attenuated toxicity by a wide variety of endpoints, however, chromosomal disruption may be an
exception to this.

4.8.2.7 Pathways Mediating the Apical Lung Effects of CNT Exposure
4.8.2.7.1 Inflammation and Granulomatous Pathology

Inflammation assessed in BALF and tissue pathology are the most common, and often most
sensitive, effects of exposure to SWCNTs or MWCNTs. BALF collected from exposed animals
shows accumulation of neutrophils, increases in macrophage number, increased protein content,
and elevated levels of cytokines and chemokines. Lung pathology exhibits accumulation of
hypertrophic macrophages (“foamy” macrophages), infiltration of neutrophils, irregular
interstitial expansions of lymphoid tissue, and granulomatous formations ranging from small
alveolar foci to well-formed granulomas (Pauluhn, 2010; Pothmann et al, 2015; Kasai et al.,
2015). Mild inflammation of upper airways was also present in rodent studies. The form of
inflammation induced by CNTs is generally neutrophilic (rather than eosinophilic), implying a
Th1-biased immune environment which might be expected to result from an unresolved acute
inflammatory response. The alveolar macrophage is thought to be particularly instrumental in
signaling the onset of inflammation (Frank et al., 2015). TNF is principally produced by
macrophages and is a powerful regulator of neutrophilic inflammation. The inflammatory
cascades initiated by SWCNTs or MWCNTs have been shown to be mediated by the Nf-kB, AP-
1, p38 MAPK, and NLRP3 inflammasome pathways (Bhattacharya et al., 2013; Dong and Ma,
2015).

The maturation of IL-18, one of the most potent inflammatory mediators, is regulated at multiple
levels and requires assembly of the inflammasome. Palomaki et al. (2011) investigated whether
inflammasome assembly and IL-18 maturation in human primary macrophages differed between
tangled MWCNTs, semi-rigid MWCNTs, and crocidolite asbestos. Results demonstrated that
semi-rigid MWCNTs and asbestos activated secretion of IL-1 from LPS-primed macrophages,
but tangled MWCNTs did not. NLRP3 activation induced by asbestos and MWCNTs was
dependent on reactive oxygen species production and cathepsin B activity, both of which are
associated with loss of lysosomal integrity. IL-18 is a key inflammatory mediator that is
produced by cells of all types in response to cellular damage; signaling through its receptor (IL-
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1R) broadly activates Nf-kB- and MAPK-dependent responses in lymphocytes, fibroblasts, and
epithelial cells (Dinarello, 1996). The role of IL-1R signaling in MWCNT-induced
inflammation was investigated by Girtsman et al. (2014) in wild-type (WT) and IL-1R—/— mice.
Their results suggested that MWCNT-induced acute pulmonary inflammation was dependent on
IL-1R signaling. Additionally, wild-type mice demonstrated significant increased airway
resistance 24 hours post-exposure to MWCNTs, but this was blocked in the IL-1R—/— mice. In
contrast, by 28 days post-exposure to MWCNTs, the inflammatory response that was initially
absent in IL-1R—/— mice was elevated in comparison to the WT mice. Rydman et al. (2015)
reported similar findings using IL-1R knockout mice. The biological significance of the delayed
response is not known, but these data indicate that IL-1R signaling plays a role in the regulation
of MWCNT-induced pulmonary inflammation. This indicates that upstream triggers of
inflammasome assembly (oxidative stress, potassium influx, lysosomal leakage) could be events
that MWCNTs cause, with oxidative stress being commonly demonstrated (as reviewed in
Shvedova et al. 2012).

PPARYy was shown to be a negative modifier of granuloma formation following exposure to
MWCNTs (Huizar et al., 2013). Barna et al. (2013) identified the Twist1 transcription factor as
a possible mediator of granuloma formation 60 days following MWCNT exposure via
instillation. Based on the results of the study, Twistl was considered a possible target of the
inhibitory actions of PPARy.

Overall, the induction of inflammation by SWCNTs and MWCNTs is a process involving many
downstream mediators. Because inflammation involves extensive cross-talk between different
signaling pathways, it is difficult to link specific signaling events to distinct inflammatory
outcomes beyond differentiation of broad types of signaling environments (e.g., Th1- versus
Th2-based). In the case of CNTs, a key characteristic of inflammatory responses is that episodes
tend to be poorly-resolving. This is presumably intrinsic to the CNT biopersistence. The data
suggest that different physicochemical variants of CNTs induce many of the same inflammatory
signaling pathways, with some differences. At this time, the data indicate that semi-rigid
MWCNTs have particular potency in the induction of inflammasome/IL-1R signaling compared
to tangled variants. This inflammasome and signaling induction is suspected to be due to
disruption of lysosomal membranes, possibly demonstrating a commonality between semi-rigid
MWCNT and crocidolite asbestos.

4.8.2.7.2. Fibrosis

In general, CNTs that are thicker and semi-rigid are observed to cause long-lived inflammation
and interstitial fibrosis often local to granulomatous inclusions of MWCNT deposits. Thin-
walled tangled MWCNTSs may cause diffuse interstitial fibrosis at high exposures, but are
generally less fibrogenic on a mass basis than semi-rigid CNTs. Fibrosis is characterized by
deposition of excess collagen synthesized by myofibroblasts. Vietti et al. (2016) developed an
extensive review in drafting an adverse outcome pathway model mapping key mechanistic
events underpinning lung fibrosis, which was developed in the context of CNT exposure. The
authors mapped key biological events in the pathogenesis of lung fibrosis by cell type,
individually addressing fibroblasts, macrophages, and lung epithelial cells and their responses to
CNTs. In the resulting event pathway model, activation of p38 MAPK, NF-kB, and
inflammasome pathways in those cell types give rise to cytokines and growth factors well known
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to be instrumental in progressive fibrosis. In vitro evidence supports the relationships posited
between CNT exposures and the downstream key signaling events, but not enough is known
about how the interactions of CNTs with cells lead to activation of those signaling pathways.
The review by Vietti et al. (2016) is noteworthy as an in-depth review of how effects of CNTs
may cause fibrosis, and discusses both SWCNTs and MWCNTs.

Cellular differentiation from mesenchymal cells to myofibroblasts and subsequent collagen
deposition is stimulated via multiple overlapping mechanisms, with TGF-B and platelet-derived
growth factor (PDGF) being two principal mediators. Several studies have shown that these
mediators can be induced by exposure to SWCNTs and MWCNTs based on in vitro (Azad et al.,
2013; Guo et al., 2012; He et al., 2011; Hussain et al., 2014; Lin et al., 2012; Manke et al., 2014;
Mishra et al., 2015) and in vivo data (Dong et al., 2015; Khaliullin et al., 2015; Park et al., 2011;
Wang et al., 2013). These inflammatory mediators were also elevated in sputum samples
collected from workers from a MWCNT manufacturing plant (Fatkhutdinova et al., 2016). In
the above studies, SWCNTs and MWCNTs stimulated the activity of myofibroblasts indirectly
through primary effects on epithelial and macrophage cells; however, some studies also found
that myofibroblasts are stimulated by direct exposure to CNTs themselves. Elevated
inflammatory mediators commonly accompanied fibrosis-related endpoints. Inflammation
generally plays a key role in driving fibrosis. IL-1R signaling is involved in the progression of
fibrosis (Gasse et al., 2007), but the obligatory events mediating this relationship in disease are
not well-demonstrated. The IL-17A/Th17 T-cell signaling axis has been suggested to play a role
linking inflammation to the progression of fibrosis (Wilson et al., 2010).

Experimental evidence has shown that the de-differentiation of epithelial cells to mesenchymal
cells (termed epithelial-mesenchymal transition, EMT) is a downstream mechanism leading to
fibrosis. Several studies have shown that SWCNTs and MWCNTs can induce EMT or
associated markers in vivo and in vitro (Chang et al., 2012; Chen et al., 2014a; Wang et al.,
2015a; Polimeni et al., 2016). Chen et al. (2014a) showed that between two thin-walled
MWCNTs, a ‘long” MWCNT example (5 tol5 um) induced EMT and collagen deposition in
C57Bl/6 mice, but a ‘short” MWCNT (350 to 700 nm) did not. EMT caused by MWCNT
exposure is mediated by the TGF-B/p-Smad2 pathway, and TGF-8 can also signal through
Akt/GSK-3B (Polimeni et al., 2016).

4.8.2.7.3 Carcinogenesis

Evidence that SWCNTs or MWCNTSs cause tumorigenesis in the lung is limited. This
assessment found only one carcinogenesis guideline study with inhalation exposure to
MWCNTs. This study observed increased incidence of total lung tumors in F344 rats following
two years of inhalation exposure (Kasai et al., 2016). Sargent et al. (2014) demonstrated that
inhaled MWCNTs acted as tumor promotors in the presence of a primary carcinogen in B6C3F1
mice.

Tumors were increased when measured 17 months following co-administration of
methylcolanthrene and MWCNTs. The mechanism(s) by which MWCNTs induce or promote
tumor growth are not known, but may involve multiple mechanisms related to those discussed
above.

Because aneuploidy and chromosomal aberrations can be induced by MWCNTs, it is thought
that interference with mitotic structures may be a mode-of-action linking MWCNTs to
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carcinogenesis. Another possible mechanism could be EMT of lung epithelial cells, as de-
differentiation of cells during EMT is a known paradigm of carcinogenic transformation for
adenocarcinomas in general (Theiry, 2002). Inflammation can contribute to transformation, but
the knowledge regarding this is incomplete (Mantovani et al., 2008). Nagai et al. (2011) showed
that thicker, semi-rigid MWCNTs (~50 nm mean diameter), but not thin, tangled MWCNTSs
induced peritoneal mesotheliomas following IP instillation in rats (all MWCNTSs were of
comparable length). Semi-rigid MWCNTs penetrated the membranes of mesothelial and
macrophage cells in vitro and decreased cell viability relative to tangled MWCNT. This study
also tested a very thick-walled MWCNT with a mean diameter of 150 nm, and this was less toxic
and less tumorigenic than the variants of ~50 nm diameter. Overall, multiple mechanisms may
contribute to MWCNT toxicity and physicochemical variants may differ widely in their
tumorigenic potential.

The carcinogenicity of SWCNTs is not known. No studies were located that tested SWCNTSs as
either a complete carcinogen or as a tumor promoter.

4.8.2.7.4 Impairment of Pulmonary Function in Mice

Limited studies have documented impaired pulmonary function in mice following exposure to
MWCNTs (Wang et al., 2011a). Limited but compelling evidence exists that this effect is
mediated by a Th2 immune signaling axis involving IL-33 and mast cells. The main limitation
in the data supporting this mode of action is that all work was carried out in the C57Bl/6 inbred
mouse strain. Inbred mouse strains can display responses unique to that strain and C57BI/6, in
particular, display strain-specific bias in T-helper cell-mediated responses (Schulte et al., 2008).
Thus, it is difficult to know whether these results are applicable outside of this specific animal
model.

Katwa et al. (2012) tested pulmonary function changes in mice following IT exposure to
MWCNTs (12-25 nm diameter, “several microns” length). MWCNTSs were administered, at 4
mg/kg bw, to wild-type, mast cell-null (c-Kit-/-), and IL-33 receptor-null (ST2-/-) C57Bl/6 mice.
MWCNT-induced inflammation was markedly attenuated in transgenic mice lacking either mast
cells or the IL-33 receptor. Pulmonary resistance was increased by MWCNT exposure in wild-
type, but not mast cell-deficient animals. 1L-33 receptor-deficiency also attenuated the increase
in lung resistance. Responses to MWCNTs were restored by adoptive transfer of intact mast
cells, but not IL-33 receptor-deficient mast cells. The study also documented an increased
myocardial infarction risk following MWCNT exposure in an ischemia-reperfusion injury
model, which was also dependent on mast cells with intact IL-33 receptor expression.

Beamer et al. (2013) tested the hypothesis that instillation of MWCNTSs impair pulmonary
function in C57Bl/6 mice due to the development of IL-33-dependent Th2-associated
inflammation. Findings included elevated levels of IL-33 (likely originating from airway
epithelial cells) in the lavage fluid, of airway hyperresponsiveness (AHR), of eosinophil
recruitment, and production of Th2-associated cytokines and chemokines. MWCNT exposure
also resulted in the recruitment of innate lymphoid cells. Collectively, these data suggested to
the investigators that MWCNTs induce epithelial damage that releases 1L-33, which in turn
promotes innate lymphoid cell recruitment and the development of an IL-13-dependent
inflammatory response.
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4.8.2.8 Conclusions

A great deal of work has been published investigating mechanisms contributing to SWCNT and
MWCNT toxicity in the lung, pleura, or surrogate tissues (i.e., peritoneal cavity). Given the
volume of available studies and their relative usefulness for the purposes of this assessment, only
a review of the major mechanisms potentially involved in the mode-of-action for CNTs has been
presented. The body of work addressing mode-of-action is inconsistent in many respects and the
physicochemical diversity of CNTs continues to present challenges in developing a consistent
hypothesis. Protocols from different laboratories are not well-harmonized and the question of
whether experimental exposures and dose-rates usefully approximate real-world exposure
scenarios continues to be an issue.

The available body of work suggests that SWCNTs and MWCNTs may induce toxicity through
multiple mechanisms, and some mechanisms may be specific to physicochemical characteristics.
Reviewing the mechanistic data, oxidative stress is frequently observed as an upstream event. It
is not clear whether the measurement of oxidative stress endpoints reflects a true initiating
mechanism or a downstream event. Although both SWCNTs and MWCNTs can be intrinsically
active in both generating and absorbing free radicals, it is not known whether CNTs are reactive
in this way in the biological milieu of the lung. Oxidative stress could be an event downstream
of frustrated phagocytosis or mitochondrial destabilization. Evidence to this point is mixed, but
suggests that oxidative stress may play different mode-of-action roles respective to different
physicochemical forms. Phagocytosis by alveolar macrophages is likely to be a key factor in
several initiating mechanisms of toxicity by various CNT forms, however, MWCNTs are also
shown to have the ability to penetrate cells in the absence of a phagocytic (i.e., actin-dependent)
uptake mechanism (Ursini et al., 2016).

The downstream pathways mediating adverse effects of CNT exposure are also varied, but
exhibit extensive cross-talk. The complexity of cross-signaling among inflammatory, fibrotic,
and tumorigenic processes makes it difficult to distinguish whether mechanisms are truly
obligatory. Investigations may show a partial attenuation of toxic responses following ablation
of a given mechanism, suggesting that multiple event pathways contribute to the overall toxic
response. These include Nf-kB, p38 MAPK, NLRP3 inflammasome/IL-1R, AP-1, TGF-/Smad-
2, PPARY, and IL-33/ST2 pathways. It is possible that pathways may work synergistically to
produce outcomes, or that various signaling axes compete to bias the microenvironment of the
lung to one outcome over another. Different physicochemical groups, further differentiated by
differing formulations in various laboratories, could activate the same signaling pathways
through different initiating mechanisms. These kinds of challenges make it difficult to describe a
well-defined mode-of-action at this time, even for a specific physicochemical grouping. There is
some evidence indicating that a semi-rigid fiber morphology may be linked to disruption of
lysosomal membranes and activation of the inflammasome.
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4.9 Derivation of ADI
4.9.1 Single-walled CNT
4.9.1.1 Oral Exposure

Data were not available to support 14-day or chronic ADIs for SWCNTs. The only repeat-dose
oral study was Matsumoto et al. (2012) that demonstrated a 28-day NOAEL of 12.5 mg/kg/d in
male and female rats. The SWCNT used was an OECD reference material (OECD, 2016) and
was delivered as a sonicated suspension. The morphology of the SWCNT was not assessed by
electron microscopy but roped assemblages were evident by light microscopy. No treatment-
related adverse effects were found in blood biochemistry or histology, including the liver. In the
absence of a LOAEL, a NOAEL at this relatively low dose level is not considered appropriate
for quantitative determination of risk for either short-term or chronic exposure scenarios.

The reproductive and developmental toxicity of SWCNTs by the oral route is not clear.
Philbrook et al. (2011) exposed pregnant mice to up to 100 mg/kg bw OH-SWCNTs. Fetal
effects (resorbed implantations, gross defects, skeletal abnormalities) were increased in one
exposed group, but were not dose-related (i.e., effects were seen at a low but not a high dose).
This study, along with three others using IV administration of SWCNTs in pregnant mice,
suggests the potential for developmental effects, but the results are inconclusive for deriving an
ADI for oral exposure.

4.9.1.2 Inhalation Exposure

Available data were insufficient to derive a 14-day inhalation ADI for SWCNTs. Only one study
investigated repeat-dose SWCNT exposure. Morimoto et al. (2012) exposed rats to up to 0.13
mg/m> over 28 days without seeing adverse effects in the lung, but left lung lobes were the only
tissue evaluated and other respiratory tract tissues were not examined. In general, reporting in
this study was insufficient for supporting an ADI.

No studies were located assessing reproductive and developmental toxicity of SWCNTs by the
inhalation route. As summarized above, the data available for reproductive and developmental
toxicity by oral and IV routes suggests the potential for developmental toxicity, but the data are
inconclusive and do not contain useful dose-response information for derivation of an ADI.

4.9.1.3 Dermal Exposure

No studies investigating systemic exposure to SWCNTs by the dermal route are available. Due
to the shape and size of SWCNT particulates, absorption by the dermal route is expected to be
negligible (refer to Section 4.2.1.4).

4.,9.2 Multi-walled CNTs

Inhalation is expected to be the most sensitive route of exposure to MWCNT particles.

MWCNTs are fibrous, but are found principally as either tangled agglomerates of thin-diameter
MWCNTs or semi-rigid fibers in the case of thicker-diameter MWCNTs. The principal effects
of MWCNT inhalation exposure are inflammatory and regenerative responses of the respiratory
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tract that may progress to remodeling, fibrosis, and tumorigenesis at sufficient exposure levels.
The severity of effects is related to MWCNT particle morphology.

4.9.2.1 Oral Exposure

There were no recent studies located that were suitable for 14-day or chronic ADIs by the oral
route. Matsumoto et al. (2012) reported no adverse changes in oral 28-day exposures to up to 50
mg/kg/d in rats. The absence of an adverse effect level (LOAEL), the inability to estimate a
threshold, and the use of a NOAEL from a database with only one study, results in information
not considered sufficiently robust to derive an ADI. MWCNTs are expected to have relatively
low level of toxicity by the oral route.

4.9.2.2 Inhalation Exposure

Two studies provide toxicity information for short-term and chronic ADI values. These studies
were conducted by the same group of investigators using identical test materials and exposure
methods. The material used was a semi-rigid MWCNT variant commonly known as MWNT-7
or Mitsui-7. The MWCNTs were documented predominantly as individual fibers during
inhalation exposures. On balance, it was deemed best to use mg/m?® as the dose metric as
alternative metrics are not clearly related to toxicity for this nanomaterial form.

While it is expected that dispersed, semi-rigid MWCNTs are more toxic by weight than tangled,
agglomerated MWCNT (see Section 4.1), whether this ADI is applicable to exposure to tangled
or agglomerated MWCNTs cannot be determined from available data. Two other repeat-dose
studies (Pauluhn, 2010; Pothmann et al., 2015) were available, but both studies used ground
dust-like MWCNTs that were not considered by TERA to be sufficiently potent examples for
determination of an adverse effect level. Ma-Hock et al. (2009a) obtained 90-day inhalation
toxicity data for tangled, loosely agglomerated MWCNTs in rats that suggested a LOAEL of 0.1
mg/m?> based on critical effects of mild histiocytosis and granulomatous inflammation and was
reviewed previously in Versar et al. (2012). There was no NOAEL in Ma-Hock et al. (2009a);
however, based on the nature and severity of the adverse findings compared with those of semi-
rigid fibers, it is unlikely that the tangled, agglomerated MWCNTs would be more toxic and
have a LOAEL less than those identified for semi-rigid fiber MWCNTs in the derived ADIs.

MWCNT examples with variations in other physicochemical qualities (e.g., coatings,
functionalization, molecular defects, etc.) are generally not expected to be more toxic than the
material used in the principal study. Variations involving unique coatings, complex
functionalizations, or outstanding departure from the morphological forms discussed above may
still warrant individual attention before applying the derived ADIs.

4.9.2.3 Dermal Exposure

No studies were located assessing systemic effects after dermal exposure to MWCNTs.
Absorption of MWCNT fibers and particulates is expected to be negligible (see Section 4.2 for
pharmacokinetic information on MWCNTs).
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4.9.2.4 Short-Term Inhalation ADI (14-day)
4.9.2.4.1 Principal Study and Critical Effect

A short-term ADI may be derived from a 14-day inhalation study in rats, exposed 6 hours/day
for 5 days, reported by Umeda et al. (2013). The most sensitive adverse effect observed was
goblet cell hyperplasia occurring in the nasal cavity and nasopharynx of males at 1.0 mg/m?>.
The use of incidence data for modeling dose response was explored using benchmark dose
modeling (BMDS 2.7, U.S. EPA), but the data were deemed unsuitable due to the distribution of
the response data and the limited group sizes (n = 5). The 14-day NOAEC for goblet cell
hyperplasia of the nasal cavity and nasopharynx in males was 0.2 mg/m>. Therefore, a NOAEC
approach was used for derivation of the ADI.

Adjustment to Human-Equivalent Exposure

Adjustment of intermittent exposure in rats to continuous exposure was undertaken by adjusting
exposure duration. Exposure duration was adjusted from experimental intermittent (H = hours/d
and D = d/wk) to continuous exposure (24h/d, 7d/wk) using the following equation:

NOAECcontinuous = NOAECExperimental x H24 x D/7
Using values from the principal study gives the following:

NOAECContinuous = 02 mg/m3 X 6h/24 X 5d/7
NOAECContinuous = 0036 mg/m3 = 36 p.g/m3

Cross-species dosimetric adjustment of the experimental NOAEC to a human equivalent
concentration (HEC) was undertaken by calculating the regional deposited dose ratio (RDDR)
between rat and human (U.S. EPA, 1994), using extrathoracic surface area (ETSA) as a
normalizing factor and minute volume (Ve) and regional deposition fraction (Fr) in the following
equation:

ETSAHuman X Verat X Frrat
RDDR =

ETSARat X VeHuman X Fruman

Fr values for the extrathoracic regions were calculated in MPPD v3.04 software using the
reported MMAD (1.3 um, GSD = 2.7) and aspect ratio values (aspect ratio = 57 based on
reported length/diameter), as well as manufacturer-reported density of 2.1 g/cm? for this
MWCNT variant as documented by other authors (Kobayashi et al., 2010; refer to Appendix C).
Breathing scenarios were whole-body exposure and oro-nasal normal augmented breathing for
the rat and human models, respectively. ETSA and Ve values for rat and human were calculated
in MPPD, using a 180g default body weight for the rat and resulting default breathing and tidal
volumes. Plugging these values into the RDDR equation gave the following:
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436.7 cm? x 169 mL/min x 0.20
RDDR =

88cm> x 75L/min  x 0.55

RDDR =0.41

The RDDR was multiplied by the duration-adjusted NOAEC (NOAECcontinuous) to give the HEC:
36 pg/m® x 0.41 = NOAEChEc

NOAECkHEc = 14.8 pg/m’

Uncertainty Factors

Uncertainty in the 14-day ADI was accounted for using uncertainty factors (UFs) for inter-
individual variation, animal-human extrapolation, and database completeness. No UFs were
needed to account for study duration or presumed no-effect dose extrapolation because the POD
is a no-effect concentration taken from a 14-day study.

A UF of 10 was used to account for inter-individual variation in responses to inhaled MWCNTs.
This UF is needed to protect sensitive human subpopulations such as those with preexisting lung
disease.

A UF of 3 was used to account for toxicodynamic differences between rat and human.
Toxicokinetic differences are addressed above in the respiratory tract dosimetry adjustments.

A UF of 3 was used to account for database completeness. This was motivated by the following
limitations in available data: 1) suitable data were available in only one species (rat), whereas the
critical effect(s) in multiple species provides higher certainty and confidence; and, 2) information
on possible developmental toxicity following MWCNT inhalation is limited. Data from IT
exposure (Hougaard et al., 2013) suggests little or no developmental toxicity following lung
exposure to high levels of MWCNTs, but no inhalation data are available.

ADI = NOAEC#zc /UFs = (14.8 pg/m?) / (100) = 0.15 pg/m’

4.9.2.5 Long-Term Inhalation ADI
4.9.2.2.1 Principal Study and Critical Effect

The study best supportive of a chronic inhalation ADI for MWCNTs is the 2-yr carcinogenicity
study in rats by Kasai et al. (2016; Table 12). This study is preferred as the principal study
because it is a guideline chronic duration study and utilizes a well-standardized semi-rigid form
of MWCNTs. This MWCNT variant is the same as that used in the 14-day inhalation study by
Umeda et al. (2013), and other experimental particulars beyond duration (i.e., strain, exposure
protocol, apparatus) are also generally identical to the earlier study. Data for the incidence of
lesions in the lung were reported. Bronchiolo-alveolar hyperplasia and alveolar hyperplasia were
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increased in males at an exposure concentration of 0.2 mg/m®. Focal fibrosis and granulomatous
inflammation occurred in both sexes at a concentration of 0.2 mg/m?®. The authors noted that
goblet cell hyperplasia occurred in the nasal cavity and nasopharynx following 2-yr exposure to
concentrations as low as 0.02 mg/m?, the lowest dose tested. The incidence for these effects
were not given. Because these hyperplastic changes in the nasal region were the most sensitive
effects in the 14-day study above (Umeda et al., 2013) using identical conditions, goblet cell
hyperplasia of the nasal cavity/nasopharynx was considered the most sensitive adverse effect in
the 2-yr study. The authors report that the low concentration of 0.02 mg/m? caused this effect in
females. The lack of incidence data precluded the use of benchmark dose modeling. The goblet
cell hyperplasia in females was considered to be a no-adverse-effect-concentration for the
following reasons: 1) goblet cell hyperplasia is a relatively mild effect that may be considered
adaptive in many scenarios as opposed to adverse and, 2) the authors report this effect occurred
in females only, implying a low or possibly spurious result given that females are expected to be
less sensitive than males. The NOAEC from this study was therefore 0.02 mg/m>.

Adjustment to Human-Equivalent Exposure

Adjustment of intermittent exposure in rats to continuous exposure was undertaken by adjusting
exposure duration. Exposure duration was adjusted from experimental (H = hours/d and D =
d/wk) to continuous exposure (24h/d, 7d/wk) using the following equation:

NOAECcontinuous = LOAECExperimental x H/24 x D/7

Using values from the key study gives the following:

NOAECCOntinuous =0.02 mg/m3 x 6h/24 x 5d/7

NOAECContinuous = 00036 mg/m3 = 36 },lg/m3

The RDDR was used to adjust the experimental concentration to an HEC. The animal strain, test
material, exposure methods, and target species were all identical to the related 14-day study by
Umeda et al., (2013), and the calculations used to find the RDDR are also the same as those
given above in the derivation of the 14-day ADI. The RDDR was 0.41.

The RDDR was multiplied by the duration-adjusted NOAEC (NOAECcontinuous) to give the HEC:
3.6 pg/m® x 0.41 = NOAECHEc

Uncertainty Factors

Uncertainty in the long-term ADI was accounted for using UFs for inter-individual variation,
animal-human extrapolation, and database completeness. No UFs were needed to account for
study duration or presumed no-effect dose extrapolation because the POD is a no-effect
concentration taken from a chronic 2-yr study.

A UF of 10 was used to account for inter-individual variation in responses to inhaled MWCNTs.
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This UF is needed to protect sensitive human subpopulations such as those with preexisting lung
disease.

A UF of 3 was used to account for toxicodynamic differences between rat and human.
Toxicokinetic differences were addressed above in the respiratory tract dosimetry adjustments.

A UF of 3 was used is account for database completeness due to the following limitations in
available data: 1) suitable data were available in only one species (rat); and, 2) information on
possible developmental toxicity following MWCNT inhalation is limited. Data from IT
exposure (Hougaard et al., 2013) suggests little or no developmental toxicity following lung
exposure to high levels of MWCNTs, but no inhalation data are available.

4.9.2.5.2 Long Term ADI for Semi-Rigid MWCNT Fibers

The long-term ADI for MWCNT for semi-rigid fibers was determined by dividing the
NOAECHEc by the UFs:

ADI =NOAECHgc / UFs = (1.5 pg/m?) / (100) = 0.015 pg/m* = 15 ng/m?
4.10 Research Needs for CNTs
4.10.1 General Research Needs

Derivation of an ADI for SWCNTs and MWCNTs remains challenging due to the limited
availability of well-conducted dose-response studies with robust repeat-dose protocols. Broad
obstacles exist in harmonization of protocols between laboratories and wide physicochemical
variability among CNT test articles. Some CNTs appear to act similarly to high-aspect-ratio
insoluble fibers, while others form agglomerates with pharmacokinetics and toxic effects similar
to insoluble dusts. There has been some progress in developing strategies to group CNTs into
toxicologically similar families based on physicochemical characteristics, but these are not yet
reconciled with inconsistencies in the published experimental record. Improved harmonization
and a more robust body of data informing toxicokinetics and effects of toxicologically distinct
physicochemical subgroups of CNTs are general research needs that would broadly improve the
confidence of future risk assessment for these nanomaterials.

There were no repeat-dose studies available for any functionalized variants of either SWCNTs or
MWCNTs by the inhalation route. Functional groups generally increase the solubility of CNTs
and unmodified, uncoated MWCNTs and SWCNTs are expected to be as, or more, toxic than
functionalized or coated forms. For most consumer product exposure scenarios, ADIs for
unmodified, uncoated CNTs should be conservatively applicable to functionalized or coated
forms. CNT formulations with exotic coatings or elaborate functional groups may require
additional consideration as to whether the ADIs are appropriate and may be applied.

Dose-response toxicity data appropriate for determination of an exposure limit for CNTs is
generally sparse, especially for specific subgroups of CNT variants. Dermal exposure is not
expected to result in a significant level of absorption for either multi-walled or single-walled
forms, so a lack of dose-response toxicity data for the dermal route is not a significant data gap
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for this assessment.
4.10.2 Specific Needs for SWCNTs

There are no well-standardized repeat-dose oral or inhalation studies for SWCNTs, and no ADI
derivation was feasible for this form. Oral exposure does not appear to cause significant toxicity
at relatively high doses, but dose-ranges from published studies that investigated oral toxicity of
SWCNTs are nonetheless too low to be used practically for ADI determination. These data
would be helpful, if only to establish a definitive ADI for exposure by the oral route.
Sufficiently well-reported studies assessing repeat-dose toxicity of SWCNTSs via inhalation were
not available. Developmental and Reproductive Toxicology (DART) information for CNTs is
limited at this time, especially for SWCNTs. Concerning dermal, oral, and inhalation routes,
only one DART study was available for SWCNTs, investigating DART toxicity of OH-
functionalized SWCNTs in mice by the oral route. The only other studies found were three IV
studies. The developmental toxicity of SWCNTSs is suspected to be substantially different
between injected and environmentally relevant routes.

Determination of short-term (14-day) and chronic ADIs for SWCNTs require additional data in
the following areas:

e Subacute (14-28 days exposure) repeat-dose oral toxicity at dose levels approaching 1000
mg/kg/d (authors in Matsumoto et al., 2012 suggest reaching this dose level may be
technically difficult);

Subchronic or chronic/carcinogenicity repeat-dose oral toxicity;

Subacute (14-28 days exposure) repeat-dose inhalation toxicity;

Subchronic or chronic/carcinogenicity repeat-dose inhalation toxicity; and,
Developmental and reproductive toxicity by oral and inhalation routes

4.10.3 Specific Needs for MWCNTs

Toxicity data for MWCNTs is partially complete for some MWCNT variants, but lacking for
others. Broadly, MWCNTs are found either as semi-rigid fibers (higher diameter) or tangled
agglomerates (lower diameter, less than 30 nm). Repeat-dose toxicity data for semi-rigid fiber-
like MWCNTs is available for up to 2 years (chronic/lifetime) exposure in the rat. This affords
some ability to characterize the hazard for semi-rigid MWCNTs, but data in an additional species
would improve confidence in the assessment. There are two 90-day toxicity studies for low-
diameter MWCNTs; both of these use micronized (non-dispersed) MWCNTs delivered as
compact aggregates. There is uncertainty as to whether compact MWCNT aggregates are an
appropriate test material as the basis for an ADI because a dispersed form (loose, tangled
agglomerates) is suspected to be more potent. There are no carcinogenicity studies of low-
diameter, tangled MWCNT variants. In general, semi-rigid MWCNTs are expected to be more
toxic than tangled, agglomerated MWCNTs. Data that provide further detail and context to this
assumption may support the use of semi-rigid fiber ADIs for MWCNTs, in general, if it can be
conclusively shown that adverse effect doses for semi-rigid fibers reliably fall below those for
tangled agglomerates. Conversely, additional toxicity data for tangled, agglomerated MWCNTs
may allow for a relatively less-restrictive ADI value for this particular MWCNT form.
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The only DART studies found for MWCNT exposure by the relevant routes were two oral
studies, one of which used thin-walled, tangled MWCNTs while the other used COOH-
fMWCNTs. Six further DART studies using IT, IP or IV exposure were located in the published
literature. The body of DART data for MWCNTs lack an oral study using thick-walled, semi-
rigid MWCNTs, which is an important data gap because semi-rigid MWCNTs translocate more
readily than tangled MWCNT, as shown in Sections 4.1 and 4.2 of this report. Results of one of
the above studies using the IV route (Huang et al., 2014) also suggested that semi-rigid
MWCNTs (diameter of 50 nm in this case) translocated across the placenta. No DART studies
by the inhalation route were found for MWCNTs or any variants thereof.

Determination of short-term (14-day) and chronic ADIs for MWCNTs require additional data in
the following areas:

e Subacute (14-28 days exposure) repeat-dose oral toxicity at dose levels approaching 1000
mg/kg/d (as for SWCNTs, authors in Matsumoto et al., 2012 suggest reaching this dose
level may be technically difficult);

e Subchronic or chronic/carcinogenicity repeat-dose oral toxicity; and,

e Developmental and reproductive toxicity by oral and inhalation routes, in particular for
semi-rigid fiber-like MWCNTs.
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5 Toxicity Data for Nanosilver
5.1 Physical and Chemical Properties of Nano Ag

Typical physical and chemical properties for chemical substances (such as molecular weight,
solubility, boiling point, melting point) may not be associated with toxicity as much as other
physicochemical properties unique to nanomaterials (including particle size, hydrodynamic size,
surface area, aggregation/agglomeration state, and environmental characteristics). This section
addresses the physicochemical properties of silver nanoparticles (Ag NPs) and the potential
association of those properties to Ag NP toxicity.

5.1.1 Functionalization (Surface Coatings)

The surface of Ag NPs in solution establishes a double layer of charge that prevents aggregation
of the NPs. Capping (coating) Ag NPs with citrate, dextran, peptides, sugars, tannic acid, or
polyvinylpyrrolidone (PVP) stabilizes the NP to various degrees (Radziuk et al., 2007). Citrate
weakly associates with the surface of the Ag NP and is often used because it is readily displaced
by a range of other molecules including thiols, amines, polymers, antibodies, and proteins that
provide longer-term stability. Tannic acid is a multidentate capping ligand that can be displaced
by many thiol-containing molecules and is often used where high particle concentrations are
required. PVP is a polymer that binds strongly to the Ag NP surface and provides greater
stability than citrate or tannic capping agents, because it is more difficult to displace (Aldossari
et al., 2015). Therefore, different kinds of coatings are used to decrease agglomeration (Chappell
et al., 2011) and dissolution of Ag NPs (Yang et al., 2012; Zook et al., 2012) and to modify their
biological activity, such as in a therapeutic drug delivery system (Yang et al., 2012; Chappell et
al., 2011; Theodorou et al., 2015). Because biological effects of Ag NPs are often dependent on
their coating (Powers et al., 2011; Yang et al., 2012; Suresh et al., 2012), coatings should be
described in the interpretation of any toxicity study.

5.1.2 Particle Size

Nanoparticles have unique characteristics due to their small size (1 to 100 nm). Size-dependency
has been found to have profound influence over Ag NP biologic activities (Teeguarden et al.,
2007; Johnston et al., 2010; Powers et al., 2010, 2011; Trickler et al., 2010). Smaller particles
have been shown to be more cytotoxic when dose is expressed on a mass basis. This is
hypothesized to be from the greater reactive surface area of the smaller nanoparticles relative to
larger particles (Liu et al., 2010), suggesting that surface area is a more meaningful dose metric
than mass. However, Ag NPs of the same size with different chemical compositions show
different toxicities (Liu et al., 2010), indicating that evaluation of Ag NPs should first group the
NP toxicity data based on chemical composition.

In addition to larger reactive surface area (Johnston et al., 2010), smaller Ag NP toxicity has
been associated with higher cellular uptake (Choi and Hu, 2008). Higher uptake and larger
surface area can facilitate faster dissolution and release of silver ions (Ag+), thought by some
researchers to be the toxic silver form. A major challenge is to distinguish precisely what
portion of any observed toxicity is from the Ag+ form and what portion is from the Ag NP form
(McShan et al., 2014). Smaller particle size is not necessarily correlated with more Ag+ (Yang
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et al., 2012), and as described above, coatings and interactions with biomolecules can influence
dissolution rate.

5.1.3 Hydrodynamic Size

Hydrodynamic size can be measured by Dynamic Light Scattering (DLS) and is defined as the
size of a hypothetical hard sphere that diffuses in solution in the same fashion as that of the
particle being measured (Volker et al., 2013). In reality, NPs in solution are non-spherical,
dynamic (tumbling), and solvate, a process by which solvent molecules surround and interact
with the nanoparticles. The hydrodynamic diameter is that of a sphere that has the same
translational diffusion coefficient as the particle being measured, assuming a hydration layer
surrounding the particle or molecule. The DLS value of Ag NPs will typically be greater than
the physical size obtained by TEM. When a dispersed Ag NP moves through a liquid medium, a
thin electric dipole layer of the solvent adheres to its surface. This layer influences the
movement of the NP in the medium. The hydrodynamic diameter gives information on the
behavior in solution of the inorganic core along with any coating material and the solvent layer
attached to the NP as it moves under the influence of Brownian motion. While estimating size
by TEM, this hydration layer is not present; hence, TEM provides information only about the
inorganic Ag core (Stensberg et al., 2011).

5.1.4 Surface Area

Particle size and surface area of nanoparticles are related variables (see Section 5.1.2). As
previously stated, surface area is considered one of the main factors in Ag NP toxicity (Johnston
et al., 2010); however, this characteristic is not always assessed in biological studies. There are
no widely available methods to measure surface area in solution or in complex matrices;
although approaches based on nuclear magnetic resonance (NMR) have general applicability.
The standard approach is to estimate the surface area in solution based on the dry state. Using
dispersity, a way to calculate objects that have an inconsistent size, shape or mass distribution, it
may be possible to estimate surface area from particle primary size and size in situ in exposure
media (Liden, 2011). For highly poly-dispersed samples, it is difficult to separate the effects of
different size fractions of the Ag NPs (Kaegi et al., 2011; Powers et al., 2010). All NPs have
surface area to volume ratios that are extremely high (see Table 18). Pal et al. (2007) estimated a
109-fold increased surface area as the size of a spherical NP was reduced from 10 um to 10 nm.

Table 18. Ag NP Surface Area

Diameter (nm) Surface area (nm?) Volume (nm®) | Ratio Surface Area:
Volume
10 314 523 0.60
20 1260 4190 0.30
30 2830 14,100 0.20
40 5013 33,500 0.15
50 7850 65,500 0.12
60 11,300 113,000 0.10
70 15,400 180,000 0.09
80 20,100 268,000 0.08
90 25,400 382,000 0.07
100 31,400 523,600 0.06
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Source:  https://nanocomposix.com/pages/silver-nanoparticles-physical-properties

Many of the physical properties of Ag NPs, such as solubility and stability, are determined by the
nature of the NP surface. The Ag NP’s small size, large surface area, and, thus, large surface
reactivity, give these particles the ability to bind to receptors and proteins on cell membranes
(Lynch and Dawson, 2008). While high surface area to volume ratios are important for
applications such as catalysis, there are other properties of Ag NPs that may impact reactivity in
vivo, as described in the sections that follow.

Interactions between Ag NPs and proteins that form a protein layer or protein corona on the NP
surface (see Section 5.1.8) are governed by a number of specific and nonspecific forces, such as
hydrogen bonds and interactions such as van der Waals, electrostatic charge, steric and solvation
forces (Saptarshi et al., 2013). Surface ligands of Ag NPs also determine the interactions
between particles and receptors. Ag NPs in a biological system are likely to adsorb to protein
surfaces, causing changes of particle properties and biological activity (Saptarshi et al., 2013).
The adsorbed proteins may undergo structural changes, as well as function and reactivity
alterations, thereby affecting particle interactions with receptors and other proteins (Brown et al.,
2010). The higher affinity of Ag to thiol groups also contributes to the binding of Ag NPs with
sulfur-containing protein membranes (Colman et al., 2013).

5.1.5 Aggregation/Agglomeration Status

Agglomerates are a collection of weakly bound (by van der Waals forces or simple physical
entanglement) NPs where the resulting external surface area is similar to the sum of the surface
areas of the individual components (Reidy et al., 2013). Aggregates are comprised of strongly
bonded (covalent bonds) or fused particles where the resulting external surface area may be
significantly smaller than the sum of calculated surface areas of the individual components.
These definitions are based on ISO terminology (TS 27687: 2008).

Preventing Ag NP aggregation can be difficult, depending on the use or application. As stated
previously, agglomeration can be decreased with coating/capping treatment (Chappell et al.,
2011). Ag NPs are either charged-stabilized or sterically stabilized. Typically, Ag NPs with
Zeta potentials > +20 mV or <-20 mV have sufficient electrostatic repulsion to remain stable in
solution. The Zeta potential (see 5.1.9) is a measure of the NP stability.

5.1.6 Shape

Ag NPs can be synthesized in a huge variety of forms and shapes (spheres, rods, bars, wires,
triangles, cubic, pyramid, bipyramids, stars, prisms, lattice planes, plates, flower-like, dendritic,
and irregular morphology), which are often found together in different proportions (Glover et al.,
2011; Khodashenas and Ghorbani, 2015; Zhang et al., 2016). Directionally dependent shapes are
formed in the presence of a stabilizing polymer that preferentially binds to one crystal face and
results in one crystal direction growing faster than the others (Khodashenas and Ghorbani, 2015).
However, even what is characterized as “spherical” Ag NPs can have a range of shapes and sizes
depending on synthesis and handling conditions.

Since shape (e.g., spherical, rod shaped, and truncated triangular) has been shown to affect anti-
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microbial properties (Pal et al., 2007), it is plausible that different shapes could impact
mammalian toxicity. Moreover, the shape of NPs plays an important role in deciding the
efficiency of cellular uptake, including phagocytosis by macrophages (Champion and Mitragotri,
2009). The shape of Ag NPs can be an important factor in their toxic properties and needs to be
fully described in any NP toxicity study.

5.1.7 Silver Ions (Ag+ Release)

The outermost electrons of an atom determine the physical properties of the matter. Remove one
electron from a Ag atom and Ag ion (Ag+) is formed. Ionic Ag (Ag+) is not the same as
metallic Ag, Ag particles or colloidal Ag. Colloidal Ag is made up of tiny nanoparticles of
metallic Ag. Ag+ has no surface area, is highly reactive, easily gets inside cells, and forms
complexes with both inorganic and organic molecules (Reidy et al., 2013). Liu et al. (2010)
hypothesized that ionic Ag+ might be the form that transports Ag within the body and from
which some nanosilver may be reformed in body tissues. Ag+, which flows from Ag NPs when
oxidized, is what makes Ag toxic, not the Ag NPs themselves, to bacteria (Williams, 2012). The
mechanism of Ag NP toxicity is uncertain; Ag and Ag NP translocation intracellularly and
throughout the body are not completely understood (see also Sections for Toxicokinetics and
Mechanism of Action).

An important factor in assessing kinetics and toxicity of Ag NPs is that the concentration of Ag
in organs measured using inductively coupled plasma-mass spectrometry (ICP-MS) does not
distinguish between ionic and nano Ag forms (Reidy et al., 2013).

5.1.8 Protein Corona

The protein adsorption layer (protein corona) that forms on the surface of colloidal Ag NPs plays
an important role in the physical and chemical interactions of Ag NPs with biological systems.
Characteristics of the protein corona affect exposure to Ag NPs and the response of cells and
organisms (McShan et al., 2014). Formation of a protein corona and resultant bioavailability and
uptake of Ag NPs is only one type of NP-protein interaction that is biologically relevant.
Nanoparticles were shown to affect the conformation of some proteins bound to their surface,
which may lead to denaturation of those bound proteins or may increase the protein’s
stability/activity by immobilization at surfaces (Lynch and Dawson, 2008).

5.1.9 Zeta Potential

Zeta potential is the electrokinetic potential in colloidal dispersions (McNaught and Wilkinson,
1997). 1t is the potential difference between the dispersion medium and the stationary layer of
fluid attached to the dispersed particle. It is widely used for quantification of the magnitude of
the charge and is often the only available way to characterize electrical double-layer properties.
Double layer refers to two parallel layers of charge surrounding a nanoparticle. The first layer,
the surface charge (either positive or negative), consists of ions adsorbed onto the particle due to
chemical interactions. The second layer is composed of ions attracted to the surface charge via
the Coulomb force, electrically screening the first layer. The Zeta potential is a key indicator of
the stability of colloidal dispersions. The magnitude of the Zeta potential indicates the degree of
electrostatic repulsion between adjacent, similarly charged particles in a dispersion. For
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nanoparticles that are small enough, a high Zeta potential will confer stability (i.e., the solution
or dispersion will resist aggregation). When the potential is small, attractive forces may exceed
this repulsion and the dispersion may break and agglomerate. Typically, Ag NPs with Zeta
potentials either greater than 20 nV or less than -20 nV have sufficient electrostatic repulsion to
remain stable in solution and not aggregate. However, the Zeta potential is highly responsive to
other biomolecules or contaminants in solution as well as to the solution pH.

Coatings/cappings can result in different surface charges (Suresh et al., 2012) and thus influence
nanoparticle interactions (Choi and Hu, 2008); and since toxicity may change with vehicles
(Chappell et al., 2011), Zeta potential should be measured in the dosing vehicle and reported in
toxicity studies. In some studies, no impact of Zeta potential on toxicity was found (Yang et al.,
2012). On the other hand, Suresh and coworkers (2012) reported a direct correlation between the
cytotoxicity of dispersed Ag NPs and their overall surface charge and/or surface coating.
Positive surface charges on Ag NPs allow them to stay for a longer time in the blood stream
compared to negatively-charged NPs (Zhang et al., 2016).

Colloids with high Zeta potential (negative or positive) are electrically stabilized while colloids
with low Zeta potentials tend toward aggregation/agglomeration as outlined in Table 19 below.

Table 19. Zeta Potential and Stability of Colloid

Zeta potential [mV] Stability behavior of the colloid
0to=£5 Rapidly aggregate

+10 to £30 Incipient instability

+30 to +40 Moderate stability

+40 to £60 Good stability

>+61 Excellent stability

Source: O’Brien et al. (1990)

5.1.10 Crystalline Structure and Porosity

The crystal structure and porosity of engineered Ag NPs are noted primarily in medical and
cosmetic literature (Bandyopadhyay et al., 2012), not subjects of this report. However,
crystalline structure and porosity may have a role in Ag NP toxicity. Bhol and Schechter (2007)
reported the anti-inflammatory activity of nanocrystalline silver (NP1 32101) in the rat. Rats
treated intra-colonically or orally with nanocrystalline silver showed significantly reduced
colonic inflammation. Mice treated with crystalline Ag NPs by both routes showed rapid healing
of ulcerative colitis and improved appearance, in a dose-related manner.

5.1.11 Contaminants

The impact of different contaminants, which may be present in Ag NPs, their coatings and
suspensions, has been rarely studied. According to Samberg et al. (2011), the way in which Ag
NP suspensions are prepared can influence their toxic properties. Unmodified Ag NPs,
synthesized by base reduction, contained formaldehyde and were much more toxic than
“washed” Ag NPs (synthesized in the same way, but washed 20 times in phosphate buffer, which
decreased the content of formaldehyde).
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5.1.12 Other Characteristics

The Ag NP surface is dynamic and strongly influenced by the local environment (Volker et al.,
2013). High salt environments will collapse the electrical double layer and cause nanoparticle
aggregation (see Section 5.1.1). Highly acidic or basic solutions can increase the dissolution rate
of the Ag NP into an ionic form (Ag+) that can then attach to surfaces or re-deposit onto existing
Ag NPs, changing the Ag NP average diameter and size distribution parameters (i.e., cause
aggregation). Depending on the form (e.g., coated, colloidal), Ag NPs solutions can be
susceptible to light (especially ultraviolet), undergoing oxidation, and therefore, must be stored
in the dark to lessen the variability in ultraviolet—visible (UV—Vis) spectroscopy measurement
values (Gorham et al., 2014).

Plasmonic metal nanoparticles, including gold, silver, and platinum, are highly efficient elements
at absorbing and scattering light (Evanoff and Chumanov, 2005). By changing nanoparticle size,
shape, and composition, the optical response can be tuned from the UV through the visible to the
near-infrared regions of the electromagnetic spectrum (Evanoff and Chumanov, 2005). By
shifting the absorption and scattering, the color of nanoparticle dispersions and films can also be
tuned. For example, solutions of Ag NPs are yellow due to the plasmon resonance in the blue
region of the spectrum (red and green light is unaffected).

Another property of Ag at the nanoparticle level is a phenomenon known as a surface plasmon
resonance (SPR). Ag NPs, at specific wavelengths of light, can drive the conduction electrons in
the metal to collectively oscillate (Evanoff and Chumanov, 2005). When these resonances are
excited, absorption and scattering intensities can be up to 40 times higher than identically-sized
particles that are not plasmonic. The brightness and tunability of plasmonic of the Ag NP optical
properties makes them highly useful in numerous applications, such as molecular detection and
solar energy materials.

5.1.13 Preparation (Synthesis)

Numerous methods for the synthesis of Ag NPs have been reported in the literature
(Khodashenas and Ghorbani, 2015; Zhang et al., 2016). Traditional methods involve solution-
phase synthesis techniques and are based on various modifications of using reducing agents of
different Ag salts. Silver nitrate (AgNO3) is often used as a precursor in the synthesis of
different forms of Ag NPs. Aggregation can be inhibited by thick electrical double layers that
form around metal nanoparticles in low-ionic-strength suspensions. For high ionic strength or
organic-phase suspensions, capping agents such as self-assembled monolayers, surfactants,
polymers, and dendrimers (Evanoff and Chumanov, 2005) can be used to protect the particles
from aggregation. Ag NPs can also be capped after synthesis with desired molecules to facilitate
their transfer into nonpolar phases or to tailor their surface chemistry. Non-traditional synthesis
methods include: high-temperature reduction in porous solid matrices, vapor-phase
condensation of a metal onto a solid support, laser ablation of a metal target into a suspending
liquid, photoreduction of Ag+, and electrolysis of a Ag salt solution (Evanoff and Chumanov,
2005). The biological activity of Ag NPs depends on many factors, including the type of
reducing agents used for the synthesis of Ag NPs; these may be determinants of cytotoxicity
(Zhang et al., 2016).
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5.1.14 Summary

Physical and chemical properties of Ag NPs, including: surface chemistry, size, size distribution,
shape, particle morphology, particle composition, coating/capping, agglomeration, dissolution
rate, particle reactivity in solution, efficiency of ion release, cell type, and type of reducing
agents used for synthesis, are factors that can influence cytotoxicity. Therapeutic approaches
take advantage of synthesized Ag NPs in shapes, such as spherical, rod, octagonal, hexagonal,
triangle, and flower-like. Characterization of shape is a crucial factor for the determination of
cytotoxicity (Zhang et al., 2016). Previous studies support the assertion that smaller size
particles cause greater toxicity than larger particles, due to their larger surface area. Ag NP
toxicity depends on chemical and/or biological coatings on the nanoparticle surface. Ag NP
surface charges can determine the toxic response in cells. For instance, positive surface charge
of Ag NPs gives them a longer half-life in the blood stream than negatively-charged Ag NPs
(Choi et al., 2011).

5.2. Toxicokinetics
5.2.1 Oral Exposure

No human data for toxicokinetics of Ag NPs via oral exposure were presented in Versar (2012)
nor were any data found in the search of the recent literature.

Park et al. (2011) investigated the bioavailability, tissue distribution, blood concentration, and
excretion of functionalized citrate-coated Ag NPs (size, 7.9 + 0.95 nm). Male Sprague-Dawley
rats were treated by a single aqueous solution via oral or IV administration of either 1 or 10
mg/kg bw Ag NPs. Ag concentration in blood tissues was determined as a surrogate for Ag NPs
at 10 min, and at 1, 2, 4, 8, 24, 48, and 96 h after treatment. Ag concentration in the liver, lungs,
and kidneys was also measured at 24 and 96 h after treatment. Excretion of Ag via feces and
urine was determined at 24 h after treatment. After oral administration, most Ag was found in
feces, and the blood concentration was very low, suggesting that absorption through the
gastrointestinal tract was poor. In contrast, the Ag concentration in blood was significantly
elevated at 10 mins after rats were injected in the tail vein with 1 mg/kg bw Ag NP. An elevated
Ag concentration in blood was also seen in rats treated with 10 mg/kg bw Ag NPs, but unlike for
the lower dose, this concentration remained elevated during the experimental period. On the
basis of the values of AUC./AUCly, the bioavailability of orally administered Ag NPs was 1.2
percent in the group treated with 1 mg/kg bw Ag NPs and 4.2 percent in the group treated with
10 mg/kg bw Ag NPs. ICP-MS analyses revealed oral administered Ag NPs accumulation in the
liver, lungs, and kidneys. Following oral exposure, Ag NP levels in the urine were extremely
low compared to the levels in the feces. When rats were injected IV with Ag NPs, these particles
were also detected in feces at 24 hours after treatment, suggesting biliary secretion.

Park (2013) measured blood levels, tissue distributions, and excretion of Ag in male
Sprague-Dawley rats (n = 5) up to 24 h after a single oral administration of Ag NPs or silver ions
(Ag+) in deionized water. The AUCaan: of Ag+ was 3.81 = 0.57 ug/d/mL when rats were treated
with a single dose of 20 mg/kg bw, whereas that of Ag NPs was 1.58 & 0.25 pg/d/mL. Tissue
distribution of Ag in liver, kidneys, and lungs was higher when Ag+ was administered, compared
to Ag NPs. Orally administered Ag NPs were predominantly excreted through feces, suggesting
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low bioavailability.

Bergin et al. (2016) compared the effects from acute administration of two different coatings
(PVP- or citrate-stabilized) and sizes (nominal median hydrodynamic diameters of 20 and 110
nm) of manufactured Ag NPs to male C57BL/6NCrl mice, using doses of 0.1, 1 or 10 mg/kg/d
administered in aqueous solution by oral gavage for 3 days. Silver acetate was used as ionic
silver control, and given at the same doses. The authors found no toxicity and no significant
tissue accumulation for Ag NPs. Between 70.5 percent and 98.6 percent of the administered Ag
NP dose was recovered in feces and particle size and coating differences had no significant
influence on percent recovered. Less than 0.5% of the administered Ag NP dose was
cumulatively detected in the liver, spleen, intestines, or urine at 48 h. In contrast, Ag+ was
detected in the liver, spleen and kidney of mice at marginally higher levels than those observed
with Ag NPs, suggesting that Ag+ may be more bioavailable.

Park and coworkers (2010) conducted a 14-day, oral gavage repeat-dose toxicity study in six-
week old male and female ICR mice (5/sex/group) using 22, 42, 71, or 323 nm purchased Ag
NPs in a 1.0 mg/kg/d dose. The control group received deionized water only. The Ag NPs (22
nm, 42 nm, and 71 nm) significantly accumulated, measured by ICP-MS, after 14 days in the
brain, lung, liver, kidney, and testes, while large-sized NPs (323 nm) were not detected in those
tissues. This study demonstrated that smaller-sized Ag NPs were more easily absorbed and
translocated by the gastrointestinal tract than larger micron-size particles.

Van der Zande et al. (2012) exposed rats to a 28-day oral exposure of 20 nm non-coated Ag NP,
or functionalized <15 nm PVP-coated Ag NPs (for both coated and non-coated NPs, Ag dose of
90 mg/kg), or AgNO;s (Ag of 9 mg/kg), or carrier solution only, containing the stabilizing agent
Tween. Dissection was performed at day 29, and after a wash-out period of 1 or 8 weeks. Ag
was present in all examined organs with the highest levels in the liver and spleen for all Ag
treatments. Silver concentrations in the organs were highly correlated to the amount of free Ag+
in the Ag NP suspension, indicating that mainly Ag+, and to a much lesser extent Ag NPs,
crossed the intestines in the Ag NP-exposed rats. In all groups Ag was cleared from most organs
after 8 weeks after dosing, but remarkably not from the brain and testes. Ag NPs were detected
by ICP-MS, in Ag NP exposed rats, but, also in AgNOs3 exposed rats, thereby, demonstrating the
formation of nanoparticles from Ag+ in vivo that are probably composed of Ag salts.

Lee et al. (2013) investigated the clearance of tissue Ag concentrations following oral Ag NP
exposure. Sprague-Dawley rats were assigned to three groups: control (0.9% citrate), low dose
(100 mg/kg), or high dose (500 mg/kg), and exposed daily to two different sizes of Ag NPs
(average diameter 10 and 25 nm) over 28 days. The rats were allowed to recover for four
months. Regardless of Ag NP size, the Ag content in most tissues gradually decreased during
the four-month recovery period, indicating tissue clearance of the accumulated Ag. The
exceptions were Ag concentrations in the brain and testes, which did not clear after the four-
month recovery period. The results indicated that the size of the Ag NPs did not affect their
tissue distribution. Furthermore, biological barriers, such as between the blood and the brain,
and the blood and the testes, seemed to play an important role in the Ag clearance from these
tissues.

Hendrickson et al. (2016) orally gavaged male Sprague-Dawley rats with commercially available
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12 nm non-coated Ag NPs, for a single exposure and for repeated exposures over 30 days. The
daily doses in distilled water were 2000 mg/kg or 250 mg/kg for single and multiple
administrations, respectively. Single and multiple administrations resulted in Ag accumulation
in the liver, kidneys, spleen, stomach, and small intestine. After both single- and repeated-dose
exposures, the highest Ag contents were detected in the liver (0.87 = 0.37 mg/kg of organ) and
kidneys (0.24 + 0.02 mg/kg of organ). The concentrations of Ag detected in tissues were far
smaller than the administered doses, indicating Ag is efficiently excreted from the animal.
Overall, the authors concluded that Ag NPs were absorbed to a small extent from the
gastrointestinal tract and accumulated in the organs of rats.

Kim et al. (2008) conducted a 28-day oral toxicity study in male and female Sprague-Dawley
rats following OCED Test Guideline 407 and GLPs. Six-week-old rats were divided into four
groups (10/sex/group) and gavaged daily with 0 (CMC vehicle control), 30, 300, or 1000
mg/kg/d with purchased Ag NPs (60 nm); dosing volume was 10 mL/kg. The method(s) used to
determine the characteristics of the test material was not reported, and no information about the
possible agglomerization of particles in the suspension was reported. After 28 days of treatment
the tissue distribution of Ag NPs showed a dose-related accumulation of Ag content in all tissues
examined. In addition, a gender-related difference in the accumulation of Ag was noted in the
kidneys, with a two-fold higher concentration in females than in males.

Kim et al. (2010a) subsequently conducted a repeat-dose 90 day oral toxicity study with a
different rat strain. The purchased Ag NPs (56 + 1.46 nm) were orally gavaged to male and
female F344 rats over a period of 13 weeks following OECD Test Guideline 408 and GLPs.
Five-week-old rats were divided into four groups (10/sex/group): 0 (CMC vehicle control), 30,
125, or 500 mg/kg/d. Count median diameter and geometric standard deviation of the particles
in suspension were determined by TEM, but no mention was made of possible agglomerization
of the particles in the administered suspensions (as discussed in Versar, 2012). After 90 days of
exposure, clinical chemistry, hematology, organ weight, histopathology, and Ag distribution
were studied. A dose-related accumulation of Ag occurred in all tissues examined, including the
testes. As in the earlier and shorter-term study, a gender-related difference in the accumulation
of Ag was noted in the kidneys, with a two-fold higher level in females compared to males.

Jimenez-Lamana et al. (2014) carried out a comprehensive study on bioavailability of orally
administered Ag NPs (Collargol with average diameter of 15 nm) for short-term to subchronic
exposures (between 30 and 81 days) in weanling male Sprague-Dawley rats. The Ag uptake was
monitored in the liver and kidneys, as well as in the urine and feces. Significant accumulation of
Ag was found in both organs, the liver being the principal target. A significant (~50 percent)
fraction of Ag was found in the feces, whereas the fraction excreted via urine was negligible.
Intact Ag NPs were found in the feces. ICP-MS analysis revealed Ag NPs were able to penetrate
into the liver, in contrast to the kidneys where they were retained in the cortex. Ag speciation
analysis in kidney cytosols showed Ag-metallothionein complex as the major species. In the
liver the majority of ionic Ag released by the oxidation of Ag NPs was bound to high-molecular
proteins.

Boudreau et al. (2016) evaluated particulate and ionic forms of Ag as well as particle size for
differences in Ag accumulation, distribution, morphology, and toxicity when administered daily
by oral gavage to Sprague Dawley rats for 13 weeks. Seven-week-old rats (10 rats per sex per
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group) were randomly assigned to treatments of either Ag NPs (10, 75, and 110 nm) at 9, 18, or
36 mg/kg, or silver acetate (AgOAc) at 100, 200, and 400 mg/kg, or controls (2 mM sodium
citrate or water, respectively). Differences in the distributional pattern and morphology of Ag
deposits (by TEM) were seen in rats exposed to Ag NPs as compared to control and AgOAc
treated mice. Specifically, Ag NPs appeared predominantly within cells, while AgOAc had an
affinity for extracellular membranes. Significant dose-related and inversely Ag NPs size-related
accumulations were also detected in tissues by ICP-MS. Furthermore, sex differences in Ag
accumulations were noted for a number of tissues and organs, with accumulations being
significantly higher in female rats, especially in the kidney, liver, jejunum, and colon.

Kim et al. (2009) investigated the gender specific accumulation of Ag NPs in kidneys of Fischer
344 rats through a detailed histopathological study by Ag-enhancement staining after 90-day oral
exposure to Ag NPs (52.7 to 70.9 nm, average 60 nm, and at least 99.98 percent pure). The
vehicle control was 0.5 percent CMC. Female rats showed a higher accumulation of Ag NPs in
all kidney regions, including cortex, outer medulla, and inner medulla. In particular, the
glomerulus in the cortex contained a higher accumulation in females than males. The Ag NPs
were also preferentially accumulated in the basement membranes of the renal tubules in the
cortex, middle and terminal parts of the inner and outer medulla. In addition, Ag NPs were
detected in the cytoplasm and nuclei of interstitial cells in the inner medulla of the kidney.

Hong et al. (2014) conducted a combined repeat-dose reproductive/developmental toxicity study
using manufactured functionalized 7.9 + 0.95 nm citrate-coated Ag NPs, using male and female
Sprague-Dawley rats. The rats (10/sex/group) were orally gavaged with 0 (distilled water
control), 62.5, 125, or 250 mg/kg/d Ag NPs. Males were dosed once a day for 42 days (14 days
before mating, 14 days during mating and 14 days post-mating until necropsy) and females were
dosed up to 52 days (2 weeks before mating, during mating and gestation and during 4 days of
lactation). The average quantity of Ag in the livers of treated rats (1117.55 + 381.68 ng/g) was
increased 34-fold compared to the level in control rat livers (33.54 + 15.25 ng/g). Ag levels in
the lung and kidneys were also significantly increased. Distribution of Ag to fetal tissues was
not measured.

5.2.2 Inhalation Exposure

No human data for toxicokinetics of Ag NPs via inhalation exposure were presented in Versar
(2012), nor were any data found in the search of the recent literature. Versar located several rat
studies providing evidence that Ag is distributed to extra-respiratory tissues following inhalation
exposure to Ag NPs (Sung et al., 2009; Ji et al., 2007a; Takenaka et al., 2001).

Smulders et al. (2015) investigated Ag engineered nanoparticle (ENP) lung distribution; local
concentration; co-localization with other elements such as Fe, Cu and S; and, speciation
(formation of new and distinct molecular structures) after lung exposure. Analysis of the ENPs
by DLS showed a polydisperse suspension with 3 populations: 130 nm (11 percent in number),
506 nm (89 percent in number), and 5180 nm (0.1 percent in number). The particles were
negatively charged. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
measurements showed impurities of Ca (216.8 mg/g), Fe (23.8 mg/g) and Cu (0.6 mg/g). Aged
paint containing Ag ENPs and paints without ENPs (control) were administered via OPA into
male BALB/c mice (20 pg/aspiration) once a week for 5 weeks and mice were sacrificed either 2
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or 28 days post-final treatment (Smulders et al., 2014). The lung, liver, kidney, spleen, and heart
tissue were harvested, and Ag concentrations were determined. Biodistribution experiments
showed distribution of Ag outside the lung after aspiration to respectively pristine Ag ENPs.
The authors found that approximately a quarter of all macrophages in the lumen of the airways
contained these Ag ENPs. High local concentrations of Ag were also detected in the lung tissue,
probably phagocytized by macrophages. The largest portion of these particles was dissolved and
bound to thiol-containing molecules. Increased concentrations of Fe and Cu observed in the Ag-
rich spots suggest that these molecules are metallothioneins.

5.2.3 Dermal Exposure

Human studies indicate that absorption of Ag from Ag NPs can occur (discussed in Versar,
2012). No recent literature of absorption, distribution, metabolism or elimination in humans or
animals was identified.

5.2.4 Parenteral Exposure
See also discussion of Park et al. (2011) in the oral section of this chapter.

Ashraf et al. (2015) IV administered a water-based suspension of functionalized radio-labeled
dextran-coated Ag NPs (dextran—Ag NPs) or non-coated Ag NPs into male rabbits at a
concentration of 1 mCi/ml of *"Tc (containing almost 200 pg/ml of Ag NPs) with a size range
of 5.6—43.8 nm (maximum occurrence frequency at size 7.53 nm). In vivo tissue uptake of
nanoparticles revealed that Ag NPs and dextran—Ag NPs mainly accumulated in the liver/spleen
region, but that uptake of dextran—Ag NPs were delayed in the liver, thus functionalization
enhanced blood retention time.

Xue et al. (2012) evaluated the biokinetics of IV administered Ag NPs in ICR mice exposed to
different dosages of Ag NPs (7.5, 30, or 120 mg/kg). Biokinetics and tissue distribution of Ag
NPs were evaluated at a single dose of 0 (saline control) or 120 mg/kg bw in both male and
female mice. The highest Ag levels were observed in the spleen, followed by liver, lungs and
kidneys. The elimination half-lives and clearance of Ag NPs were 15.6 hours and 1.0 mL/hour/g
(presumed to be of creatinine) for male mice and 29.9 hours and 0.8 mL/hour/g (presumed to be
of creatinine) for female mice. These results indicated that Ag NPs could be distributed
extensively to various tissues in the body, but primarily to the spleen and liver. Furthermore,
there appeared to be gender-related differences in the biokinetic profiles in blood and distribution
in lungs and kidneys.

Dziendzikowska et al. (2012) IV administered a single dose of 0 (0.9 percent NaCl solution) or 5
mg/kg bw Ag NPs (nominal diameters of 20 and 200 nm) to male Wistar rats. Biological
material was sampled 1, 7 and 28 days after injection. Ag NPs were shown to distribute from the
blood to the main organs and the concentration of Ag in tissues was significantly higher in rats
treated with 20 nm Ag NPs as compared with 200 nm Ag NPs. The highest concentration of Ag
was measured in the liver after 24 hours. After 7 days, a high level of Ag was observed in the
lungs and spleen. The Ag concentration in the kidneys and brain increased during the
experiment and reached the highest concentration after 28 days. In the urine, the highest
concentration of Ag NPs was observed at 1 day after the injection; this urine level was
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maintained for 14 days and then decreased. The Ag fecal level peaked within 2 days after Ag
NP administration.

Tang et al. (2009) studied the distribution and accumulation of Ag NPs in rats after a single SC
injection of 62.8 mg/kg bw. Particles were spherical and electron-dense, with a 50 to100 nm
diameter. Results indicated that these particles were distributed to the blood and then throughout
the body. Ag accumulation occurred especially in the kidneys, liver, spleen, brain and lungs.

Recordati et al. (2016) IV injected male CD-1 (ICR) mice with commercially available
functionalized Ag NPs of different sizes (10 nm, 40 nm, or 100 nm), either citrate- or PVP-
coated, at a single dose of 0 (control) or 10 mg/kg bw. An equivalent dose of Ag+ was
administered as silver acetate. For all particle sizes, regardless of their coating, the highest Ag
concentrations were found in the spleen and liver, followed by lung, kidney, and brain. Ag
concentrations were significantly higher in the spleen, lung, kidney, brain, and blood of mice
treated with 10 nm Ag NPs than those treated with larger particles. In mice treated with silver
acetate, Ag concentrations were significantly lower in the spleen and lung, and higher in the
kidney than in mice treated with 10 nm Ag NPs. The authors concluded that administration of
the smallest (10 nm) Ag NPs resulted in enhanced Ag tissue distribution compared to larger NPs
(40 and 100 nm), while coatings had no relevant impact. Distinctly different patterns of tissue
distribution were observed after silver acetate (Ag+) administration.

Lankveld et al. (2010) studied blood kinetics and tissue distribution of 20, 80 and 110 nm Ag
NPs in male Wistar rats up to 16 days after IV injections (tail vein), once daily for 5 consecutive
days. Distribution of Ag NPs was monitored starting immediately after the first injection and
continued for the duration of the study. Following both the first and repeated I'V injections of 0
(phosphate buffer control) or any sized particle, Ag NPs disappeared rapidly from the blood and
distributed to all organs evaluated, including the liver, lungs, spleen, brain, heart, kidneys and
testes. The 20 nm particles distributed mainly to the liver, followed by the kidneys and spleen,
whereas the larger particles distributed mainly to the spleen followed by the liver and lung. In
the other organs evaluated, no major differences in concentrations were observed among the
different sized particles. Repeated administration resulted in accumulation in the liver, lung and
spleen, indicating that these organs may be potential target organs for toxicity after repeated
exposure. A physiologically-based pharmacokinetic (PBPK) model that describes the kinetics of
Ag NPs was developed. Model parameter values were estimated by fitting to data. No clear
relation between parameter values and corresponding particle sizes was apparent.

Wen et al. (2016) conducted intranasal instillation of commercially available functionalized
PVP-coated Ag NPs in neonatal Sprague-Dawley rats at doses of 0 (aqueous solution), 1 or 0.1
mg/kg/d for 4 or 12 weeks, respectively. A 4-week recovery was added after the 12-week
exposure. Parallel exposures using AgNOs for Ag+ were performed for the comparative studies.
Dose-related Ag accumulation occurred for both Ag NPs and Ag+ groups, but relatively higher
Ag accumulations were observed in Ag+ groups. The highest Ag concentration was in the liver
at week 4, while it shifted to the brain after a 12-week exposure. The time course revealed a
uniquely high concentration and retention of Ag in the brain, implying chronic intranasal
instillation caused brain-targeted Ag accumulation. These findings provided substantial
evidence of potential neuronal effects from the intranasal administration of Ag NPs or Ag
colloid-based products.
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5.2.5 Physiologically-Based Pharmacokinetic Model (PBPK)

Bachler et al. (2013) developed a PBPK model for Ag+ and Ag NPs. The structure of the model
was established on the basis of toxicokinetic data from IV studies. The authors validated the
model structure for both Ag forms by reproducing exposure conditions (dermal, oral, and
inhalation) of in vivo experiments and comparing simulated and experimentally assessed organ
concentrations. In all of the cases examined, the model successfully predicted the distribution of
Ag+and 15 to 150 nm Ag NPs, which were not coated (functionalized) with substances designed
to prolong the circulatory time. Furthermore, the results of the model indicated that particle size
and coating had minor influences on distribution. The authors stated that it is more likely that
Ag NPs are directly stored as insoluble salt particles, than dissolved into Ag+; and that
compartments of the phagocytic system play a minor role at exposure levels that are relevant for
human consumers.

See also Lankveld et al. (2010) in the parenteral part of this section for a brief description of a
PBPK model.

5.2.6 Transplacental Transfer

Austin et al. (2012) injected laboratory synthesized Ag NPs (average diameter 50 nm) into the
tail vein of pregnant CD-1 mice, 6-12/group, on GD 7, 8, and 9 at dose levels of 0 (citrate buffer
control), 35, or 66 pg Ag/mouse. Mice were killed on GD 10 and Ag content was monitored.
Ag was significantly increased in the spleen, lung, tail (IV site), visceral yolk sac, endometrium
and extra-embryonic tissues on GD 10, and non-significantly increased in the embryo. These
results show that once Ag NPs reach the bloodstream, they enter maternal tissues, extra-
embryonic tissues, and to a limited extent, the embryo.

Austin et al. (2016) also examined the distribution of Ag in pregnant mice and embryos/fetuses
following IV injections of 10 nm Ag NPs or soluble silver nitrate (AgNO3) at dose levels of 0
(citrate buffer control) or 66 mg Ag/mouse on GDs 7, 8 and 9. For the visceral yolk sac, mean
Ag concentration following AgNO; treatment was approximately two-fold of that following Ag
NP treatment (4.87 ng Ag/mg tissue vs. 2.31 ng Ag/mg tissue). For all other tissues examined,
mean Ag concentrations following either Ag NPs or AgNO3 treatment were not significantly
different from each other (2.57 or 2.84 ng Ag/mg tissue in maternal liver and 1.61 or 2.50 ng
Ag/mg tissue in maternal spleen, respectively). Ag accumulation in embryos/fetuses was
negligible; with concentrations ranging from 0.03 ng Ag/mg tissue (embryos) to 2.57 ng Ag/mg
tissue (maternal liver) at GD 10, and 0.02 ng Ag/mg tissue (fetuses) to 0.896 ng Ag/mg tissue
(maternal liver) at GD 16. Most embryos appeared small for their age (GD 10) compared to the
controls. Thus, IV injection of 10 nm Ag NPs to pregnant mice resulted in notable Ag
accumulation in maternal liver, spleen and visceral yolk sac, and may have affected embryonic
growth.

Melnik et al. (2013) conducted a quantitative assessment of Ag NP transfer through the placenta
and breast milk in Wistar rats using ''“"Ag-labeled (34.9 + 14.8 nm diameter) PVP-
functionalized Ag NPs. Preparations were administered to three controls, three low-dose and
four high-dose pregnant rats by gavage on day 20 of gestation at dosages of 0 (water control),
1.69, or 2.11 mg/kg/d ''""Ag NPs. On days 10 to 11 of lactation, another unexposed group of
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five female rats, nursing nine pups each, received 2.11 mg/kg/d '®"Ag NPs. The average level
of accumulation in the visceral yolk sac in fetuses was 0.085 to 0.147 percent of the administered
dose, which was comparable to the accumulation of the labeled Ag NPs in the liver, blood, and
muscle of the dams. The total accumulation of labeled Ag NPs into the milk exceeded 1.94 +
0.29 percent of the administered dose over a 48-hour period of lactation; at least 25 percent of
this amount was absorbed into the gastrointestinal tract of rat pups.

Fatemi et al. (2013) gavaged pregnant Wistar rats (45/group) with 0 (deionized water) or 25
mg/kg/d manufactured Ag NPs (20 £ 4 nm), daily from GD 9 to delivery. After parturition, a
number of effects were monitored, including the amount of Ag in the brain of the pups one day
after birth. Ag concentration in the brains of pups (on PND 1) born by mothers exposed to Ag
NPs were statistically significantly higher than the Ag content in pups of unexposed mothers.
Results indicate that the Ag NPs transferred transplacentally to the fetal brain and produced
oxidative stress and apoptosis (glutathione, glutathione peroxidase, malondialdehyde, and
caspase 8 and 9 levels measured) in the brain of offspring.

Wang et al. (2013) exposed 5-10 male and female BALB/c mice/group to Ag NPs at 0
(Phosphate-buffered saline [PBS] vehicle), 22, or 108 pg/kg every 2 days for 4 weeks
premating, via IP and IV routes of administration. On GD 14.5, embryos from 3 to 5
dams/group were collected. The results showed that Ag NPs were predominantly localized in
the liver and spleen in adult mice for both administration methods and doses. Compared to IP
administration, Ag NPs were quickly removed and excreted from the body after [V
administration. The accumulation of Ag NPs in livers caused hepatic toxicity for both doses
and routes of administration Furthermore, the results of Ag NP tissue distribution in male
mice revealed that Ag NPs could pass through the blood-testes barrier, resulting in localization
in testes when IV administered (the IP route was not tested). Ag NP retention lasted for more
than 4 months, and the Ag content in the major recipient organs decreased in a time-dependent
manner. Ag NPs crossed the placental barrier and accumulated in fetuses.

5.2.7 Summary

Toxicokinetic studies in rats and mice are available for oral exposure, although the form of Ag is
not always identified in the tissues. Studies on the transformation of Ag NP to other forms of Ag
in human or animal tissues are not available.

In general with oral exposure, absorption of Ag NP through the gastrointestinal tract in rats was
poor, indicated by high levels of Ag NP found in feces. Systemically absorbed Ag NPs
accumulated in several organs and were slowly cleared with the exception of the brain and
testes. Gender-related differences have been noted in the kidneys and liver, with females
accumulating almost twice the amount of Ag as males. Excretion of Ag NPs levels in the urine
was low.

Tissue concentrations of orally-administered Ag in the liver, kidneys, and lungs were higher for
the ionic form (Ag+) (administered as Ag acetate) than for Ag NPs. Orally administered Ag
NPs were predominantly excreted through feces, again suggesting low bioavailability. Coating
differences (functionalization) and particle size had no significant influence on Ag recovery in
the feces from oral exposure; between ~70 to 99 percent of the administered Ag NP dose was
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recovered. Less than 0.5 percent of the administered Ag NP dose was cumulatively detected in
the liver, spleen, intestines, or urine at 48 hours. In contrast, Ag was detected at marginally
higher levels in the liver, spleen and kidney of mice administered Ag+ than in mice
administered Ag NPs, suggesting that Ag+ may be more bioavailable. Small-sized Ag NPs (22
nm, 42 nm, and 71 nm) administered orally, significantly accumulated after 14 days in the
brain, lung, liver, kidney, and testes, while large-sized Ag NPs (323 nm) were not detected in
those tissues, demonstrating that smaller-sized Ag NPs were more easily absorbed via the
gastrointestinal tract and translocated than the larger micron-size particles. With longer
duration oral exposure (greater than 28 days), Ag content in organs was correlated with the Ag
concentration in the Ag NP, and was cleared from most organs, except for the brain and testes.

Toxicokinetic studies via inhalation or dermal exposure in humans or animals were not
available in the recent literature search. Biodistribution experiments of engineered Ag NP
following OPA showed distribution of Ag in the lung tissue as well as to organs outside the
lung.

Intravenously administered (acute and repeated) Ag NPs showed accumulation mainly in the
liver and spleen regions in laboratory animals, with smaller diameter particles distributing
faster. Particles were detected in feces at 24 hours after treatment, suggesting biliary secretion.

Numerous studies indicate that Ag NPs or Ag+ that reach the bloodstream, also enter maternal
tissues, extra-embryonic tissues, breast milk, and to a limited extent, the embryo.

5.3 Acute and Short-term Toxicity
5.3.1 Oral Exposure

No case reports or other acute toxicity information for Ag NPs by the oral route in humans was
located in the literature search conducted for this project.

Maneewattanapinyo et al. (2011) conducted an acute oral toxicity study in 18 male and female
(10 to 12 weeks old) CD-1 (ICR) mice divided into 3 mice/sex/group of a colloidal Ag NP
synthesized by the investigators following OECD Test Guideline 425. The Ag NPs were
spherical (TEM), having a primary particle diameter of 10 to 20 nm with Ag+ concentration less
than 0.04 percent. Gavage administration of colloidal Ag NPs in distilled water was at a single
limit dose of 5,000 mg/kg bw and produced no mortality or acute toxic signs throughout the 24-
hour observation period and 14-day post-treatment period. Percentage of body weight gain,
hematological and blood chemistry analyses showed no significant difference between control
and treatment groups. No gross lesions or histopathological changes were observed. The results
indicated that the median lethal dose (LDso) of colloidal Ag NPs is greater than 5,000 mg/kg bw.

Kim et al. (2013a) evaluated the acute oral toxicity of commercially manufactured Ag NPs
according to OECD Test Guideline 423 and conducted following GLPs. The Ag NPs dispersed
in 1 percent citric acid had an average particle size of 10.0 nm (TEM), with a mean surface area
of 3.18 x 10> mm?/particle. Three female 7-week old Sprague-Dawley rats were given a single
dose of up to 2000 mg/kg in a four-step process and observed for abnormal clinical signs and
mortality. Rats were administered a single dose by oral gavage at each step. The first step was a
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single gavage at 300 mg/kg at 10 mL/kg; with no animal deaths, the second step was a single
gavage at 300 mg/kg to the same rats. As the second step produced no moribund animals or
mortality, the third step was a single gavage at 2000 mg/kg. Finally, as the third step produced
no moribund animals or mortality, the fourth step was another single gavage of 2000 mg/kg. The
time course of the steps and administration of the material was not apparent from the report. The
rats were observed daily for 14 days. There were no dead animals or abnormal signs observed,
no significant differences in body weights during 14 days after administration, and no abnormal
gross findings at necropsy. The LDso was determined to be greater than 2000 mg/kg/d by oral
gavage.

These studies evaluate the acute toxicity of oral exposure in rats to commercially produced Ag
NPs in accordance with OECD Acute Test Guidelines and GLPs. The LDso was determined to
be the greater than 5,000 mg/kg bw.

5.3.2 Inhalation Exposure

No case reports or other acute toxicity information by the inhalation route in humans was located
in the literature search conducted for this project.

Versar (2012) did not identify any acute studies in animals via the inhalation route.

Sung et al. (2011) conducted a four-hour acute whole-body inhalation toxicity study of Ag NPs
following OECD Test Guideline 403 and GLP using seven-week-old male and female Sprague-
Dawley rats. Rats were divided into four exposure groups (five/sex/group): dried and filtered
fresh-air control, low-concentration (0.94 x 10° particles/cm®, 76 pg/m*), middle-concentration
(1.64 x 10° particles/cm?®, 135 pg/m?), and high-concentration (3.08 x 10° particles/cm?, 750
ng/m?). The particles were generated as described in Ji et al. (2007a,b) and Jung et al. (2006). A
full necropsy was conducted two weeks after exposure. Lung function was measured twice per
week after the initial 4-hour exposure. No significant mortality, body weight changes, feed
consumption value changes or clinical changes were found during the 2-week observation
period. Pulmonary function tests (4/group) indicated no significant difference between the
control and the exposed groups. The median lethal concentration (LCso) for Ag NPs was higher
than 3.1x10° particles/cm? (750 pg/m?).

Kwon et al. (2012) investigated the acute pulmonary toxicity of Ag NPs in 5-week-old male
C57BL/6 mice (10/group) using nose-only exposure chambers. Acute pulmonary toxicity and
body distribution of inhaled laboratory-generated Ag NPs were evaluated in mice exposed for 6
hours. The Ag NPs were generated as described in Jung et al. (2006) and had a geometric mean
diameter of 20.30 nm. Whole lung BALF analysis, Western blotting, histopathological changes,
and Ag burdens in various organs (brain, heart, lung, liver, spleen, and testes) were determined.
The mean concentration, total surface area, volume and mass concentrations were respectively
maintained at 1.09 x 10! nm%/cm?, 2.72 x 10" nm3/cm?, and 2854.62 ug/m* during exposures.
Inhalation of Ag NPs caused mild pulmonary toxicity (evaluated by total protein,

lactate acid dehydrogenase, and cytology assays) with distribution of Ag in various organs;
however, the Ag burdens decreased rapidly at 24-hours post-exposure in the lung. In summary,
single inhalation exposure of 1.93 x 107 particles/cm® Ag NPs caused mild pulmonary toxicity
associated with activation of the MAPK signaling pathway indicating immunotoxicity, and
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would be considered the LOAEC (only concentration tested).

Braakhuis et al. (2014) determined the lung burden, tissue distribution, and the induction of and
recovery from adverse effects after short-term inhalation exposure to 15 nm (generated in the
laboratory) and 410 nm (commercially purchased) Ag NPs. Twelve male Fisher 344 rats/group
were nose-only exposed to clean air, 15 nm (179 pg/m®) or 410 nm (167 pg/m>) Ag NPs for 6
hours per day, for four consecutive days. Six rats/group were necropsied at 24 hours and the
remaining 6/group after 7 days. The 179 pg/m? (15 nm) Ag NP dose resulted in a 175-fold
increase in neutrophils and a two-fold increase of cellular damage markers in the lungs, a five-
fold increase in pro-inflammatory cytokines in the lungs, and a 1.5-fold increase in total
glutathione in the lungs at 24 hours after exposure indicating moderate pulmonary toxicity.
These signs of toxicity disappeared by 7 days after exposure. No toxic effects were observed
after exposure to 167 pg/m? of the larger (410 nm) NPs. The results show a clear size-dependent
effect after inhalation of similar mass concentrations of 15 nm and 410 nm Ag NPs.

Braakhuis and coworkers (2016) researched a suitable dose metric to describe the effects of
agglomerated Ag NP toxicity after a short-term nose-only inhalation exposure. Male Fisher 344
rats (3/group) were exposed for 45 min, 90 min, 3 hours, or 6 hours to different concentrations
(ranging from 41 to 1105 mg silver/m?) of 18, 34, 60 or 160 nm Ag NPs for four consecutive
days and sacrificed at 24 hours or 7 days after exposure. The 18 nm (range 15 to 20 nm), 34 nm
(range 30 to 35 nm), and 60 nm (range 60 to 65 nm) agglomerates were generated in the
laboratory. The PVP-coated 160 nm Ag NPs consisted of three to five agglomerated 80 nm Ag
NPs (commercially purchased) that fused into a single spherical particle when heated in an oven.
The particle characteristics are summarized in Table 20.

Table 20. Ag NP Characteristics in Braakhuis et al. (2016)

Agglomerate size Mean Mass Mean Particle Mean Surface Area
count median (ng/m3)? number (#/cm?3)? (nm?*/cm3)?
diameter (nm)?

18.1 (1.24) 438 (130) 1.3x 107 (4.0 x 10° 1.4x 107 (4.1 x 10°)
345(1.3) 325 (50) 6.6x 10°(1.0 x 10°) 54x10° (9.0 x 10°)
60.3 (1.32) 341 (21) 3.6x 10° (2.1 x 109 32x10° (4.1x 10°)
160 (1.55) 1109 (46) 53x 10°(1.7 x 10°) 14x 10°(4.1x 10°)

a . . ..
Values in parentheses are geometric standard deviations

There were no alterations in clinical observations, body and organ weights, feed and water
intake, or feces and urine production. Hematology and BALF, pro-inflammatory cytokines, and
oxidative stress analyses were performed at necropsy. There was a concentration-related
increase in cell counts and pro-inflammatory cytokines in the BALF, indicative of pulmonary
toxicity. The authors selected the total cell number, the number of neutrophils, and the level of
IL-1p and MCP-1 in the lung fluid after the exposure period to determine the most suitable dose
metric for Ag NPs because these were significantly affected. The data were analyzed using: (1)
the external Ag concentration in air during exposure, (2) the internal lung dose of Ag, and (3) the
alveolar dose as calculated using the exposure concentration and an internal lung dose model.
For each of the parameters, graphs were produced and all showed that when the particle surface
area that reaches the alveoli is used as a dose metric, the dose-response curves of the various
particle sizes almost completely overlap. Using software, the critical effect concentration (CED)
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was calculated that induced a 20 percent response. Based on exposure concentration, the CED2g
of the different sized Ag NPs do not overlap when expressed as mass or particle number. When
expressed as surface area, the critical effect concentrations were closer to each other, but did not
overlap. The same was true for the lung internal dose; mass and particle numbers resulted in
different CED2o for the different particle sizes, while surface area moved them towards each
other. Based on the alveolar dose, however, the CEDyo of the different particle sizes overlapped
when the dose was expressed as surface area. Therefore, in the alveoli, particle surface area
seems the best dose metric to describe the effect of Ag NPs on the total cell number, the number
of neutrophils and the level of IL-1B and MCP-1 after short-term inhalation. The authors
concluded that the alveolar dose expressed as particle surface area is the most suitable dose
metric to describe the toxicity of Ag NPs by inhalation.

Inhalation studies evaluated the acute toxicity of inhalation exposure in rodents to commercially-
or laboratory-produced Ag NPs. One whole-body study in rats was in accordance with OECD
Acute Test Guidelines and GLPs; the LCso for Ag NPs in that study was higher than 3.1 x 10°
particles/cm® (750 pg/m?). Nose-only inhalation studies in mice and rats using laboratory
generated Ag NPs caused transient mild to moderate pulmonary toxicity.

5.3.3 Dermal Exposure

Versar (2012) described two case studies of treatment of humans with burns with dressing
containing Ag NPs. In one study, a patient developed argyria-discoloration after 6 days and
elevation of serum levels of liver enzymes indicative of hepatotoxicity; these returned to normal
after the dressing was removed (Trop et al., 2006). A second case study of 30 burn patients
treated with the same dressing for 3 to 19 days reported increased serum Ag levels that were not
significantly correlated with changes in serum liver enzyme levels, but were marginally
correlated with HB, platelet count, and eosinophil count (Vlachou et al., 2007).

Maneewattanapinyo et al. (2011) conducted an acute dermal toxicity study in guinea pigs with
colloidal Ag NPs synthesized by the investigators following OECD Test Guideline 434. The Ag
NPs were spherical (TEM), having a primary particle diameter of 10 to 20 nm with free Ag+
concentration less than 0.04 percent. The guinea pigs were randomly divided into three groups
containing three animals each in the following manner: group 1, distilled water (vehicle control);
group 2 and group 3 received 50 and 100,000 ppm of colloidal Ag NPs in 2 mL, respectively.
The test substance was applied to a 7 x 10 cm rectangle area of shaven skin and occluded for 24
hours. All animals were observed for signs of toxicity at 1, 3, 7 and 14 hours. At 1, 3, and 7
days after exposure a skin biopsy was conducted for histopathological evaluation. No gross
abnormalities or microscopic changes during the 14-day post-treatment observation period were
noted in the skin of the guinea pigs exposed to 0, 50 or 100,000 ppm doses of colloidal Ag NPs.

Kim et al. (2013a) evaluated the dermal toxicity of commercially manufactured colloidal Ag NPs
according to the OECD Test Guideline 404 and GLPs. The average particle size was 10.0 nm
(TEM) with a mean surface area of 3.18 x 10> mm?/particle. In the acute dermal toxicity study,
the dose groups consisted of 0 and 2000 mg/kg, with 5 male and 5 female Sprague-Dawley rats
in each group. The skin was shaven, and the test substance applied and the site occluded for 24
hours. The animals were observed twice daily over 15 days for any signs of irritation and
toxicity. The Ag NPs did not induce any abnormal clinical signs, mortality, or abnormal gross

116



findings in any of the treated groups at necropsy.

In summary, human and animal studies evaluated the acute toxicity of dermal exposure to
commercially- or laboratory-synthesized Ag NPs. Wound patients treated with AgNP-
containing burn dressings developed argyria-discoloration after 6 days as well as elevation of
serum levels that are indicative of hepatotoxicity. An acute dermal guinea pig study in
accordance with OECD Acute Test Guidelines and GLPs showed no gross abnormalities or
microscopic changes after 14 days following one-day exposures up to 100,000 ppm. Similarly, a
rat study showed no abnormal clinical signs, mortality or gross findings.

5.4 Repeat-Dose and Subchronic Toxicity
5.4.1 Oral Exposure
No human data for oral exposure to Ag NPs were reviewed in Versar (2012).

A human study of nanoscale Ag was conducted using commercial 10- and 32-ppm colloidal Ag
solutions (consisting of both silver ions and Ag NPs) in a single-blind, controlled, cross-over,
intent-to-treat, design (Munger et al., 2014). Thirty-six healthy subjects consumed daily a 10
ppm Ag particle aqueous solution and were evaluated at 3, 7 and 14 days; and 24 healthy
subjects consumed daily a 32 ppm Ag particle solution and were evaluated at 14 days. All
underwent metabolic measures, blood counts, urinalysis, sputum induction, and chest and
abdomen magnetic resonance imaging (MRI) prior to and after treatment. Serum and urine Ag
content were determined. The Ag NPs were in the form of zero-valent elemental Ag particles,
coated with silver oxide, with manufacturer’s claims for 10 ppm to have a particle size ranging
between 5 to 10 nm and the 32 ppm to have a mean particle size of 32.8 nm, and range of 25 to
40 nm. The average daily ingestion of this elemental Ag colloid formulation was estimated to be
100 pg/day for 10 ppm, and 480 ug/day for 32 ppm Ag. No clinically important changes in
metabolic, hematologic, or urinalysis measures were identified. No morphological changes were
detected in the lungs, heart or abdominal organs. No significant changes were noted in
pulmonary ROS or pro-inflammatory cytokine generation.

Munger et al. (2015) subsequently investigated whether orally ingested commercially available
colloidal Ag nanoproduct interfered with select cytochrome P450 enzymes. A prospective,
single-blind, controlled in vivo human study using simultaneous administration of standardized
probes for P450 enzyme classes CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 was
conducted. The reduced Ag (Ag®) NP size averaged 32.8 nm, with a size range of 25 to 40 nm,
and was consumed orally for 14 days with an estimated dose of 480 pg/day. Both Ag and Ag+
characterizations were fully described (Munger et al., 2014). Ingestion of a commercial colloidal
Ag nanoproduct produced detectable Ag in human serum after 14 days of dosing. This Ag,
however, elicited no demonstrable clinically significant changes in metabolic, hematologic,
urinary, physical findings or cytochrome P450 enzyme inhibition or induction activity.

Three repeat-dose oral animal studies (Kim et al., 2008; Kim et al., 2010a; Jeong et al., 2010)

were reviewed in Versar (2012). These studies by Kim and coworkers (cited in Versar, 2012)

are included in Table 21 along with other more recent studies. Jeong et al. (2010) did not have
adequate reporting and is excluded from further discussion.
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Kim et al. (2008; as described in Versar, 2012) reported increased ALP activity in males and
increased cholesterol in female Sprague-Dawley rats receiving 300 mg/kg/d AgNPs by oral
gavage, indicating slight liver damage. At 1000 mg/kg/d, males showed changes in blood
biochemistry (increased ALP, total cholesterol and decreased total protein) and hematology
(increased mean corpuscular volume [MCV]). Females showed increased ALP and cholesterol,
and increased red blood cells (RBCs), hematocrit (HCT) and HB at both 300 and 1000 mg/kg/d
and increased active partial thromboplastin time (sec) at 1000 mg/kg/d. Increased incidence of
bile duct hyperplasia in male and female rats was observed at 1,000 mg/kg/d. For this study, 300
and 30 mg/kg/d are considered the LOAEL and NOAEL, respectively based on minimal liver
toxicity.

Kim et al. (2010a; as discussed in Versar, 2012) conducted a 90-day oral toxicity study of Ag
NPs in five-week-old F344 rats following OECD Test Guideline 408. Groups of 10 rats/sex
were exposed by daily gavage to suspensions of commercial Ag NPs in 0.5 percent aqueous
CMC at doses of 0 (vehicle control), 30, 125, or 500 mg/kg/d for 90 days; dose volume was 10
mL/kg. The test material was purchased and reported to be 99.98 percent pure. Count median
diameter and GSD of the particles in suspension were 56 nm and 1.46, respectively, by TEM.
Tissue samples were analyzed for Ag content. At the highest dose level, total cholesterol was
significantly increased in males and females, and ALP activity was significantly increased in
females. Histopathological examination showed a significantly increased incidence for
pigmentation in the villi of the intestine of high-dose males (8/10) and females (5/10), relative to
their respective controls (0/10, 0/10). There was a statistically significant dose-related increase
in the Ag concentration of all tissue (testes, liver, kidneys, brain, lungs, and blood) samples from
the groups exposed to Ag NPs. Overall, the results indicate a NOAEL of 125 mg/kg/d and a
LOAEL of 500 mg/kg/d based on evidence for minimal liver toxicity and yellow pigmentation in
intestinal villi.

Park et al. (2010a) treated CD-1 (ICR) mice (5/sex/group) with purchased Ag NPs (22, 42, 71, or
323 nm) at 0 (distilled water) or 1 mg/kg for 14 days by gavage administration. Absolute or
relative organ weights were not different between the control and the Ag NP-treated groups. An
increased distribution of natural killer cells and B cells were observed only in the group treated
with the small Ag NPs (22, 42, and 71 nm), and not in the group treated with the large (323 nm)
Ag NPs. TGF-p has various functions in cells including cell growth and differentiation,
apoptosis, cell motility, extracellular matrix production, and cellular immune responses. TGF-3
levels were significantly increased in groups treated with small-sized Ag NPs, but not with large-
sized Ag NPs. In addition, B cell distribution was increased by the small-sized Ag NPs, but not
in large-sized-Ag NPs, as determined by phenotype analysis.

In the same study, Park et al. (2010a) treated CD-1 (ICR) mice (6/sex/group) with 42 nm Ag NPs
at 0 (distilled water), 0.25, 0.50 or 1.00 mg/kg/d (doses provided by authors) for 28 days by oral
gavage. Body weights were collected weekly and blood collected from 3 mice for cellular
aspartate aminotransferase (AST), alanine aminotransferase (ALT), ALP, creatinine, and blood
urea nitrogen (BUN). Histopathology was conducted on the kidneys, livers, and small intestines
of the control and treated groups. The concentrations of cytokines and Immunoglobulin E (IgE)
in the serum were determined by enzyme linked immunosorbent assay (ELISA) kits. The 28-day
repeated-dose toxicity study of 42 nm Ag NPs adversely impacted the liver and kidney in the
1.00 mg/kg/d group, when determined by blood chemistry and histopathological analysis.
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Specifically, the levels of ALP and AST in serum were significantly increased in both male and
female mice in the 1 mg/kg treated group. The level of ALT was increased in only female mice
but not in male mice treated with 1 mg/kg Ag NPs. The pro-inflammatory cytokines IL-1, IL-6,
IL-4, IL-10, IL-12, and TGF- § were increased in a dose-related manner. Serum levels of B
lymphocytes and IgE were also increased. Slight cell infiltrations were observed in the cortex of
the kidneys in both male and female mice, but there were no other histopathological changes.
For the 28-day repeat dose study, the NOAEL was 0.50 mg/kg/day and the LOAEL was 1.00
mg/kg/d based on the significantly increased ALP, AST, and ALT levels.

Hadrup et al. (2012a) conducted 14- and 28-day toxicity studies using 14 nm Ag NPs coated
with PVP and an equimolar dose of ionic silver (Ag+) in the form of silver acetate in four-week-
old Wistar rats. In the 14-day study, six males/group received 0 (11.5 mg/mL PVP vehicle
control), 4.5, or 9.0 mg/kg/d (administered in two daily 4.5 mg/kg/d doses) of Ag PVP-coated
NPs at 10 mL/kg by oral gavage. In the 28-day study, ten females and six males/group received
0 (11.5 mg/mL PVP vehicle control); eight females/group received 2.25 or 4.5 mg/kg/d; and ten
females and six males/group received 9.0 total mg/kg/d Ag PVP-coated NPs at 10 mL/kg by oral
gavage. Ten females and six males/group received orally 9 mg Ag acetate/kg/d for 28 days.
Clinical, hematological and biochemical parameters, organ weights, macro- and microscopic
pathological changes were evaluated for both the 14- and 28-day studies. For the PVP-coated
Ag-NPs groups, no toxicological effects were reported. For Ag acetate, lower body weight gain,
increased plasma ALP, decreased plasma urea and lower absolute and relative thymus weight
were recorded. These findings indicate toxicity at 9 mg/kg/d Ag+, but not at an equimolar Ag
NP dose.

Shahare and coworkers (2013) treated Swiss albino male mice with Ag NPs and evaluated
effects on the small intestinal mucosa. Ag NPs from 3 to 20 nm were administered orally by
gavage at a dose of 0 (deionized water), 5, 10, 15 or 20 mg/kg/d for 21 days. The Ag NPs were
laboratory-synthesized and TEM imaging confirmed the size of particles (average diameter was
10.15 nm) and the shape, which was either oval or spherical. Clinical observation, body weights
and feed consumption values were collected. At necropsy, only the small intestines were
collected and processed. There was a significant decrease in the body weight of mice in all Ag
NP-treated groups. It was found that Ag NPs at all doses damaged the epithelial cell microvilli
as well as intestinal glands. The LOAEL is considered 5 mg/kg/d based on changes in body
weight and microvilli damage.

A subchronic study was initiated to assess the impact of size and dose of commercially available
Ag NPs on gut microbiota and gut-associated immune responses (Williams et al., 2014). Three
sizes (10, 75 and 110 nm) of citrate-stabilized Ag NPs in 2 mM sodium citrate/ 0.1 percent
CMC, were orally gavaged for 13 weeks to male and female Sprague-Dawley rats (10/sex/group)
at equal volumes (9, 18, or 36 mg/kg/d). Silver acetate was dissolved in 0.1 percent CMC and
dosed at 100, 200 or 400 mg/kg by the same study design, to provide silver ions (Ag+) as a
different form of silver. The Ag NP exposures changed the ileum mucosal microbial
populations, and intestinal gene expression of the gut microbiota towards more Gram-negative
bacteria. DNA-based analyses showed exposure to 10 nm Ag NPs and low-dose Ag+ (100
mg/kg/day silver acetate), modulated the gut-associated immune response and the overall
homeostasis of the intestinal tract.
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Boudreau et al. (2016) evaluated commercially available Ag NPs of different particle sizes, ionic
forms of Ag, as well as Ag accumulation, distribution, morphology, and toxicity in tissues when
administered daily by oral gavage for 13 weeks. The Ag NPs and silver acetate (AgOAc) were
each 99 percent pure suspended in a sodium citrate/CMC suspension. Seven week-old Sprague-
Dawley rats (10 rats/sex/group) were administered 10, 75, or 110 nm spherical Ag citrate-coated
NPs at 9, 18, or 36 mg/kg/d; and silver acetate (Ag+) at 100, 200, or 400 mg/kg/d. Controls
received 2 mM sodium citrate or water. At termination, complete necropsies were conducted,
and histopathology, hematology, serum chemistry, micronuclei, and reproductive system
analyses were performed. Ag accumulation and distribution were determined (refer to Section
5.2.1). In rats exposed to Ag NPs, no significant changes occurred in body weight or in feed and
water consumption values, relative to controls. The blood, reproductive system, and genetic tests
were also similar to controls. The NOAEL was 36 mg/kg/d for 10, 75, or 110 nm citrate-coated
Ag NPs. Increased incidence and severity of lesions were detected in rats exposed to AgOAc
(400 mg/kg) and included mucosal hyperplasia in the small and large intestine, as well as, thymic
atrophy or necrosis.

Garcia et al. (2016) assessed the effects of an oral 90-day subchronic exposure to PVP-coated Ag
NPs in rats. The study also assessed if oral PVP-Ag NP exposure can alter the levels of various
metals (Fe, Mg, Zn and Cu) in tissues. Commercially obtained, 99.95 percent pure, PVP-Ag
NPs averaged 20 to 30 nm in size. Adult male Sprague-Dawley rats (12/group) were orally
gavaged with 0 (0.9 percent saline), 50, 100 or 200 mg/kg/d of PVP-Ag NPs at 4 mL/kg. TEM
indicated the average particle size was 15.16 £ 2.21 nm and particles were spherical in shape;
agglomerations were not observed. Body weights, feed consumption values, Ag metal
accumulation in the liver, kidney, spleen, thymus, brain, and ileum, Ag urine and feces excretion,
biochemical and hematological assessment, as well as histopathological changes and subcellular
distribution were measured. After 90 days, PVP-Ag NPs were found within hepatic and ileum
cells in treated animals. The major tissue concentration of Ag was found in the ileum. All
tissues of PVP-Ag NPs-exposed animals showed increased levels of Ag in comparison with the
control group. No adverse effects in liver, kidney, biochemical markers or hematological or
histopathological changes were reported in treated animals. The NOAEL was 200 mg/kg/d, the
highest dose tested.

Qin et al. (2017) treated male and female Sprague-Dawley rats (10/sex/group) with repeated oral
gavage administration of synthesized PVP-coated Ag NPs. Effects were compared with animals
treated with an equivalent dose of AgNOs. Specifically, 100 male and female rats were orally
administered particulate or ionic forms of silver (Ag+), separately, at doses of 0.5 or 1 mg/kg/d
for 28 days. The size distribution of each dose of the synthesized Ag NPs was 28.21 nm (12.3
percent), 32.67 nm (18.1 percent), 37.84 nm (16.9 percent), 43.82 nm (11.7 percent), 91.28 nm
(3.6 percent), 105.7 nm (3.6 percent), and 122.4 nm (3.5 percent). The total concentration of Ag
in the Ag NP stock solution was 778.0 pg/mL and the dissolved Ag+ content was 56.6 ng/mL.
Results revealed no significant adverse effects of Ag NPs and AgNOs at doses up to 1 mg/kg/d
for clinical observations, body weights, organ weight, food utilization values, and
histopathological examination. Differences in hematological and plasma biochemical parameters
were observed for the Ag NPs and AgNO; treated groups compared to the controls. For male
rats treated with Ag NPs, RBC count increased and platelet count decreased significantly in the
1.0 mg/kg/d group; AST increased significantly in both Ag NP treatment groups; these
parameters were unaffected in male rats treated with AgNOs. In female rats treated with Ag
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NPs, RBC count increased in the 0.5 mg/kg/d group; platelet count decreased in both 0.5 and 1
mg/kg/d groups; and white blood cell (WBC) count increased in the 1.0 mg/kg/d group. RBC
count increased in female rats treated with 0.5 mg/kg/d AgNOs, which was the only
hematological and plasma biochemical parameter affected in females treated with AgNO3. Ag
distribution pattern in organs of rats treated with Ag NPs was similar to that of AgNOs treated
rats, showing liver and kidneys were the main target organs followed by testes and spleen. The
total Ag content in organs was significantly lower in the Ag NPs treated rats than those in the
AgNOs treated rats.
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Table 21. Summary of Toxicity to Ag NPs via Oral Repeated Exposure

Species and | Exposures Particle NOAEL LOAEL Responses atthe | Comments References
Group Size duration characteristics (mg/kg/d) (mg/kg/d) LOAEL
(n/sex/group) Mean (SD)?
Sprague-Dawley | 0, 30, 300, or commercial Ag NP; 30 300 Liver toxicity: OECD TG 407 + Kimetal.,
rats 1000 mg/kg/d average particle diameter increased blood levels | GLPs 2008°
(10 mL/kg) =60 nm (52.7-70.9 nm); of ALP in males;
10/sex/group 28 days 99.98% pure; suspension increased total
6 weeks old in 0.5% CMC cholesterol in females
gavage
F344 rats 0, 30, 125, 500 median diameter = 56 nm 125 500 Minimal liver toxicity; | OECD TG 408 + Kimetal.,
mg/kg/d (1.46 SD); 99.98% pure; pigmentation in GLPs 2010a°
10/sex/group 90 days 0.5% CMC intestinal villi.
gavage
ICR mice 0or 1 mg/kg/d 22,42,71 or 323 nm (14 None 1 Increase natural killer 22,42, and 71 nm Park et al.,
14-day study day) cells and B cells (22, were distributed to 2010a
5-6/sex/group 42,71 nm) organs while 323 nm
gavage were not
Adverse impact on
0,0.25,0.50r1 42 nm (28 days) 0.5 1 liver and kidney
mg/kg/d (increase ALP, ALT,
28 day study AST)
gavage
Wistar rats 0,2.25,4.5,0or9 | PVP-coated 14 nm 9 None -— Comparable dose of Hadrup et al.,
mg/kg/d Ag+ | BWandurea; T | 2012a
6-10/sex/group 28 days ALP and thymus
weights; 14 day study
gavage also conducted
Swiss albino 0, 5,10, 15 or 20 | Oval or spherical; mean None 5 linBW at 10 Only small intestine Shahare et al.,
mice mg/kg/d particle size diameter = mg/kg/d; damage to mucosa evaluated; loss | 2013
21 days 10.15 nm; range 3 to 20 epithelial cell of microvilli reduce
male nm microvilli and Ag absorptive capacity
gavage intestinal glands at higher dosages
5/group
Sprague-Dawley | 9, 18, or 36 10, 75 and 110 nm of None 9 Changed the ileum Williams et
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Species and Exposures Particle NOAEL LOAEL Responses atthe | Comments References
Group Size duration characteristics (mg/kg/d) (mg/kg/d) LOAEL
(n/sex/group) Mean (SD)?
rats mg/kg/d AgNPs | citrate-stabilized mucosal microbial al., 2014

Silver acetate populations, and
10/sex/group 100, 200 or 400 mg/kg None 100 mg/kg/d intestinal gene

13 weeks silver expression of the gut

gavage microbiota towards

more Gram-negative
bacteria.

Sprague-Dawley | 0,9, 18, or 36 Spherical Ag citrate- 36 for all sizes | None - Dose and size- Boudreau et
rats mg/kg/d coated nanoparticles; dependent al., 2016

13 weeks particle size = 10, 75, or accumulations in
10/sex/group 110 nm; 99% pure tissues (see

gavage toxicokinetics)
Sprague-Dawley | 0, 50, 100, 200 PVP-Ag NPs; average 200 None -— Garciaetal.,
rats mg/kg/d particle size = 15.16 + 2016

90 days 2.21; spherical; 99.95%
12 /sex/group pure

gavage
Sprague-Dawley | 0,0.5 or 1 Synthesized PVP-coated 0.5 1 - 1 AST and 1 in red Qin et al.,
rats mg/kg/d Ag NPs; multiple particle blood cell counts, | 2017
10/sex/group 28 days sizes: 28.21 (12.3%), 2.67 platelet count

(18.1%), 37.84 (16.9%),
43.82 (11.7%), 91.28
(3.6%), 05.7(3.6%), and
122.4 nm (3.5%)

aNT characterization data are stated, if reported: source, diameter and length, surface area, purity and impurities, and state of aggregation; shape (bundles, tangles, ropes)

bAs reviewed in Versar (2012)
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5.4.2 Inhalation Exposure

Four inhalation studies were reviewed in Versar (2012) and are summarized in Table 22. There
were no repeat dose subchronic studies via inhalation in the recent available literature.

Jiet al. (2007a; as cited in Versar, 2012) conducted a 28-day whole body inhalation toxicity
study of uncoated Ag NPs in eight Sprague-Dawley rats following OECD Test Guideline 412.
Groups of ten rats per sex were chamber exposed to fresh air or three concentrations of Ag NPs
for 6 h/d, 5 d/wk for four weeks. Ag NPs were generated by evaporation/condensation using a
ceramic heater. Marginally increased incidences of cytoplasmic vacuolation in the liver of
females at 3.5 and 61 pg Ag/m® were reported, but cytoplasmic vacuolation in males was not
increased. The highest exposure level in this study, 61 ug Ag/m?®, was designated as a NOAEC.

Hyun et al. (2008; as cited in Versar, 2012) evaluated the rats from the 28-day inhalation study
by Ji et al., (2007a) for histological effects in the lungs and nasal cavity, as well as for
histochemical changes in mucins in the goblet cells of the nasal respiratory mucosa. No
histopathological changes were found in the lungs or nasal cavity or meaningful histochemical
changes in the nasal mucosa, indicating a NOAEC of 61 ug Ag/m?, the highest exposure
concentration.

Sung et al. (2008, 2009; as reviewed in Versar, 2012) conducted a 90-day whole body inhalation
study of Ag NPs that followed OECD Test Guideline 413, and was designed to identify possible
adverse effects not detected in the 28-day study (Hyun et al., 2008; Ji et al., 2007a). Groups of
ten male and ten female 8-week-old Sprague-Dawley rats were chamber-exposed to fresh air or
one of three concentrations of Ag NPs for 6 h/d, 5 d/wk for 13 weeks. The lungs and liver were
target organs for inhaled Ag NPs in rats. Both functional and inflammatory changes were
observed in the lungs with statistically significant decreases in tidal volume, minute volume,
and/or peak inspiration flow in males at 515 ug Ag/m? (Sung et al., 2008). There were no
consistent exposure-related changes in lung function endpoints in female rats. BALF cell counts
were not significantly increased in either sex; however, BALF inflammatory markers were
significantly increased in females at 515 pg Ag/m>. Alterations in both sexes showed increased
incidences of minimal severity chronic alveolar inflammation, alveolar macrophage
accumulation, and a mixed cell perivascular infiltrate. Exposure-related histopathological effects
were observed in the liver, where incidences of minimal bile duct hyperplasia were significantly
increased in both sexes at 515 ug Ag/m>. The results indicate that 515 and 133 pg Ag/m® were
the LOAEC and NOAEC, respectively, in this study for increased incidences of male and female
rats with lung lesions and liver lesions.
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Table 22. Summary of Toxicity of Ag NPs via Inhalation Repeat Exposure

Species and Exposure Particle NOAEC | LOAEC | Responses at the Comments References
Group Size and Characteristics | (ng/m® | (ng/m¥) | LOAEC
(n/sex/group) | Duration Mean (SD)?
(ng/m?)
Sprague-Dawley 0,0.5,3.5,or 11.93(0.22), 12.40 | 61 None OECD 412; GLPs; near Jietal., 2007a°
rat 61 (0.15), 14.77 nm ACGIH Ag dust limit
(0.11) of 100 pg/m?

6 h/d, 5 diwk
10/sex/group 4 weeks

whole body
Sprague-Dawley 0.5,3.5,or 13-15 nm 61 None Hyun et al., 2008®
rat 61

6 h/d, 5 diwk
10/sex/group 4 weeks
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Species and Exposure Particle NOAEC | LOAEC | Responses at the Comments References
Group Size and Characteristics | (ng/m® | (ug/m¥) | LOAEC
(n/sex/group) | Duration Mean (SD)?
(ng/m’)

Sprague-Dawley 49, 133 or Geometric mean 133 515 Decrease in tidal volume, OECD 413; GLPs. Sung et al., 2008: 2009°
rat 515;6 h/d, 5 diameters=18.12 minute volume, and/or Follow-on study to

d/wk; 13 (1.42),18.33 peak inspiration flow in Hyun et al. (2008)

weeks (1.12), and 18.93 males; increase in BALF above

nm (1.59) inflammatory markers in

10/sex/group females.

whole body Increased incidence of

minimal severity chronic
alveolar inflammation,
alveolar macrophage
accumulation, and a mixed
cell perivascular infiltrate
in both sexes.

Increased incidence of
minimal bile duct
hyperplasia in both sexes.

aNT characterization data are stated, if reported: source, diameter and length, surface area, purity and impurities, and state of aggregation; shape (bundles, tangles, ropes)
bAs reviewed in Versar (2012)
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5.4.3 Dermal Exposure

Three studies via dermal exposure are available. One study is cited in Versar (2012) and two
more recent studies are described here.

Samberg et al. (2010; cited in Versar, 2012) evaluated dermal toxicity of washed or unwashed
commercial Ag NPs (average diameters of 20 or 50 nm, purchased suspended in deionized
water) in pigs topically exposed for 14 days. Sites on the back skin of female weanling pigs (n =
2; 20 to 30 kg) were dosed with 500 puL of suspension concentrations ranging from 0.34 to 34
pg/mL for 14 days. Lesions occurred in layers under the stratum corneum, which the authors
attributed to Ag+ flux into the lower layers from the particles in the stratum corneum. TEM
showed particles only on the surface of the stratum corneum or in the superficial layers of the
stratum corneum. The porcine dermal NOAEL was 34 pg/mL.

Korani et al. (2011) dermally applied colloidal nanosilver (less than 100 nm by TEM) to the
shaved backs of male Hartley albino guinea pigs (six/group) in a 13-week subchronic study.
Exposure was 5 d/wk to 0, 100, 1000, or 10,000 pg/mL of colloidal nanosilver. A 100 pg/mL
solution of AgNOs served as a positive control. Weekly clinical observations and
histopathologic examination of the skin (application site), liver and spleen (three/group) were
conducted. There were no deaths. Similar skin inflammatory responses were recorded in all
treatment groups compared to the vehicle control group. All observed adverse skin responses
were dose- and time-related. In the AgNOs3 group, a reduced thickness of the epidermis and
papillary layer was observed, which was accompanied by an increase in Langerhans cells. In the
10,000 ug/mL group, degenerative muscle fibers with acidophilic cytoplasm were surrounded by
macrophages, and in particular, the increased levels of macrophages were located in the
endomysium along with other signs of skin inflammation. In the AgNO3 and nanosilver groups,
destruction of hepatocyte cords was reported; in the test groups this pattern was magnified by
increased nanosilver concentrations. Overproduction of Kupffer cells and degeneration of
hepatocytes increased with increasing nanosilver concentrations. In the spleen, AgNO;
treatment caused thinner red capsules, inflammation, and white pulp hypertrophy. In the 1000
ug/mL colloidal nanosilver group, splenic changes were red pulp inflammation and white pulp
atrophy. White pulp hypertrophy was a specific response to AgNOs3, but not to any Ag NP dose.
The dermal LOAEL was 100 pg/mL for colloidal nanosilver in guinea pigs based on
histopathologic abnormalities in the skin, liver, and spleen in all test groups.

Korani and coworkers (2013), as per OECD Test Guideline 411, dermally applied Ag NPs to
male Hartley albino guinea pigs (12/group) and analyzed Ag NP tissue levels, morphological
changes and pathological abnormalities. The sizes of the Ag NPs were less than 100 nm (TEM).
Guinea pigs were exposed to concentrations of 0, 100, 1000 or 10,000 ppm Ag NPs or the
positive control, AgNOs, for 13 weeks. A close correlation between dermal exposure and tissue
levels of Ag NPs was found and tissue uptakes occurred in dose-related manner, with the highest
levels observed in the kidney, followed in decreasing levels by muscle, bone, skin, liver, heart,
and spleen. Severe proximal convoluted tubule degeneration and distal convoluted tubule were
seen with histopathological examination in the kidneys of the 1000 and 10,000 ppm groups.
Separated lines and narrow marrow space were determined as two major signs of bone toxicities
observed in all three dose levels of Ag NPs. Increased dermal dose of Ag NPs caused cardiocyte
deformity, congestion and inflammation. All Ag NP doses gave comparable results for several
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endpoints measured in heart, bone and kidney, but differed in tissue concentrations and the
extent of histopathological changes. Ag+ could be detected in different organs after dermal
exposure compared to control and Ag NP treatment groups

The cytotoxicity of Ag NPs has been demonstrated in human epidermal keratinocytes as well as
their inflammatory effect and penetration into in vivo porcine skin. The systemic toxicity of Ag
NPs via dermal application has also been demonstrated, with Ag NPs found in the skin, liver,
and spleen of guinea pigs after dermal application resulting in slight damages to these
tissues/organs. The dermal LOAEL was 100 pg/mL for Ag NPs (less than100 nm) in guinea
pigs based on histopathologic abnormalities in the skin, liver and spleen in all test groups.

5.4.4 Other Routes of Exposure

To avoid limited systemic exposure due to the cellular barriers present in the lung and GI tract,
the IV administration of nanosilver was used to evaluate its potential systemic toxicity. De Jong
et al. (2013) determined the systemic toxicity of commercially available Ag NPs using different
sizes (20 nm and 100 nm) in a 28-day repeated dose toxicity study, OECD Test Guideline 407, in
male and female Wistar rats using the tail vein for IV route of administration. The physico-
chemical characteristics were 21.0 £ 2.6 and 107 + 7.6 in average diameter; size range from 12.4
to 27.9 and 99.8 to 128.4 nm; surface area 1.40 x 103 and 3.62 x 10* nm?; and Zeta potential of -
40.8 and -38.7 mV for the 20 and 100 nm Ag NPs, respectively. Doses were 0 (phosphate
buffer), 0.0082, 0.025, 0.074, 0.22, 0.67, 2.0, or 6.0 mg/kg/d of the 20 nm Ag NPs and 0
(phosphate buffer) or 6.0 mg/kg/d of the 100 nm Ag NPs. Treatment groups ranged in size with
2 to 4 rats of each sex per dose. Treatment up to 6 mg/kg bw was well-tolerated by the animals.
Reduced relative body weight gain for the male and female rats was observed during the
treatment with both 20 nm and 100 nm Ag NPs. Large increases in spleen size and weight
occurred and were attributed to increased cell number. Both T and B cell populations showed an
increase in absolute cell number, whereas the relative cell numbers remained constant. At
histopathological evaluation, brown and black pigment indicating Ag NP accumulation was
noted in the spleen, liver, and lymph nodes. Liver damage was indicated by increased ALP,
ALT, and AST levels, but was not confirmed by histopathology. Hematology also showed a
decrease in several red blood cell parameters. Almost complete suppression of natural killer cell
activity in the spleen occurred at high doses. Other immune parameters affected were decreased
interferon, interleukin and TNF-a production; increased serum Immunoglobulin M (IgM), IgE
and blood neutrophilic granulocytes.

5.4.5 Summary

No clinically important changes in metabolic, hematologic, or urinalysis measures, and no
morphological changes were detected in the lungs, heart or abdominal organs of healthy humans
orally daily administered colloidal Ag solutions of both silver ions and Ag NPs up to 14 days,
though Ag was detected in the serum. The average daily ingestion of this elemental Ag colloid
formulation was estimated to be 100 pg/day for 10 ppm, and 480 pg/day for 32 ppm Ag.

Study reports indicate that in animals, Ag NPs are distributed to multiple organs. Using
uncoated, commercially available Ag NPs (56 to 60 nm), a NOAEL and LOAEL of 30 mg/kg
and 300 mg/kg, respectively, based on liver toxicity; increased blood levels of ALP in males and
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increased total cholesterol in females have been reported for a 28-day oral gavage toxicity study
using rats. With a longer duration of 90 days of gavage administration, a NOAEL of 30 mg/kg
and LOAEL of 125 mg/kg were obtained in rats based on significant decreases in the body
weight of male rats after four weeks of exposure, and significant dose-dependent changes in
ALP, cholesterol, liver bile-duct hyperplasia (with or without necrosis), fibrosis, and
pigmentation.

Subchronic inhalation exposure to Ag NPs showed that lung and liver tissues were the target
organs in rats. Both functional and inflammatory changes were observed in the lungs with
statistically significant decreases in tidal volume, minute volume, and/or peak inspiration flow.
Liver toxicity consisting of minimal bile duct hyperplasia was significantly increased in both
sexes at 515 pg Ag/m? after 13 weeks of exposure; in addition, functional and inflammatory
changes were observed in the lungs with statistically significant decreases in tidal volume,
minute volume, and/or peak inspiration flow in males. The NOAEL was 133 pg/m? after 13
weeks of exposure. Shorter term exposure of 61 pg/m? for 28 days did not have any significant
health effects.

Dermal application of high dosages (100, 1000 and 10,000 ppm) of Ag NPs for 13 weeks to
guinea pigs caused signs of kidney and bone toxicities. The dermal LOAEL was 100 ug/mL for
Ag NPs in guinea pigs based on histopathologic abnormalities in the skin, liver and spleen.

5.5 Chronic Toxicity

No human studies were found that reported adverse health effects with chronic exposure to Ag
NPs.

Laboratory animal studies were not located in the current literature search on the possible
systemic toxicity with chronic (lifetime) exposure to Ag NPs by any route of exposure, nor were
any studies identified in Versar (2012).

The National Toxicology Program selected Ag NPs for chronic toxicity testing. To date, those
studies have not been completed; however, short-term toxicity and toxicokinetic studies have
been published (NTP, 2017). The U.S. EPA Oral Reference Dose (RfD) assessment for Ag
(CASRN 7440-22-4) on EPA’s Integrated Risk Information System (IRIS) is based on argyria, a
cosmetic effect, which is bluish-gray pigmentation to the skin and mucous membranes, and
argyrosis, which is bluish-gray pigmentation to the eyes. It is not considered an adverse human
health effect (U.S. EPA, 2017a). Ag NPs are not included in IRIS. The risk assessment for nano
Ag by the Danish EPA (2015b) also considered argyria as the critical effect following oral
exposure to Ag; no relevant long-term studies were identified. The risk assessment was based on
the presumed mechanism that the Ag NP surface continually releases Ag+ in the body, which
accumulates and causes argyria.

NIOSH (2015) did not develop a Recommended Exposure Limit (REL) for Ag NPs; no studies
that reported adverse health effects to Ag NPs or evaluated specific Ag particle size or solubility
effects on human health were found. The few studies that investigated health effects with long-
term exposures to chronic Ag dust and fumes in workers reported argyria. Exposure to high
levels of Ag in the air can result in breathing problems, lung and throat irritation, and stomach

129



pains. Skin contact with Ag can cause mild allergic reactions including rashes, swelling, and
inflammation in some people (NIOSH, 2015).

5.6 Reproductive and Developmental Toxicity

Human data regarding reproductive and developmental outcomes from exposure to Ag NPs were
not found in the literature search conducted for this project.

No standard in vivo mammalian tests of reproductive or developmental toxicity were located for
Ag NPs in an earlier search of the literature (Versar, 2012).

From 2010 to 2016, standard mammalian tests of reproductive or developmental toxicity and a
reproductive/developmental toxicity screening study (Hong et al., 2014), as well as several
standard subchronic studies that examined reproductive organs (Kim et al., 2008, 2010a) were
located for Ag NPs by the oral route of administration (Yu et al., 2014; Charehsaz et al., 2016).
In addition, one standard inhalation subchronic repeat-exposure mammalian toxicity test with
examination of reproductive organs (Sung et al., 2009) was also located. However, no guideline
(nonscreening) studies of developmental toxicity or of reproductive function were located for
either route.

Transfer of Ag NPs into breast milk, placenta, testes, brain, fetuses, and pups was reported in
non-guideline studies for oral exposure (Loeschner et al., 2011; Philbrook et al., 2011; Lee et al.,
2012a; Hadrup et al., 2012b; Fatemi et al., 2013; Melnik et al., 2013; Miresmaeili et al., 2013;
Sleiman et al., 2013; Thakur et al., 2014; Mathias et al., 2015; Lafuente et al., 2016; Charehsaz et
al., 2016). In addition, studies using IV (Lankveld et al., 2010; Austin et al., 2012; Castellini et
al., 2014), IP (Mahabady, 2012; Rezazadeh-Reyhani et al., 2015), and subcutaneous (Lankveld et
al., 2010; Rashno et al., 2014; Ghaderi et al., 2015; Tabatabaei et al., 2015, Fatemi Tabatabaie et
al., 2017) routes of exposure provide some confirming evidence of Ag NP systemic transfer after
oral absorption.

Hormone levels for male reproductive regulation following IV administration of Ag NP have
been studied (Gromadzka-Ostrowska et al., 2012; Garcia et al., 2014; Dziendzikowska et al.,
2016; see Appendix F). While studies by the IV route may indicate a potential hazard (with
alterations in LH and testosterone), their relevance to oral, inhalation or dermal toxicity for Ag
NPs is uncertain.

Developmental abnormalities that have been observed following in vitro exposure have been
discussed in Versar (2012); in vitro studies are not further reviewed in this report due to the large
number of available in vivo studies.

5.6.1 Oral Exposure
5.6.1.1 Reproductive Toxicity
No studies of reproductive function were located for uncoated Ag NPs, although several

systemic toxicity studies evaluated effects on reproductive organs. Studies are compiled in Table
23.
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A combined repeated-dose reproduction/developmental toxicity screening study using citrate-
coated Ag NPs was conducted in male and female Sprague-Dawley rats (Hong et al., 2014). The
citrate-capped Ag NPs were manufactured with reported size of the Ag NPs estimated to be 7.9 +
0.95 nm based on TEM. The particle size was confirmed in the authors’ laboratory. Zeta
potential of Ag NPs in water (10 ppm) was calculated to be —17.55 £ 4.16 mV (average +
standard deviation). The suspension of Ag NPs for oral administration was prepared by diluting
the stock Ag NP (20 percent w/v) with distilled water and adjusting for the volume of 10 mL/kg
bw of the rats. Formulations of 62.5, 125 and 250 mg/kg were freshly prepared daily prior to
use. Suspensions were routinely stable in solution during the experiments. The size distribution
of the Ag NPs in suspension was measured using a submicron particle size analyzer
(NICOMPTM) and energy-filtering (EF) TEM using a LIBRA120 apparatus. EF-TEM images
were obtained for Ag NPs dispersed in ethanol. The rats (10/sex/group) were orally gavaged
with 0 (vehicle control), 62.5, 125, or 250 mg/kg/d Ag NPs. Males were dosed once a day for 42
days (14 days before mating, 14 days during mating and 14 days post-mating until necropsy) and
females were dosed up to 52 days (2 weeks before mating, during mating and gestation and
during 4 days of lactation). Five or more rats of each gender were also maintained for 14 days in
two recovery groups: vehicle control and high-dose groups. The study was performed based on
OECD Test Guideline 422 and GLPs. The high dose of 250 mg/kg/d for the 52-day treatment
was selected based on a preliminary dosage test, in which only salivation was shown in a few
pregnant rats during a treatment period of seven days. Clinical signs including mortality,
motility, general appearance and autonomic activity were recorded daily. Individual body
weights were measured weekly during pre-mating, mating and recovery periods. During the
pregnancy and lactation periods, body weights were measured at day GDs 0, 3, 6,9, 12, 15, 18,
and 20 for pregnant rats, and day of delivery, and day 4 postpartum for the offspring. Feed
consumption values were measured during the pre-mating, pregnancy, lactation and recovery
periods. Regularity and length of the estrus cycle, mating index, fertility index, pregnancy rate,
gestation length, live and dead pups, sex, and external anomalies of live pups were observed and
recorded. Delivery rate, sex rate, survival rate at day 4 postpartum and body weight of live pups
on day 0 and day 4 postpartum, were also recorded. During the lactation period, nursing
behaviors of dams and viability of pups were observed. Functional observations, urinalysis
(glucose, bilirubin, ketone, specific gravity, blood, pH, protein, urobilinogen, nitrite and
leukocytes), hematology (prothrombin time and activated partial thromboplastin time), serum
biochemistry, absolute and relative organ weights (including pituitary gland, ovaries, testes,
epididymis, seminal vesicles or uterus) and histopathology (vehicle control and 250 mg/kg/d
groups only) were evaluated in five animals of each sex from each main group. Corpora lutea
and implantation sites were counted in all females and pre- and post-implantation losses were
calculated. The functional observations and neurobehavioral evaluation for five males of each
group were conducted on the day before final treatment and for five females after separating
their pups on lactation day 4. Auditory response, pupillary reflex, hot-plate test, rotarod
performance test, and passive-avoidance test were performed on offspring. No deaths were
observed in any of the groups. There were no statistically significant changes in weight gain or
feed consumption values in any of the treatment groups during the pre-mating and mating
periods in male rats, or in females during the pre-mating, gestation and lactation periods.
Absolute and relative weights of testes, pituitary gland, seminal vesicles and epididymis in the
treated groups showed no significant differences from the control group. There was no evidence
of toxicity for reproduction and developmental endpoints, including mating, fertility,
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implantation, delivery and fetal development. The NOAEL for reproductive/developmental
toxicity was 250 mg/kg/d, the highest dose tested.

As part of a biodistribution study, Park and coworkers (2010a) conducted a 14-day, oral gavage
repeat-dose toxicity study in six-week old male and female CD-1 (ICR) mice (five/sex/group)
using purchased Ag NPs in a 1.0 mg/kg/d dose. The control group received deionized water
only. Ag NPs (from a US chemical company) were suspended with sonication in 99.8 percent
Tetrahydrofurane, Fluka (THF). The suspension was stirred, deionized water added and the THF
evaporated until it was completely replaced by deionized water. The total Ag NP suspension
was filtered by using different pore sizes of polycarbonate isopore filters and the size distribution
was analyzed by dynamic light scattering (DLS; Japanese instrument). The average diameters of
Ag NPs prepared by differential filtration were 22 nm, 42 nm, 71 nm, and 323 nm, respectively.
THF was not detected in the suspension of Ag NPs. There were no treatment-related changes in
body weights or in the ratio of organ to body weights after 14 days. The small-sized Ag NPs (22
nm and 42 nm) significantly accumulated in a size-dependent pattern after 14 days in the brain,
lung, liver, kidney, and testes, while large-sized NPs (323 nm) were not detected in those tissues.
This study demonstrated that smaller-sized Ag NPs were more easily absorbed via the
gastrointestinal tract and translocated to the testes than the larger micron-size particles.

A 28-day oral repeat dose toxicity study was conducted in male and female Sprague-Dawley rats
following OCED Test Guideline 407 and GLPs (Kim et al., 2008). Four-week-old rats were
divided into four groups (10/sex/group) and gavaged daily with 0 (0.5 percent CMC) vehicle
control, 30, 300, or 1000 mg/kg/d Ag NPs, and dosing volume was 10 mL/kg. The Ag NPs (52.7
to 70.9 nm; average 60 nm) were purchased and were at least 99.98 percent pure. After 28 days
of treatment, clinical chemistry, hematology, organ weight, histopathology (including testes,
ovaries, uterus, epididymis, seminal vesicle, thyroid gland, and prostate), and Ag distribution
were measured. There were no treatment-related findings in clinical observation, body weights,
feed consumption values, or absolute and relative reproductive organ weights. The NOAEL for
reproductive toxicity was 1000 mg/kg/d, the highest dose tested.

Kim et al. (2010a) subsequently conducted a repeat-dose oral toxicity study over 90 days with a
different rat strain. Ag NPs (CAS No. 7440-22-4) were purchased and were at least 99.98
percent pure. Count median diameter and geometric standard deviation of Ag NPs in 0.5 percent
aqueous CMC, analyzed by TEM, were 56 nm and 1.46, respectively. The Ag NPs were orally
gavaged daily to male and female F344 rats over a period of 13 weeks following OCED Test
Guideline 408 and GLPs. Five-week-old rats were divided into four groups (10/sex/group): 0
(CMC vehicle control), 30, 125, or 500 mg/kg/d Ag NP. After 90 days of exposure, clinical
chemistry, hematology, organ weight and histopathology (including testes, ovaries, uterus,
epididymis, seminal vesicle, thyroid gland, prostate), and Ag distribution were studied. There
was a significant decrease in the body weight of male rats in the 500 mg/kg/d dose group after 4
weeks of exposure and for the 125 mg/kg/d male rats at week 10, although there were no
significant changes in feed or water consumption values for either treatment group. Dose-related
increases were found in the relative weight of the left and right testes (significance reached for
the left testes) at 500 mg/kg/d of Ag NPs. There were no significant differences in the relative
weights of the other reproductive organs (prostate, uterus, and ovary) in the males or females. A
dose-related accumulation of Ag occurred in all tissues examined, including the testes. The
NOAEL for general toxicity was 30 mg/kg/d, based on liver toxicity at 125 mg/kg/d and
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increased testicular weight at 500 mg/kg/d. The LOAEL for reproductive toxicity was 125
mg/kg/d.

5.6.1.2 Male Reproductive Toxicity

In a male reproductive toxicity study, the effect on spermatogenesis of 0 (distilled water), 25, 50,
100, or 200 mg/kg/d Ag NP doses was evaluated. The Ag NPs (70 nm) were dissolved in PBS
and then orally gavaged twice daily (every 12 hours) for 48 days (one spermatogenesis cycle) at
their final concentrations (Miresmaeili et al., 2013). Reproductive toxicity was evaluated in 45-
day old male Wistar rats (8 rats/group) using the acrosome reaction assay to evaluate sperm
viability, the ability of sperm to fuse with the oocyte membrane, and the degenerative acrosome
reaction that occurs in immotile sperm. In the acrosome reaction assay, there was no significant
difference in dead sperm cells with or without acrosome reaction in any treatment group
compared with controls. There was a significant difference between the control group live sperm
with and without intact acrosome reaction (11.00 = 0.00 vs. 24.25 £ 3.68 live sperm). There was
a significant reduction in the number of spermatogonia cells in the 200 mg/kg/d group. The 50,
100, and 200 mg/kg/d groups showed a significant reduction in the number of primary
spermatocytes, spermatids, and spermatozoa. There were no significant differences between
groups for Sertoli cell number and seminiferous tubule diameter. The reproductive NOAEL was
25 mg/kg/d and the LOAEL is considered 50 mg/kg/d based on the dose-related negative effects
on the spermatogenesis process (decreasing percentages of primary spermatocytes, spermatids
and spermatozoa).

A 90-day male reproductive toxicity study in rats was conducted with PVP-coated Ag NPs (0.2
wt percent PVP; with an average size 20 to 30 nm, obtained as dry powder [Ag, 99.95 percent,
PVP coated]) to determine if harmful effects on epididymal sperm could be induced (Lafuente et
al., 2016). The PVP-Ag NPs were dispersed by sonication and were freshly prepared daily just
before treatment. The morphological characteristics of the PVP-Ag NPs were analyzed by TEM
and were reported to have an average particle size of 25.24 & 3.25 nm; 75 percent of the particles
had a core size less than 30 nm (15.6 = 2.21 nm), while the remaining 25 percent of the particles
had core sizes ranging from 30 to over 100 nm. The morphology of the PVP-Ag NPs was
analyzed on carbon film-coated Cu grids in contact with PVP-Ag NPs in 0.5 percent aqueous
CMC. To reduce the risk of possible artifact formation, all TEM samples were prepared and
analyzed on the same day in which the grids were prepared. The size of 200 particles was
determined with a particle analysis tool to establish size distributions using the Image J software
(Version 1.48). Male Sprague-Dawley rats (6/group) were gavaged daily with 0 (0.9 percent
saline), 50, 100, or 200 mg/kg/d PVP-coated Ag NPs at a volume of 4 mL/kg according to
OECD Test Guideline 408. Clinical signs and mortality of the rats were observed daily; body
weights and feed intake were recorded weekly. Sperm count, motility, morphology, viability,
and a histological evaluation of testes and epididymis were evaluated at the end of treatment.
There were no treatment-related differences in body weight, body weight gain or feed
consumption values. There was an increase, albeit not significant, in epididymis and testes
weights at 100 and 200 mg/kg/d. Sperm count, sperm motility and viability from treated rats did
not show any significant differences in the epididymal sperm compared to that of the control
group. The authors point out that after Ag NP treatment, a downward trend (72, 71, 77 and 65
percent, at 0, 50, 100, or 200 mg/kg/d, respectively; no statistical trend test was conducted)
occurred in sperm viability. The decrease at 200 mg/kg, which could be due to low PVP-coated
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Ag NP absorption, was not significant. High doses of PVP-coated Ag NPs showed higher
numbers of abnormal sperm. Histopathological examination of the testes did not reveal any
significant changes. The reproductive NOAEL was 100 mg/kg/d and the LOAEL was 200
mg/kg/d based on abnormal sperm.

In a study designed to examine male reproductive effects, weaned male Wistar rats (10/group),
were orally gavaged with a suspension of manufactured 60 nm Ag NPs at low dosages of 0
(vehicle not provided), 15, or 50 pg/kg/d (0.015 or 0.050 mg/kg/d), using a volume of 0.25
mL/kg, from PNDs 23 through 53 and sacrificed on PND 53 or 90 (Sleiman et al., 2013). Pup
growth was assessed by daily weighing, and puberty was measured on the day of preputial
separation. Spermatogenesis was assayed at necropsy on PNDs 53 or 90 by measuring sperm
count in the testes and epididymis and examining the morphology and morphometry of
seminiferous epithelium; testosterone and estradiol blood levels were assayed at sacrifice. Body
weights at PND 90 were not statistically different, but growth was reduced in the 50 pg/kg/d
group. Ag NP exposure produced a delay in puberty. Total and daily sperm production was
reduced in the 50 pg/kg/d on PND 53 and significantly reduced in both treatment groups on PND
90. Decreased sperm reserves in the caput, corpus and cauda of the epididymis and significantly
diminished sperm transit time through the segments of the epididymis occurred at PND 53 for
both treatment groups. Morphometric analysis of the seminiferous tubules did not reveal marked
alterations in epithelial height or in luminal or tubular diameters for either the 15 or 50 ng/kg
dosages. At PND 53, the groups treated with Ag NPs at 15 and 50 pg/kg/d showed quantitative
reduction in epithelial height, tubular and luminal diameters, but at PND 90 the values were
similar to control. The morphology of the seminiferous epithelium was markedly altered by
discontinuity and disorganization of seminiferous epithelium, cellular debris in the lumen, and
sloughing of the germinal cells from the epithelium into the tubular lumen at both dose levels.
The weight of testes, epididymis (caput, corpus, and cauda), seminal vesicles, and ventral
prostate were not significantly different at the timepoints, except for the weight of the cauda of
the epididymis at PND 53 (significantly decreased) in both groups. Testosterone and estradiol
serum concentrations did not reveal any significant alterations at PNDs 53 or 90. The data
demonstrate that prepubertal exposure to Ag NPs altered reproductive development in
prepubertal male Wistar rats, as evidenced by impairment in spermatogenesis and a lower sperm
count in adulthood, supporting a reproductive LOAEL of 0.015 mg/kg/d, the lowest dose tested.

Weanling male Wistar rats were orally gavaged daily with 0 (water), 15, or 30 pg/kg/d (0.015 or
0.030 mg/kg/d) Ag NP solution at a volume of 0.25 mL/100g bw from PNDs 23 to 58 and
sacrificed at day 102 to evaluate male reproductive toxicity (Mathias et al., 2015). The Ag NP
suspension particles were 60 nm in diameter. To evaluate whether dilution of the Ag NP
solution affected NP stability, the mean particle size and polydispersity index (PDI) were
analyzed by DLS. The Ag NPs were 86.1 nm when measured by DLS in solution (20 pg/mL),
86.1 nm for the 6 ng/mL dilution (15 pg/kg bw), and 87.0 nm for the 12 pg/mL dilution (30
ug/kg bw). The PDI were measured as 0.330, 0.330 and 0.346 for the commercial, 6 and 12
mg/mL solutions, respectively. Balanopreputial separation was evaluated starting at PND 33 and
continued daily until complete. The animals were weighed daily from PNDs 23 to 59 and then
every other day from days 59 to 120. A determination of the sexual partner preference was
performed at day 90 and sexual behavior was evaluated at day 95. At sacrifice, reproductive
hormones and the cauda of the epididymis were collected; sperm acrosome integrity, plasma
membrane integrity, mitochondrial activity, and morphology were evaluated. Ag NPs reduced

134



the acrosome and plasma membrane integrities, significantly reduced the mitochondrial activity,
and significantly increased morphological abnormalities of the sperm in both treatment groups.
Ag NP exposure significantly delayed the onset of puberty, although no changes in body growth
were observed in either treatment group. The animals did not show changes in sexual behavior
or serum hormone (FSH, LH, testosterone and estradiol) concentrations. Based on alterations in
sperm parameters and delay in the onset of puberty, the reproductive LOAEL was considered
0.015 mg/kg/d, the lowest dose tested.

In a study designed to examine male reproductive effects, male Wistar rats (8/group) were orally
gavaged for 90 consecutive days with 0 (double distilled water) or 20 pg/kg/d (0.020 mg/kg/d) of
synthesized (5 to 20 nm diameter particle size) Ag NPs (Thakur et al., 2014). Preparation of 5
x10° mol/L of Ag NPs was conducted via citrate-reduction. Ultraviolet-visible (UV-Vis)
absorption along with TEM were used to study the particle’s size, morphology and diameter of
the Ag NPs in an aqueous dispersion. The rats were monitored daily for clinical signs of toxicity
and weighed weekly until sacrificed. The testes tissue was processed for histology and examined
by light microscopy. The testes of the treated rats showed disorganization in appearance and
different degrees of atrophy in the seminiferous tubules. The germinal epithelium also appeared
disorganized, with loss of spermatogenic cells, especially spermatocytes and spermatids, and
exfoliation of the germ cells. The seminiferous tubular lumens were more thickened with fibrous
connective tissue, and showed severe atrophy and loss of epithelium, with only Sertoli cells and
spermatogonia present. Sperm were absent; the spermatogenic cells showed degeneration and/or
necrosis. The Sertoli cell nuclei were necrotic and dislocated from the basal membrane portion,
while their cytoplasm contained severe vacuolization and an accumulation of lysosomal bodies
containing Ag NPs. Lysosomal bodies containing NPs were also noted near deformed elongated
spermatids. Spermatids appeared with high vacuolation and dense bodies, and large populations
of developing spermatids showed acrosomal changes (sub-acrosomal swelling and perturbed
integrity of the membranes). Many apoptotic spermatids had vacuolated and collapsed nuclear
membranes. Elongated spermatids had deformed tail and head with increased sub-acrosomal
space. These deformed elongated spermatids were phagocytized by Sertoli cells, which resulted
in engulfed spermatids and residual bodies in the cytoplasm of Sertoli cells. Ag NPs were found
accumulated in the Sertoli cells cytoplasm. The reproductive LOAEL was considered 0.020
mg/kg/d, the only dose tested.
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Table 23. Summary of Reproductive Toxicity to Ag NPs via Oral Exposure

Species Exposure Particle NOAEL LOAEL LOAEL Response Comments Reference

(n/sex/group) concentrations characteristics® (mg/kg/d) [(mg/kg/d)
frequency, duration

Male and female 0 (deionized water) or 1 ~ |Purchased 22,42,71 |1 None INo effect on reproductive  [Non-guideline Park et al.,

ICR mice mg/kg/d by gavage; 14 |or 323 nm organ weights or 2010a
days histopathology-

5/sex/group

Male and female 0 (0.5% CMC), 30, 300, |Purchased 60 nm 1000 None INo effect on reproductive |[OECD 407/GLP study |Kimetal.,

Sprague-Dawley ratsjor 1000 mg/kg/d by organ weights or 2008
gavage; 28 days histopathology

10/sex/group

Male and female 0 (0.5% CMC), 30, 125, |Purchased 56+1.46 [125 500 Significant | in male body [OECD 408/GLP study [Kim etal.,

F344 rats or 500 mg/kg/d by nm weights; and significant 1 2010a
gavage; 90 days in relative left testes weight

10/sex/group

Male Wistar rats 0 (distilled water), 25, 50, |Synthesized 70 nm 25 50 Significant | in INon-guideline; Miresmaeili et al.,
100, or 200 mg/kg/d by spermatogonia, twice/day dosing;no  [2013

8/group gavage; 2x/day for 48 spermatocytes and difference in testes
days spermatids at 50, 100, and [weight

200 mg/kg/d

Male Wistar 0 (not given), 15, 0or 50  |Purchased 60 nm INone 0.015 Significant | in sperm INon-guideline; low Sleiman et al.,

weanling rats pg/kg/d (0.015 or 0.050 production at 50 pg/kg/d |dosages 2013
mg/kg/d) by gavage; and | sperm reserves at 15

10/group daily PND 23-53 and 50 pg/kg/d

Male Wistar rats 0 (double distilled water) |Synthesized 5-20 nm [None 0.020 Adverse testicular (Non-guideline Thakur et al.,
or 20 png/kg/d; (0.020 histopathological findings 2014

8/group mg/kg/d) daily by gavage;
90 days

Male and female 0 (distilled water), 62.5, |Manufactured 7.9+ 250 None INo effect on reproductive |[OECD 422/GLP study |Hongetal.,

Sprague-Dawley rats|125, or 250 mg/kg/d by  [0.95 nm citrate-coated organ weights or 2014
gavage; 42 days males and histopathology-

10/sex/group 52 days females
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Species Exposure Particle NOAEL LOAEL LOAEL Response Comments Reference
(n/sex/group) concentrations characteristics® (mg/kg/d) [(mg/kg/d)
frequency, duration
Male Wistar 0 (water), 15, or 30 Purchased 60 nm; INone 0.015 Significant | acrosome INon-guideline; no effectMathias et al.,
weanling rats pg/kg/day (0.015,0.030 |measured 86.1 nm integrity and onset of on body growth 2015
mg/kg/d) by gavage; daily puberty; significant 1
10/group PND 23-58 abnormal sperm at 15 and
30 ng/kg/d; delay in
puberty.
Male Sprague- 0 (0.9% saline), 50, 100, [Purchased PVP-coated |100 200 Non-significant 1 in OECD Guideline 408 [Lafuente etal.,
Dawley rats or 200 mg/kg/d by 25.24 £3.25 nm epididymis and testes 2016
gavage; 90 days weights at 100 and 200;
6/group and | sperm viability;
significant 1 in abnormal
sperm at 200 mg/kg/d

aParticle characteristics described in text
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5.6.1.3 Developmental Toxicity

The effect of oral administration of Ag NPs on the development of the CD-1 mouse (4 to 6
weeks old) was investigated by Philbrook and coworkers (2011). The purchased Ag NPs were
untreated and supplied as 20 nm (99.8 percent pure). TEM analysis showed that the Ag NPs
“were well-dispersed, but more heterogeneous in size.” When measured in distilled water,
particle size range was 24 to 47 nm (average size 35.3 = 5.8 nm), and when measured in
tragacanth gum (vehicle), the sizes ranged from 144 nm to 260 nm (average size 220 +21.1 nm).
The developmental success of CD-1 mice (12 to 18 litters) was evaluated after a single 5 mL/kg
oral gavage dose to dams of 0.2 percent, 2.0 percent, and 20 percent w/v suspension in a 0.5
percent tragacanth gum aqueous solution at 0 (distilled water), 10, 100, or 1000 mg/kg Ag NPs,
only on GD 9. Dams were weighed and then euthanized on GD 19 and each uterus was
examined for resorptions. All fetuses (210, 177, 146, and 147 in the four dose groups,
respectively) were counted, weighed, measured for length and examined for any external
morphological defects. Placentas, fetal livers and fetal kidneys were processed, stained with
H&E, and the sections examined histopathologically. Fetuses were skinned, eviscerated and the
skeletons stained with Alcian Blue and Alizarin Red S for cartilage and bone visualization,
respectively. There was no indication of maternal toxicity (including the dams' behavior and
body weights) after Ag NP treatment during the 10-day post-exposure period. Litter size,
maternal weight gain from GD 9 to GD 19 and mean fetal weights and lengths also did not differ
from the control group. There was a significant increase in the number of non-viable fetuses
obtained from dams exposed to 10 mg/kg Ag NPs; at the 100 or 1000 mg/kg concentrations, this
effect was not apparent. There was no increase in the number of external, visceral or skeletal
defects in fetuses prenatally exposed to Ag NPs. “Limited” TEM analysis identified the
presence of Ag NP in the fetal liver and fetal kidneys. This latter finding indicates transplacental
exposure occurred by the oral route from a single exposure.

Both Ag NPs and ionic Ag+ were investigated for potential developmental toxicity (Charehsaz et
al., 2016). Pregnant female Sprague-Dawley rats (10/group) were dosed by gavage (4 mL/kg)
with 0, 0.2, 2.0, or 20 mg/kg/d of synthesized Ag NPs (average 55 nm in hydrodynamic diameter
by TEM) or 20 mg/kg/d AgNOs3 suspensions for Ag+, from GD 7 to 20. On the second day after
parturition, dams and pups were sacrificed and Ag level measured by atomic absorption (AA) in
several maternal and pup organs. Hepatotoxicity, oxidative stress parameters in the brain and
liver, and histopathology of the maternal brain, heart, lungs, liver, kidneys, spleen, ovaries, and
uterus, as well as the brain, heart, liver, lung, and kidney from one pup/litter, were also
evaluated. No treatment-related effects were found for gestational indices including length of
pregnancy, maternal weight gain, number of implantations, fetal resorptions, birth weight, sex
distribution, litter size, and offspring weights at any dose level of Ag NPs or Ag+. Relative
weights of the heart, uterus and brain were significantly reduced at 20 mg Ag NPs in the dams.
Maternal weight gain was lower in dams receiving AgNOs3, indicating Ag+ exerts a higher
toxicity compared to the Ag NP form. Tissue content of Ag, including breast milk, was higher in
all treated groups compared to control dams and pups, indicating transfer of Ag across the
placenta and blood-brain barriers of both silver forms. Biochemical analysis of two biomarkers
of hepatotoxicity, ALT and AST, showed no significant differences between groups. Some
minimal adverse responses were observed in histopathological analysis of liver. Interleukin 6,
which acts as both a pro-inflammatory cytokine and an anti-inflammatory myokine, was slightly
increased by both forms of Ag. Oxidative stress was induced in dams and their offspring as
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indicated by induction of SOD activity after dosing with AgNOs. Histopathological examination
of brain tissue revealed a high incidence of hippocampal sclerosis in dams treated with Ag NPs
or ionic Ag+.

Pregnant Sprague-Dawley rats (11/group) were gavaged daily with 0 (0.5 percent CMC), 100,
300, or 1000 mg/kg/d Ag NP suspensions with a dose volume of 10 mL/kg on GD 6 through 19
and Cesarean-sectioned on GD 20 (Yu et al., 2013). The Ag NPs were commercially available
with a particle size listed as 7.5 £ 2.5 nm and measured by TEM as 6.45 + 2.55 nm. Dams were
examined daily throughout the gestation period for clinical signs; individual body weights and
feed consumption values were measured on GD 0, 6,9, 12, 15, 17, and 20. At Cesarean section,
the number of corpora lutea and the status of all implantation sites (i.e., live and dead fetuses,
early and late resorptions, and total implantations) were counted; all fetuses were examined for
signs of embryotoxic and teratogenic effects. Examinations of hepatic oxidant/antioxidant
balance and serum biochemistry to measure oxidative stress were also added to the routine
developmental toxicity endpoints. No treatment-related clinical signs were observed and no
significant differences in body weight or feed consumption values were observed between the
four groups. At the scheduled autopsy, no treatment-related gross findings were observed in
dams of any group. Absolute brain weights in all treatment groups increased significantly
compared to vehicle controls; all other absolute and relative organ weights (pituitary, adrenals,
liver, spleen, kidneys, heart, ovaries) were not significantly different. Overall, pregnancy rates
were comparable across all dosage groups, ranging from 72.7 to 100 percent. There were no
completely resorbed litters in any group and the number of corpora lutea, implantations, post-
implantation loss rates, fetal deaths, litter size, gender ratio of live fetuses, fetal body weights,
and placental weights in the treatment groups were not statistically different from the controls.
The pre-implantation loss rate in the 1000 mg/kg group was significantly higher than the
controls. Some external and visceral malformations and variations were observed in fetuses
from treated groups; however, the incidences of these findings were comparable between the
groups. Only one case of a skeletal malformation (i.e., short 13 rib) was observed in the 1000
mg/kg group. Although some types of skeletal variations, including incomplete ossification of
the parietal bones that form the central side and upper back part of the skull, incomplete
ossification of the inter-parietal, wavy ribs, short supernumerary ribs, full supernumerary ribs,
misshapen sternebrae, misaligned sternebrae, bipartite ossification of the sternebrae, dumbbell
ossification of the sternebrae, unossified thoracic centrum, bipartite ossification of the thoracic
centrum, and dumbbell ossification of the thoracic centrum were found in the treatment groups,
no significant differences in the number of fetuses with developmental variations or in the
number of litters with affected fetuses were observed between the groups. No significant
difference was observed between the treatment groups and controls regarding any of the serum
biochemical parameters examined in pregnant dams. Treatment with Ag NPs caused a
significant decrease in liver catalase and glutathione reductase activities at greater than or equal
to 100 mg/kg/d and a reduction in glutathione content at 1000 mg/kg/d in maternal liver tissues.
The results show that repeated oral doses of Ag NPs during pregnancy caused oxidative stress in
hepatic tissues at greater than or equal to 100 mg/kg/d, but did not cause developmental toxicity
at doses of up to 1000 mg/kg/d. The NOAEL of Ag NPs is considered to be less than 100
mg/kg/d for dams (maternal toxicity) and 1000 mg/kg/d for developmental toxicity.

Fatemi et al. (2013) examined adverse effects of manufactured Ag NPs (20 £ 4 nm) in the brain
of male pups from pregnant Wistar rats (45/group) that were orally gavaged with 0 (deionized
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water) or 25 mg/kg/d from GD 9 to delivery. After parturition, one male from each litter was
sacrificed and the brain removed for determination of the amount of Ag, malondialdehyde,
glutathione, and glutathione peroxidase (GPX) activity to measure oxidative stress. Pup body
weights and relative brain weights (n=16) were significantly reduced in the Ag NP-exposed
neonates. Histopathological examination of the Ag NP-exposed brains (8/group) revealed a
significant increase in microvacuolar structures indicating brain damage. A significant decrease
in GPX activity and glutathione levels and a significant increase in malondialdehyde levels were
observed in the brains of pups. In total, these findings suggest that Ag NPs may act as a
developmental toxicant.

The studies are compiled in Table 24.
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Table 24. Summary of Developmental Toxicity of Ag NPs via Oral Gavage Exposure

Species Exposure Particle NOAEL LOAEL LOAEL Responses Comments Reference
n/sex/group concentration, |characteristics (mg/kg/d) |(mg/kg/d)

frequency,

duration
Pregnant CD-1 0, 10, 100, or 1000 [Purchased 1000 INone INone INon-guideline; only dosed  |Philbrook et al.,
mice mg/kg/d 35.3 + 5.8 nm; ranged GD 9 2011

24-47 nm

12-18 litters GD 9 only
Pregnant Wistar |0, 25 mg/kg/d Purchased None 25 | pup and brain wts; 1 INon-guideline; only 1 dosage |[Fatemi et al.,
rats micro- vacuolization in pup 2013

GDs 9 to delivery |20 £4 nm brains
45/group
Pregnant Sprague- |0, 100, 300, or Purchased None 100 | brain weight Preimplantation loss was 1 at [Yuetal.,
Dawley rats 1000 mg/kg/d 1000 mg/kg/d but had no 2013

7.5 £2.5nm effect on litter size

11/group GDs 6 to 19
Pregnant Sprague- (0, 0.2,2.0, or 20  |Synthesized 55 nm 2.0 NPs 20 NPs | maternal body weight; no [Non-guideline Charehsaz et al.,
Dawley rats mg/kg/d Ag NPs or embryo/fetal effects 2016

20 mg/kg/d AgNOs
10/group None 20 AgNO;

GDs 7 to 20 (for Ag+)
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5.6.2 Inhalation Exposure

No data regarding inhalation exposure in humans and reproductive or developmental outcome
were located in the recent literature search. The reproductive studies in animals via inhalation
exposure are shown in Table 25.

5.6.2.1 Reproductive Toxicity

This 90-day subchronic inhalation toxicity study (OECD Test Guideline 413) of Ag NPs used
eight-week-old male and female Sprague-Dawley rats, divided into four groups (10/sex/group):
clean air (dried and filtered) control, low concentration (0.6 x 10° particles/cm?, 49 ug/m?),
middle concentration (1.4 x 10% particles/cm?, 133 ng/m?), and high concentration (3.0 x 10°
particle/cm?®, 515 pug/m?) (Sung et al., 2009). The animals were exposed to Ag NPs generated by
the investigators (average diameter 18 to 19 nm; surface areas were 1.08 to 6.61 x 10° nm?/cm?)
for 6 h/d, 5 d/wk, for 13 weeks in a whole-body inhalation chamber. Clinical observations, body
weight and feed consumption values were recorded weekly. At necropsy, blood samples were
collected for hematology and clinical chemistry tests, and the organ weights (testes, epididymis,
seminal vesicle, prostate, uterus and ovaries) were measured and evaluated histopathologically.

There were no treatment-related effects on the weights of the reproductive organs. Sperm

parameters and estrus cycling were not measured. The NOAEC for reproductive effects was 515
ng/m?>, the highest concentration tested, as no adverse effects on reproductive organ weights were
reported.

Table 25. Summary of Reproductive Toxicity of Ag NPs via Inhalation

Species | Exposure, | Particle NOAEC | LOAEC | LOAEC Comments | Reference
(n/sex/ | frequency, | characteristics | (ug/m3) (ug/md) Responses
group) | duration
Maleand | 0,49, 133, or | Synthesized 515 (repro | None Reproductive | OECD TG Sung et al.,
female 515 pg/m? 18 to 19 nm; effects) function not 413 2009
SD rats surface area = evaluated
6 h/d, 5d/wk, | 1.08 to 6.61x109
10/sex/ 90 days nm?/cm’
group
Whole
body
exXposure

5.6.2.2 Developmental Toxicity

No studies were located via the inhalation route of exposure to evaluate developmental toxicity.

5.6.3 Dermal Exposure

No studies were located using the dermal route of exposure to evaluate reproductive or
developmental toxicity.
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5.6.4 Other Routes of Exposure

There are several reproductive and developmental toxicity studies by the oral route relevant to
inform ADI derivation for consumer products containing Ag NPs. There is a paucity of studies
by inhalation or dermal routes. There are numerous Ag NP toxicity studies by parenteral routes.
Many of these studies have limitations in the animal number, dosing period, dosage level, and
number of groups. However, they may provide some insight into the mechanism of action, target
tissues, and transplacental biokinetics and transfer across blood brain and blood-testes barriers in
potentially susceptible populations for adverse reproductive and developmental effects of Ag
NPs, and thus are briefly addressed in Appendix F.

5.6.5 Summary

No standard in vivo mammalian guideline tests of reproductive toxicity were located for Ag NPs
in the search of recent literature. However, an oral reproductive/developmental toxicity
screening study (Hong et al., 2014), as well as several oral standard subchronic studies (Kim et
al., 2008, 2010a) that evaluated some reproductive endpoints were published (Yu et al., 2014;
Charehsaz et al., 2016). In addition, one standard inhalation subchronic repeat-exposure
mammalian toxicity test with reproductive endpoints (Sung et al., 2009) was located. It has been
reported that Ag NPs cross the blood-testes and blood-brain barrier in mice (Lankveld et al.,
2010) and rats (Asare et al., 2012). Further, Ag NPs produce significant severe effects on
seminiferous tubules, Sertoli cells and sperm production in rats orally gavaged with 50 to 200
mg/kg/d of synthesized Ag NPs (70 nm) for 48 days and at a much lower dose (0.020 mg/kg/d)
for 90 days with synthesized (5 to 20 nm) Ag NPs (Miresmaeili et al., 2013; Thakur et al., 2014).

It is not likely that humans would be exposed to NPs from consumer products via parenteral
routes such as IV, SC or IP routes. However, these routes may provide insight if there are data
gaps for more common routes, as is the case for the inhalation or dermal routes for Ag NPs.
These studies are discussed in Appendix F. Subcutaneous or IV studies may provide an
indication of potential reproductive/developmental effects should there be dermal exposure to
damaged skin. These routes also provide information as to kinetics, such as transfer across the
blood-brain barrier, blood-testes barrier, and transplacental transfer.

Several IV, IP and SC developmental studies fill data gaps for developmental neurobehavioral
testing and indicate neurochemical alterations. These endpoints were not evaluated via the oral
or inhalational routes.

5.7 Carcinogenicity

Laboratory animal studies were not located in the recent literature search on the possible
carcinogenicity of Ag NPs by any route of exposure. The National Toxicology Program selected
Ag NPs for carcinogenicity testing, however, these studies have not been conducted.

According to the criteria of the U.S. EPA (U.S. EPA, 2010b, 2017b), silver (CASRN 7440-22-4)
is not classifiable as a human carcinogen (Group D). Ag NPs have not been considered for
assessment in IRIS.
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5.8 Mechanistic Data
5.8.1 Mutagenicity/Genotoxicity Studies

Results of short-term tests to assess the mutagenicity/genotoxicity of Ag NPs published prior to
2012 have been reviewed by Kim and Ryu (2013). While no in vitro or in vivo mutagenicity
studies were identified in this review, there were ten publications describing results of in vitro
genotoxicity studies of Ag NPs in cells derived from mammalian species and two in vivo
genotoxicity studies in rats. A brief summary of the Kim and Ryu (2013) review is provided
here as this review covered a broader range of studies than the review prepared by Versar (2012).
The inclusion criteria for studies (i.e., study quality or test material characteristics), were not
provided in the Versar (2012) nor in Kim and Ryu (2013). Ag NPs induced DNA damage in the
in vitro comet assay in five studies using six different human cell lines. Formation of
micronuclei (MN) was also induced by Ag NPs in two in vitro studies involving three different
human cell lines. An enhanced level of YH2AX, which forms at the sites of DNA double strand
breaks, was observed in three studies involving two human cell lines and two mouse cell lines.
In the studies in mouse cell lines, expression of Rad51, a DNA damage repair protein, was also
measured and found to be increased. One study reported increased formation of bulky DNA
adducts in cells from a human cell line exposed to Ag NPs. The level of adducts was decreased
by pretreatment with N-acetylcysteine (NAC), an antioxidant, suggesting the involvement of
ROS in DNA adduct formation. As for the two in vivo genotoxicity studies in rats, one showed
an increase in DNA damage measured by the comet assay in blood cells after IV injection of Ag
NPs at 5-day intervals over a 32-day period, while the other showed no significant increase in
MN in the bone marrow after inhalation exposure for 90 days (6 h/d). In the inhalation study
there was no evidence of target tissue toxicity suggesting that the lack of a MN response may
have been due to inadequate target tissue exposure.

In their review Kim and Ryu (2013) addressed the influence of Ag NP physicochemical
characteristics on genotoxicity potential. Characteristics such as coating and surface charge, NP
size, release of Ag+ ions, and agglomeration/aggregation may all play a role, but the influence of
these parameters is not fully understood. Ag NPs are often coated to promote stability and
dispersibility, resulting in surface polarity that prevents agglomeration. Only a few in vitro
studies discussed in this review addressed the effect of coating on Ag NP-induced cytotoxicity,
and only one of them specifically addressed genotoxicity. In that study, polysaccharide-coated
Ag NPs induced more extensive DNA damage as measured in a YH2AX assay compared with
uncoated Ag NPs of equivalent size. Given the broad variety of coating agents used and the
different surface chemistries imparted by these agents, no conclusions can be drawn from the
studies reviewed by Kim and Ryu (2013). NP size is an important factor, and smaller-sized Ag
NPs may contribute to greater cytotoxicity and genotoxicity by allowing greater penetration of
the mammalian cell membrane. Smaller size also affords a larger particle surface area (i.e.,
m?/g), for interaction with cellular organelles and constituents. One study reviewed by Kim and
Ryu (2013) supported the greater genotoxicity of PVP-coated 5 nm Ag NPs in a comet assay
when compared with PVP-coated 20 and 50 nm Ag NPs. Ag+ ions are released by the surface
oxidation of Ag NPs in the presence of water and studies have demonstrated Ag" genotoxicity.
However, the genotoxicity of Ag NPs in an in vitro MN study was only partially eliminated by
cysteine, a strong Ag+ ligand, indicating that the genotoxicity of Ag NPs was not fully accounted
for by Ag+ release.
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Kim and Ryu (2013) concluded that a variety of in vitro and in vivo models indicate that Ag NPs
induce genotoxicity as well as oxidative stress and apoptosis, although specific mechanisms that
account for these effects are unclear. The physicochemical characteristics discussed above
complicate the interpretation of study results and the elucidation of Ag NP-specific modes of
action for genotoxicity. Ag NP preparation methods, particularly procedures related to the
coating and dispersion of Ag NPs, may differ across studies conducted by different research
groups, making it not entirely feasible to compare data from one study with another. Further
evaluation of studies since 2012, confirms that it is essential to develop evaluation methods that
accommodate the unique physicochemical characteristics inherent to Ag NPs and to attempt to
standardize and harmonize experimental procedures related to the study of Ag NP-induced
toxicity, including genotoxicity.

Numerous additional in vitro and in vivo mutagenicity/genotoxicity studies of Ag NPs have been
published since 2012. These are summarized below and reviewed in Appendix G.

5.8.1.1 Summary

A large number of both in vitro and in vivo mutagenicity/genotoxicity studies on Ag NPs have
been conducted. Bacterial mutagenicity assays have typically shown negative results. However,
the lack of uptake by bacterial cells, as well as the significant antibacterial properties of silver,
suggests that bacterial mutagenicity tests such as the Ames test are not well-suited for the
evaluation of Ag NP mutagenicity. Although Ag NPs have shown mixed results in several
mammalian cell mutagenicity assays, the data suggest that at least some Ag NPs are mutagenic
in these test systems. Small size and citrate-coated Ag NPs appear to have greater mutagenic
potential. Results of only two in vivo mutagenicity assays have been published, and they both
suggest a lack of in vivo mutagenicity for the Ag NPs evaluated under the test conditions used in
those studies. However, the data are too limited to make definitive conclusions concerning the
overall in vivo mutagenicity of Ag NPs as a class of materials.

Genotoxicity studies, both in vitro and in vivo, have typically been conducted using the
chromosome aberration assay, the MN assay or the comet assay. Four in vitro chromosome
aberration assays with Ag NPs have produced mixed results. The reason for the differing results
is unclear. None of these studies compared Ag NPs varying in particle size or coating in the
same test system, thus precluding an evaluation of the influence of these characteristics on
clastogenicity.

In vitro MN assay results were reported in 18 publications. Most of these studies involved
human cell lines as a test system. Positive results were reported in 15 of them, one study showed
positive results in one cell line but not another, and two studies showed negative results. The
study showing a difference in response between two cell types also demonstrated that MN assay
methodology can influence study outcomes (Sahu et al., 2014a,b; Sahu et al., 2016a,b; discussed
in Appendix G). One of the studies showing negative results was conducted in a human
bronchial epithelial cell line; positive results were reported by another group of investigators in
the same cell line. The difference in results remains unexplained. A few in vitro MN studies
have evaluated Ag NPs differing in size and coating under the same experimental conditions.
Most of these studies showed that small (10 to 20 nm) Ag NPs and citrate-coated Ag NPs were
more potent than PVP-coated Ag NPs in inducing genotoxicity. While one study showed 100
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nm Ag NPs gave a greater response than 10 nm Ag NPs, there was evidence of agglomeration of
the 10 nm Ag NPs and this is likely to have influenced the findings (Souza et al., 2016).

Numerous in vitro alkaline comet assays have been conducted in a wide variety of human cell
lines and primary cell cultures as well as animal cell lines. With very few exceptions these have
shown positive results. One study reported negative results in two types of normal human cells
when Ag NPs were tested at non-cytotoxic concentrations. However, other studies have shown
positive comet responses at non-cytotoxic concentrations. The negative study utilized an
unconventional scoring method for scoring comet results. Given the large number of positive
studies, this negative study can be given little weight. Five modified comet assays designed to
detect specific oxidative DNA damage have been published and four have shown a positive
response. Although these studies suggest that some Ag NPs have the capacity to induce
oxidative DNA damage in vitro, further study of the characteristics of Ag NPs that are associated
with this capacity is warranted as the one negative study did not support oxidative DNA damage
as a mode of action for Ag NP genotoxicity.

When ROS has been measured in MN or comet assays, most have shown an increase in ROS
accompanying the positive genotoxicity response. However, one study showed that, while ROS
was increased by all three Ag NPs evaluated, the ROS responses across three different cell lines
did not correlate with increases in percent tail DNA. The role of ROS in the mode of action of
Ag NP-induced DNA damage also requires further evaluation. Likewise, the role of release of
Ag+, either extracellularly or intracellularly, in the mode of action of Ag NP genotoxicity is not
clear.

The experimental evidence suggests that Ag NPs of diverse characteristics are capable of
inducing DNA damage in vitro as measured by the comet assay. Consistent with the in vitro MN
results, some studies have reported that small size and citrate coating are associated with greater
potency in the comet assay. However, one study showed comparable effects on percent tail
DNA with Ag NPs ranging in size from 10 to 75 nm that were either citrate-coated, PVP-coated,
or uncoated (Gliga et al. (2014). Further study of the effect of particle characteristics as well as
other factors that may influence the outcome of these assays with Ag NPs, such as dosing
regimens, effect of dispersion method on aggregation, cell culture conditions, assay
methodology, and vehicle used would be useful.

In vivo Ag NP genotoxicity has been evaluated using the MN assay or the comet assay. In vivo
studies involving all routes of exposure, including oral, inhalation, IP and IV routes have been
included in this report for completeness. However, the IP and IV routes of exposure are
generally not recommended for risk assessment for consumer products without specific scientific
justification. Five positive MN studies indicate genotoxic potential for Ag NPs following
exposure by the oral, IP, or IV routes. However, negative results have also been reported in one
IV study and one IP study. The lack of a MN response in the negative studies does not appear to
be explained by inadequate target tissue exposure. Further study of the factors that may
influence the outcome of in vivo assays with Ag NPs, such as dosing regimens, Ag NP
characteristics such as particle size and coating, effect of dispersion method on aggregation,
assay methodology, vehicle used, and route-specific differences in biokinetics and protein corona
surrounding the NP would be useful.
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Ag NPs have been shown to cause DNA damage in vivo in the comet assay in bone marrow
following exposure by either the oral or IP routes in three studies. Negative results in an [V
study evaluating bone marrow may have been attributable to inadequate target tissue exposure.
An analysis of the Ag NP test material characteristics on the outcome of the in vivo comet assays
in bone marrow was not undertaken, given the small number of studies, varying routes and
durations of exposure.

Among 10 in vivo MN studies in rats or mice, one study showed an increase in MN formation
and one study was negative despite evidence of cytotoxicity to the bone marrow. The remaining
studies were also negative. A lack of evidence of target tissue cytotoxicity, indicating lack of
adequate exposure may be the explanation for some of these eight negative studies, but
cytotoxicity in the target tissue was not evaluated in all of these studies. Time of sacrifice after
exposure could also explain the lack of a MN response in at least one study. Numerous in vivo
comet assays have also been conducted looking for DNA damage in various target organs after
exposure via various routes (oral, IV, inhalation, IT). These studies have given conflicting
results. As with the in vivo MN assays, negative results are not adequately explained by a lack of
evidence of target organ exposure or target organ toxicity.

5.8.2 Mechanism of Action

The causative agent and the mechanism of action for the toxicity of Ag NPs are not known.
Research has been directed at discerning whether the NPs themselves cause toxicity or whether
Ag ions dissociated from the Ag NP may be the toxic moiety. Similarly, several events have
been postulated to be involved in the adverse outcome pathway for Ag NPs: interaction with
cellular proteins, ROS, inflammation, cell death and genotoxicity. The role of coatings,
aggregation, and NP size, while thought by some to contribute to toxicity, has not been teased-
out of the milieu of factors that influence the cascade of events leading to Ag NP toxicity.

Ag NPs have many recent applications for antimicrobial activity (Chen and Schluesener, 2008;
Johnston et al., 2010; Wang et al., 2015b). However, this application is regulated by the U.S.
EPA and the FDA and is not within the jurisdiction of CPSC. Therefore, the mechanism of
action for antimicrobial activity is not considered in this report.

5.8.2.1 Physicochemical Form of Silver and Toxic Moiety

Ionic silver (Ag+) is considered the toxic form of Ag by many researchers in the nanomaterial
field. The dissolution of Ag+ from Ag NPs within cells and in close proximity to cells in
aqueous environments has been proposed to be one mode of action of toxicity of Ag NPs;
however, contribution to toxicity from the NPs (themselves) have also been proposed (Hwang et
al., 2008; Liu et al., 2010).

Recent studies, summarized below, support that the ionic form of Ag is likely more cytotoxic (on
a mass basis) than Ag NPs. In addition, NP characteristics such as coating(s) and smaller size,
influence cellular toxicity in human and animal cells in vitro. Because Ag NPs shed Ag+, the
release of Ag+ and resistance of NPs to dissolution may be a factor influencing NP toxicity.

From a regulatory standpoint, products labelled as containing Ag NPs in solution frequently
contain high concentrations of Ag+ (U.S. EPA, 2010b).
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The comparative in vitro cytotoxicity of Ag NPs and Ag+ has been examined in studies with
mammalian cells, including human mesenchymal stem cells (Greulich et al., 2009; Hackenberg
et al., 2011a), human monocytic cells (Foldbjerg et al., 2009, 2011), human HEPG2 hepatoma
cells (Kawata et al., 2009; Kim et al., 2009), human HeLa S3 cells (Miura and Shinohara, 2009),
human intestinal cells (Bohmert et al., 2014), human lung A549 cancer cells (Chairuangkitti et
al., 2013; Foldbjerg et al., 2011; Hatipoglu et al., 2015); human liver HepG2 and mouse liver
primary cells (Faedmaleki et al., 2014); human Jurkat T cells (Eom and Choi, 2010); human
dermal fibroblasts (HDF) and epidermal keratinocytes (Galandakova et al., 2016); rat alveolar
macrophages (Carlson et al., 2008); rat adrenal medulla pheochromocytoma cells (Powers et al.,
2010, 2011); mouse spermatogonia stem cells (Braydich-Stolle et al., 2010), mouse bone marrow
mast cells (Aldossari et al., 2015); mouse RAW264.7 peritoneal cells (Park et al., 2010b); and
mouse L1929 fibroblast cells (Kumar et al., 2015). The results suggest that mammalian cytotoxic
responses to Ag NPs are dependent on particle physical and chemical characteristics and are
similar, although not identical, to responses to Ag+, especially for Ag NPs with smaller average
diameters (less than ~30 nm). Additional studies of mammalian cells exposed to Ag NPs, but
not Ag+, provide supporting results (Arora et al., 2009, 2008; Rosas-Hernandez et al., 2009;
Hsin et al., 2008; Hussain et al., 2006, 2005; Versar, 2012).

Key findings from historical, as well as more recent, literature following exposure to either Ag
NPs or Ag+ include increased levels of ROS (Foldbjerg et al., 2009, 2011; Kim et al., 2009;
Carlson et al., 2008; Hussain et al., 2006, 2005; Liu et al., 2010; Lim et al., 2012b; Ahmad et al.,
2012; Chairuangkitti et al., 2013; see also review in Versar, 2012), induction of oxidative stress
management genes (Kim et al., 2009; Miura and Shinohara, 2009; Bouwmeester et al., 2011;
Huo et al., 2015; Chen et al., 2016), increased percentage of apoptotic cells (Foldbjerg et al.,
2009; Miura and Shinohara, 2009; Hsin et al., 2008; Kumar et al., 2015), and attenuation of Ag-
induced cytotoxic effects by NAC (a glutathione precursor, ligand for Ag+, and ROS scavenger)
(Kawata et al., 2009; Kim et al., 2009; Hsin et al., 2008; McShan et al., 2014). Across a number
of studies, Ag+ from either silver nitrate or silver acetate was consistently more potent than Ag
NPs in inducing apoptosis and ROS (Foldbjerg et al., 2009; Kim et al., 2012b) and reducing cell
viability (Greulich et al., 2009; Kim et al., 2009; Miura and Shinohara, 2009; Carlson et al.,
2008), while silver carbonate was less potent as Ag NPs in decreasing cell viability (Kawata et
al., 2009).

The potential toxicity of Ag NPs was compared to the effects of Ag+ using normal primary HDF
and normal human epidermal keratinocytes in serum-free culture (Galandakova et al., 2016).
Besides the effect of Ag NPs and Ag+ on cell viability, the inflammatory response and DNA
damage in Ag NPs and Ag+-treated cells were examined. Ag+ was significantly more toxic than
Ag NPs both on normal dermal fibroblasts and epidermal keratinocytes. Non-cytotoxic
concentrations of Ag NPs and Ag+ did not induce DNA strand breaks and did not affect
inflammatory markers, except for a transient increase in IL-6 levels in Ag+—treated dermal
fibroblasts.

Comfort and coworkers (2014) found Ag+ dissolution disrupted epidermal growth factor signal
transduction even after the removal of the excess NPs, suggesting that intracellular Ag+, not NPs

themselves, is the toxic moiety.

The role of coatings and optimum size of Ag NPs that affect toxicity is an ongoing subject of
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research. Results from studies of mouse spermatogonia stem cells showed that size and coating
can influence the cytotoxicity of Ag NPs (10 to 130 nm) (Braydich-Stolle et al., 2010). Smaller
Ag NPs (10 to 15 nm) and higher concentrations (greater than 10 ug Ag/mL) of either
hydrocarbon- or polysaccharide- coated Ag NPs significantly impaired mitochondrial function
and inhibited cell proliferation. Ahamed et al. (2008) reported that exposure to 25nm Ag NPs,
with either coating, induced apoptosis, and, decreased mitochondrial function in cultured mouse
embryonic stem cells and fibroblasts.

Ag NP seeds (NPs with 8 to 15 nm hydrodynamic sizes that fuse together) were the major source
of cytotoxicity and genotoxicity in HDF and human lung cancer (A549) cell lines with exposure
to spherical Ag NPs synthesized from silver nitrate (Hatipoglu et al., 2015). The Ag NPs seeds,
having reactive surfaces, tend to release Ag+ ions. The formation of larger Ag NPs effectively
decreased the toxicity.

Powers et al. (2011) noted that significant differences were found in potencies and differentiation
outcomes that depended both on particle size and coating when in vitro neurodevelopmental
endpoints were measured in PC12 cells from pheochromocytoma rat adrenal medulla. None of
the effects reflected simple physical attributes of NPs, as equivalent concentrations of silica NPs
had no detectable effects.

Using bone marrow derived from mouse mast cells and Ag NPs of varying physicochemical
properties, Aldossari and coworkers (2015) tested whether Ag NPs’ (spherical 20 nm and 110
nm suspended in either PVP or citrate) physicochemical properties can influence mast cell
degranulation and osteopontin production. Mast cell responses were found to be dependent on
the physicochemical properties of the Ag NPs. Mast cell degranulation was not dependent on Ag
NPs dissolution, but was prevented by tyrosine kinase inhibitor pretreatment.

5.8.2.2 Cellular Translocation

Physiological differences in the portal of entry for oral, inhalation or dermal routes of exposure
likely have a role in local intracellular translocation as well as toxicity from Ag NPs. The small
size and extremely large surface area of Ag NPs affects the adhesion of the NPs so that they
make strong contact with the surface of cells and alter membrane properties (Wong and Liu,
2010). Limited research was available regarding how Ag NPs are moved from the extracellular
space into cells and if disruption of the membrane surface facilitates intracellular translocation.
A handful of in vitro and in situ studies have attempted to explore these differences.

The cytotoxicity of Ag NPs on intestinal cells was investigated using Caco-2 cells (a continuous
cell line of heterogeneous human epithelial colorectal adenocarcinoma cells) (Bohmert et al.,
2014). The authors found that Ag NPs only partially aggregate as a result of an artificial
digestive process. Small differences in cell viability between digested and undigested particles
were reported, suggesting that Ag NPs overcome the gastrointestinal juices in their particulate
form without forming large quantities of aggregates. The authors concluded that the Ag NPs
likely reach the intestinal epithelial cells in vivo after ingestion with only a slight reduction in
their cytotoxic potential.

The cytotoxicity of commercially available Ag NPs on human epidermal keratinocytes (HEKSs)
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was investigated by Samberg et al. (2010) using eight different unwashed/uncoated particle sizes
(20 to 80 nm particle diameter), washed/uncoated (20 to 80 nm), and carbon-coated (25 and 35
nm). Localization of all Ag NPs was visualized in cytoplasmic vacuoles. Each of the unwashed
Ag NPs elicited a significant increase in interleukins and TNF-a concentrations.

De Matteis et al. (2015) showed that intracellular release of Ag+ in living cells occurred after Ag
NP internalization from in situ particle degradation by the acidic lysosomal environment. The
toxicity of Ag+ is addressed in the previous section.

5.8.2.3 Interaction with Cellular Proteins

Toxicity of Ag NPs has been proposed to involve Ag binding to DNA and proteins, leading to
interference with cellular functions (Jung et al., 2008; Greulich et al., 2009; Al Gurabi et al.,
2015; see Versar, 2012).

The dissolution of Ag NPs releases Ag+ ions which can interact with sulfur-containing cellular
proteins (Volker et al., 2013). This interaction of dissolved Ag+ ions with thiol groups on
cytoplasmic proteins may lead to impaired function or inactivation of enzymes, with effects
including disruption of mitochondrial respiration (Pal et al., 2007; Lee et al. 2012b).

Park et al. (2010b) studied purchased Ag NPs (less than 150 nm; 68.9 + 30.3 nm; Zeta potential
of -0.91 mV) in cell cultures of mouse peritoneal macrophages (RAW264.7). They reported
decreased intracellular glutathione levels, increased nitric oxide secretion, increased protein and
gene levels of TNF-a, and increased gene expression of matrix metalloproteinases. Ag NPs were
observed in the cytosol of the activated cells, but were not observed in the dead cells.

Using prepared rat liver microsomes and purchased Ag NPs (particle size of less than 100 nm
diameter, with a specific surface area of 5 m?/g), Kulthong et al. (2012) demonstrated a strong
inhibition of rat hepatic cytochrome P450 enzymes CYP2C and CYP2D activities.

The in vitro toxicity of Ag NPs was investigated in comparison to silver nitrate in J774.1 murine
airway macrophage cells (Arai et al., 2015). The cells were exposed to various concentrations of
AgNO3 or (20, 60 or 100 nm diameter) Ag NPs. Ag was mainly bound to metallothioneins and
to high molecular weight proteins in AgNOs- and Ag NPs-exposed cells. The Ag NPs were
apparently transported to lysosomes and were co-localized with lysosomes in cells, and were
gradually dissolved in the macrophages, causing milder inflammatory stimulation in the mouse
lung compared to AgNOs.

5.8.2.4 Oxidative Stress and Inflammation

ROS are reactive chemical species containing oxygen (peroxides, superoxide, hydroxyl radical,
and singlet oxygen) that can be generated outside the cell, in medium, or inside the cell causing
cell damage and disruption of cellular function (Liu et al., 2010; Skalska et al., 2016). The
impact of ROS on cell cycle progression has been known for over a decade (Boonstra and Post,
2004) and the impact depends on the amount and duration of ROS exposure. Various ROS
species are regularly in flux as a part of the normal reduction-oxidation (redox) balance in the
cell. Oxidative stress is a state of redox imbalance consisting of an increased ratio of ROS to
antioxidants and a number of changes in cell signaling and function.
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Signs of oxidative stress have been reported in human cell lines in response to both Ag NPs and
ionic silver and suggest oxidative stress and apoptosis as pathways of cytotoxicity (Foldbjerg et
al., 2011, 2009; Greulich et al., 2009; Kawata et al., 2009; Kim et al., 2009; Miura and
Shinohara, 2009; reviewed in Versar, 2012). Results from in vitro studies using animal cells
showed oxidative stress in various cell types (see discussion in Versar, 2012). Recent studies
investigating oxidative stress-related endpoints are summarized below. Overall, published
results support that both Ag NPs and ionic silver induce oxidative stress and at least some of
their cytotoxic effects are mediated by redox-sensitive mechanisms. These chiefly include
mitochondrial toxicity (mitochondria being a major sensor of redox stress) and activation of
ROS-inducible signaling.

Eom and Choi (2010) investigated the effects of Ag NPs on human Jurkat T cells, using
oxidative stress-related endpoints. Jurkat cells are immortalized human T lymphocytes that are
used to study T cell signaling and expression of various chemokine receptors and their ability to
produce interleukin 2. The effect of Ag+ was used as a comparator with that of Ag NPs, as it
was anticipated that Ag+ would be released from Ag NPs and responsible for their toxicity. Cell
viability tests indicated high sensitivity of Jurkat T cells when exposed to Ag NPs compared to
Ag+; however, both Ag NPs and Ag+ induced similar levels of cellular ROS during the initial
exposure period. After 24 hours, cytotoxicity was increased with exposure to Ag NPs compared
to Ag+, which suggested to the authors that oxidative stress was an indirect cause of the
observed cytotoxicity of Ag NPs. The authors’ hypothesized/concluded that Ag NP exposure
activates p38 MAPKSs that are responsive to stress stimuli, such as cytokines, through a
prototypical proinflammatory signaling pathway, causing DNA damage, cell cycle arrest and
apoptosis.

The in vitro toxic effects of Ag NPs on A549 cells were mediated via both ROS-dependent
(cytotoxicity) and ROS-independent (cell cycle arrest) pathways. Chairuangkitti et al. (2013)
evaluated the in vitro mechanisms of Ag NP (spherical primary particle size 40 to 90 nm;
hydrodynamic diameter 182.7 + 13.0 nm; and specific surface area of 5.0 m?/g) toxicity in
relation to the generation of ROS in A549 cells. In a concentration- and time-related response,
Ag NPs caused ROS formation in the cells, a reduction in their viability, a reduction in
mitochondrial membrane potential, an increase in the proportion of cells in the cell cycle sub-G1
(apoptosis) population, S phase arrest, and down-regulation of the cell cycle associated
proliferating protein that helps synthesize DNA during replication. Pretreatment of the A549
cells with an antioxidant, NAC, decreased some of these effects.

After 24-hour exposure of human cell lines A431 or HT-1080 (derived from human skin
carcinoma and fibrosarcoma, respectively) to Ag NPs, signs of oxidative stress occurred (Arora
et al., 2008). In HepG2 human hepatoma cells, 24-hour exposure to Ag NPs (average diameter
5 to 10 nm; agglomerates 100 to 300 nm) or silver nitrate decreased mitochondrial function and
membrane integrity, increased ROS generation, increased the expression of two genes for
oxidative stress management proteins, and caused DNA damage (Kim et al., 2009). TEM
indicated Ag NPs within the cells following 24 hours of exposure.

Carlson et al. (2008) showed in rat alveolar macrophages that oxidative stress played a
contributory role in the cytotoxicity of Ag NPs and ionic silver, and that the in vitro cytotoxic
potency of Ag NPs declined with increasing particle diameter and degree of agglomeration.
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Earlier studies with BRL3A rat liver cells (Hussain et al., 2005) and PC-12 rat cells derived from
pheochromocytoma cells (Hussain et al., 2006) similarly showed oxidative stress with Ag NPs.
Mitochondrial function and membrane integrity were decreased and ROS levels were increased
following exposure to uncoated Ag NPs with average diameters of 15 or 100 nm. Mouse
NIH3T3 fibroblast cells exposed for 24 hours to Ag NPs showed increased ROS and increased
percentage of apoptotic cells (Hsin et al., 2008). Commercial Ag NPs (average diameter 29 nm)
altered gene expression in the caudate, frontal cortex, and hippocampus of three genes known to

be involved in either oxidative metabolism or protection from oxidative stress in the brain of
male C57BL/6N mice (Rahman et al., 2009).

5.8.2.5 Cell Death and Genotoxicity

Ag NPs inhibit growth in cells and arrest cell cycle. Li et al. (2014) found Ag NPs could
penetrate intracellular and nuclear membranes and denature DNA and ribonucleic acid (RNA),
inhibiting replication, in mouse bone marrow and liver cells. According to Wong and Liu
(2010), silver ions can also interact with phosphorus-containing compounds (e.g., DNA)
interfering with replication processes and decreasing the number of cells over time.

Park et al. (2010b) studied purchased Ag NPs (less than 150 nm; 68.9 + 30.3 nm; Zeta potential
of -0.91 mV) in cell cultures of mouse peritoneal macrophages (RAW264.7). They reported
increased subG1 fraction, which indicated cellular apoptosis as well as changes in proteins and
enzymes with NPs observed in the cytosol of the activated cells.

Several researchers have concluded that smaller-sized NPs have a greater ability to induce
apoptosis than larger size NPs. Kim et al. (2012b) examined the size-dependent cellular toxicity
of Ag NPs using three different characteristic sizes (~10, 50, or 100 nm) against several cell lines
including an osteoblast precursor cell line derived from mouse skull (MC3T3-E1) and
pheochromocytoma of a rat adrenal medulla (PC-12). The 10 and 100 nm NPs were purchased,
and the 50 nm were prepared by the investigators. Cytotoxicity was determined based on cell
viability, intracellular ROS generation, LDH release, ultrastructural changes in cell morphology,
and up regulation of stress-related genes. Adverse effects were size- and dose-dependent. Ag
NPs stimulated apoptosis in the MC3T3-E1 cells and induced necrotic cell death in the PC-12
cells.

Faedmaleki et al. (2014) investigated the cytotoxic effects of Ag NPs (20 to 40 nm in diameter)
on cancerous human liver HepG2 cells and normal primary Swiss albino mouse liver cells. The
Ag NPs were 44 times stronger in inhibiting growth of cancerous cells (HepG2 cell line)
compared to normal primary liver cells.

Using flow cytometry, Kumar and coworkers (2015) evaluated cytotoxicity (as cell necrosis and
apoptosis) of three different size Ag NPs (10, 100, or 200 nm) at different mass concentrations
(1, 25, or 50 pg/mL) in mouse L-929 fibroblast cells. Cell necrosis and apoptosis in Ag NP-
exposed fibroblasts depended on dose, exposure time, and particle size, with decreases in cell
viability; the 10 nm Ag NPs were significantly more toxic than larger-sized particles.
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5.8.2.6 Summary

Data indicate the most likely modes-of-action of Ag NPs are mediated by oxidative stress and
genotoxic pathways. The initiating mechanism of toxicity is not known, but may involve direct
interaction of Ag NPs and ionic silver with proteins. Silver can react with thiol groups in
proteins and also with DNA. These interactions can denature proteins; induction of unfolded
protein responses to Ag NPs were demonstrated in vitro and in mice using IT instillation (Huo et
al., 2015).

Ag NPs and ionic silver are growth-arresting in normal and carcinomatous human cells with
smaller Ag NPs being more toxic than larger particles. For both NP and ionic forms of silver,
both mitochondria and DNA appear to be cellular targets of toxicity. Loss of mitochondrial
homeostasis can be either a downstream or upstream cause of oxidative stress. Silver ions could
induce oxidative stress either by depleting thiol-based antioxidants (reduced glutathione [GSH])
or through denaturation of mitochondrial membrane pore-forming proteins. DNA is also
damaged by oxidative stress and excess ROS species, and this may be a mechanism by which
oxidative stress contributes to growth arrest in response to Ag NP exposure.

Ag NPs were shown to induce both necrosis and apoptosis in experimental systems. Apoptosis
may be induced as a result of unfolded protein responses, oxidative stress, or DNA damage. A
combination of these responses appears to be involved in toxicity of Ag NPs.

5.9 Derivation of ADI
5.9.1 Oral Exposure

A human study of nanoscale Ag was conducted using commercial 10 and 32 ppm colloidal Ag
solutions (consisting of both ionic Ag and Ag NPs) in a single-blind, controlled, cross-over,
intent-to-treat, design (Munger et al., 2014). Thirty-six healthy subjects consumed 10 ppm and
were evaluated at three to 14 days; 24 healthy subjects consumed 32 ppm Ag solution and were
evaluated at 14 days. The average daily ingestion of elemental Ag colloid formulation was
estimated by the authors to be 100 pg/day for 10 ppm Ag, and 480 pg/day for 32 ppm Ag. No
significant changes were reported in metabolic, hematologic, or urinalysis measures; morphology
of the lungs, heart or abdominal organs; and, in pulmonary reactive oxygen species or pro-
inflammatory cytokine generation. Munger et al. (2015) subsequently investigated whether
orally ingested commercially available colloidal Ag nanoproduct interfered with select
cytochrome P450 enzymes in a prospective, single-blind, controlled in vivo human study. The
reduced Ag (Ag®) NP (size averaged 32.8 nm, with a size range of 25 to 40 nm) was consumed
orally for 14 days and the dose was estimated to be 480 pg/day. No demonstrable clinically
significant changes in metabolic, hematologic, urinary, physical findings or cytochrome P450
enzyme inhibition or induction activity was reported. Despite being studies with humans, these
studies are not suitable for the ADI as colloidal Ag solution (comprised of both ionic Ag and Ag
NPs) was administered.

Acute oral studies in animals are of too short duration to support a short term (14-day) or long
term ADI.
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There are nine repeat dose animal studies; all exposures were gavage administration. Two
studies are in mice (two strains of mice used in each study) and seven studies in rats (Wistar,
Sprague-Dawley and Fischer 344). Duration of treatment in the studies in mice are 14 to 21
days, whereas duration in rats is 28 to 90 days. The particles vary with PVP-coated, citrate-
stabilized, synthesized and commercially purchased, and include Ag NPs (sizes 22 to 323 nm);
one study includes a group treated with silver acetate. The two most robust studies are those
using 98 to 99 percent pure Ag NPs of similar size and following OECD Test Guidelines and
GLPs for 28 or 90 consecutive days (Kim et al., 2008; Kim et al., 2010a, respectively). The
method used to determine the characteristics of the test material was not reported, and no
information about possible agglomerization of particles in the suspension was reported for the
28-day study. Liver toxicity, increased ALP, and increased total cholesterol are identified as
effects at the LOAEL of 300 (NOAEL is 30) mg/kg/d in the 28-day study. Count median
diameter and geometric standard deviation of the particles in suspension were determined by
TEM in the 90-day study, but no mention was made of possible agglomerization of the particles
in the administered suspensions (as discussed in Versar, 2012). The 90-day study identifies
minimal liver toxicity and pigmentation in intestinal villi as critical effects with a NOAEL of 125
and LOAEL of 500 mg/kg/d.

No human or animal studies were found with chronic exposure to Ag NPs.

There are several relevant reproductive and developmental toxicity studies by the oral route
relevant to inform the ADI which indicate potential maternal toxicity and adverse male
reproductive effects. There is one developmental study in mice and three developmental studies
in rats (in two strains); none of the studies appear to be Guideline or GLP studies and one study
used only one dose level. Ag NPs were purchased or synthesized and varied between 7.5 to 55
nm. The two multiple dose rat developmental studies (with differing NOAEL/LOAELSs) indicate
decreases in maternal organ and body weights but no embryo or fetal toxicity.

Of nine reproductive toxicity studies, eight are in three strains of rats; four of these are OECD
guideline studies and employ purchased/manufactured Ag NPs, of approximately 7 to 60 nm;
NPs are PVP- or citrate-coated in two studies. While some of these studies indicate no effect on
reproductive organ weight or histopathology, other studies indicate impacts on male reproductive
organs and sperm viability. LOAELs for the OECD guideline studies range from 200 to 500
mg/kg/d; whereas NOAELSs in those studies vary from 100 to 1000 mg/kg/d. The reproductive
toxicity findings and overlapping NOAEL/LOAELSs appear to be related to differences in dose
selection and use of coatings. The range of reproductive effects is similar to that of the systemic
toxicity range.

5.9.2 Inhalation Exposure

Acute inhalation studies in animals, designed to determine LCso, are of too short duration (up to
6 hours) to support a 14-day ADI.

No human studies were found with inhalation exposure to Ag NPs. There were no repeat dose
subchronic or chronic duration animal studies via inhalation in the recent available literature.

Laboratory animal studies were not located in the current literature search on possible systemic
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toxicity with chronic (lifetime) exposure to Ag NPs by any route of exposure, nor were any
studies identified in Versar (2012). No studies were located via the inhalation route of exposure
to evaluate developmental toxicity or carcinogenicity.

Four inhalation studies in earlier literature from 2007-2009 (reviewed in Versar, 2012) were
conducted in Sprague-Dawley rats; all the studies were whole body exposure to Ag NPs of 12 to
19 nm, with two studies of four-week duration and two studies of 13 weeks duration. Three
were OECD guideline and GLP studies. Both four-week studies reported NOAEC of 61 pg/m?
and no LOAEC. In the 13-week studies, functional alterations and inflammation in the lung and
hyperplasia in the bile duct were reported at the LOAEC of 515 ng/m?; the NOAEC was 133
pg/m?. In the 13-week systemic toxicity studies, reproductive organ weights were not altered
(reproductive function was not evaluated) at 515 pg/m* (NOAEC; no LOAEC).

5.9.3 Dermal Exposure

Human and animal studies evaluated the acute toxicity of dermal exposure to commercially- or
laboratory-synthesized Ag NPs. The human studies used burn dressings on wounds with
bandages containing Ag NPs; patients developed argyria-discoloration after 6 days and elevation
of serum liver protein levels indicative of hepatotoxicity. An acute dermal guinea pig study in
accordance with OECD acute test guidelines and GLPs showed no gross abnormalities or
microscopic changes after 14 days following one-day exposures up to 100,000 ppm.

Three studies via repeated dermal exposure are available; one study was in pigs for 14 days
duration and two studies of 13 weeks duration in guinea pigs. Samberg et al. (2010; cited in
Versar, 2012) evaluated dermal toxicity of washed or unwashed commercial Ag NPs (average
diameters of 20 or 50 nm) in pigs topically exposed for 14 days. Lesions occurred in layers
under the stratum corneum, which the authors attributed to Ag ion (Ag+) flux into the lower
layers from the particles in the stratum corneum. The dermal NOAEL was 34 pg/mL (the
highest dose tested).

The two guinea pig studies considered the LOAEL as 100 pg/mL; no NOAELs were identified.
Korani et al. (2011) dermally applied nanosilver (less than 100 nm by TEM) to guinea pigs for
five d/wk for 13 weeks at 0, 100, 1000, or 10,000 pg/mL. A 100 pg/mL solution of AgNO3
served as a positive control. The dermal LOAEL was based on histopathologic abnormalities in
the skin, liver, and spleen in all test groups. Subsequently, in an OECD guideline study, Korani
and coworkers (2013) compared the tissue levels of Ag NPs in guinea pigs after dermal
application of 0, 100, 1000 or 10,000 ppm Ag NPs or the positive control, AgNO3, for 13 weeks.
The sizes of the NPs were less than 100 nm (TEM). The three different Ag NP concentrations
gave comparable results for several endpoints measured in heart, bone and kidney. The dermal
LOAEL was based on histopathologic abnormalities in the skin, liver and spleen.

No human or animal studies were located in the current literature search on possible systemic
toxicity with chronic (lifetime) dermal exposure to Ag NPs, nor were any studies identified in
Versar (2012). Laboratory animal studies were not located in the recent literature search on the
possible carcinogenicity of Ag NPs or on the evaluation of reproductive or developmental
toxicity by the dermal route.
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5.9.4 Toxic Moiety and the ADI

The mechanism of Ag NP toxicity is uncertain; Ag+ and Ag NP translocation intracellularly and
within the body are not completely understood. There is uncertainty as to what is the toxic
moiety of Ag NPs.

Many researchers in the nanomaterial field consider ionic silver (Ag+) as the toxic form of Ag
and suggest that intracellular ionic Ag, not the NPs themselves, is responsible for the apparent
NP toxicity. The dissolution of Ag+ from Ag NPs within cells and in close proximity to cells in
aqueous environments has been proposed to be one mode of action of toxicity of Ag NPs;
however, contribution to toxicity from the NPs (themselves) has also been proposed.

Higher uptake and larger surface area of Ag NPs can facilitate faster dissolution and release of
Ag+. A major challenge is to distinguish precisely what portion of any observed toxicity is
from the Ag+ form and what portion is from the Ag NP form (McShan et al., 2014). Smaller
particle size is not necessarily correlated with more Ag+ (Yang et al., 2012), suggesting that
coatings and interactions with biomolecules can influence dissolution rate.

Studies on the transformation of Ag NPs to other forms of Ag in human or animal tissues are not
generally available. Liu et al. (2010) hypothesized that ionic Ag+ might be the form that
transports Ag within the body and from which some nanosilver may be reformed in body tissues.
Van der Zande et al. (2012) exposed rats to a 28-day oral (gavage) exposure of non-coated Ag
NP, PVP-coated Ag NPs or AgNOs. Silver concentrations in examined organs were highly
correlated to the amount of free Ag+ in the Ag NP suspension, indicating that mainly Ag+, and
to a much lesser extent Ag NPs, passed the intestines in the Ag NP-exposed rats. Ag NPs were
detected by ICP-MS in Ag NP exposed rats, and, also in AgNO3 exposed rats, thereby,
demonstrating the potential formation of nanoparticles from Ag+ in vivo (probably composed of
Ag salts).

Recent in vitro and in vivo studies support that the ionic form of silver is likely more cytotoxic
(on a mass basis) than Ag NPs (Reidy et al., 2013). In addition, Ag NP characteristics such as
coating(s) and smaller size, influence cellular toxicity in human and animal cells in vitro, making
it difficult to tease out the toxic moiety. Because Ag NPs shed ionic silver, the release of ionic
silver and resistance of NPs to dissolution may be a factor influencing NP toxicity.

Several animal studies indicate toxicity at doses of Ag+ forms, but not at an equimolar Ag NP
dose (e.g., Hadrup et al., 2012a). Qin et al. (2017) demonstrated the total Ag content in organs
were significantly lower in Ag NP-treated rats than that of AgNOs3 treated rats. Both Ag NPs and
ionic Ag+ were investigated for potential developmental toxicity (Charehsaz et al., 2016).
Because maternal weight gain was lower in dams receiving AgNQO3, the authors concluded that
Ag+ exerts a higher toxicity compared to the Ag NP form.

In contrast, Gliga et al. (2014) showed that Ag+ release by the Ag NPs in culture medium was
not correlated with cytotoxicity but that intracellular release of Ag+ may be involved in the
cytotoxic mode of action of Ag NPs. This study also suggested that the genotoxicity of Ag NPs
was not fully accounted for by Ag+ release. Thus, the role of Ag+ release, either extracellularly
or intracellularly, in the mode of action of Ag NP mutagenicity/genotoxicity is not clear.

On a cautionary note, products labelled as containing Ag NPs in solution frequently contain high
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concentrations of Ag+, with the amounts not specified (Reidy et al., 2013).

When there are robust studies in the database, the NOAEL and LOAEL (or NOAEC/LOAEC)
are the administered dose/concentration of Ag NPs, regardless of the toxic moiety or mechanism
of action. Whether the observed adverse effects are attributable to the Ag NP itself or to
complete dissolution of the Ag NP to Ag+, the estimation of the LOAEL is the same-
administered dose.

The uncertainty that Ag NPs may not be the toxic moiety complicates the determination of dose-
response assessment for derivation of the ADI. In cases where data are limited, a series of
important questions are raised. For example, if there are not sufficient robust studies to
determine the NOAEL/LOAEL for Ag NPs, could one use information from other studies
employing Ag+? In fact, answers to questions regarding the toxic moiety become the driver in
determining an ADI or safe dose/concentration, such as: Are the observed responses in studies
attributable to the Ag NPs or to Ag+, or to some combination of the two? What is the
relationship of administered Ag NP to Ag+, particularly if the latter is the potential ultimate
toxicant? What is the relative toxicity of Ag NP and Ag+ (i.e., which is more toxic)? What is
the rate of dissolution, if dissolution occurs? If the Ag NP partially dissolves to Ag+, how is the
LOAEL determined from the administered dose? What is the appropriate dose metric for the
observed effect(s)? Can risk assessments for Ag be cross-walked to the assessment of Ag NPs
and be protective of human health?

At this time, there are no clear answers to many of these questions and further research is needed
(see Section 5.10). For this assessment of ADIs, we have simplistically assumed that Ag NPs are
the toxic moiety, they remain intact and that further research is needed before information on
other forms of Ag can inform the derivation.

5.9.5 Short-term Oral ADI (14-day)
5.9.5.1 Principal Study and Critical Effect

Short-term studies in humans are available (Munger and coworkers, as described in Section
5.4.1); however, these studies used an elemental Ag colloid formulation and the dose of Ag NPs
is unknown, limiting applicability of these data to derivation of the ADI.

The most robust study of appropriate duration is the 28-day study in Sprague-Dawley rats using
98 to 99 percent pure commercial Ag NPs (average particle diameter of 60 nm) and following
OECD Test Guideline 407 and GLPs (Kim et al., 2008, cited in Versar, 2012). Doses
administered were: 0, 30, 300, or 1000 mg/kg/d. Liver toxicity, increased blood ALP in males,
and increased total cholesterol in females are identified as adverse effects at the LOAEL of 300,
and the NOAEL is 30 mg/kg/d.

Developmental studies of Ag NP are non-guideline, but the two multiple dose rat developmental
studies (with differing NOAEL/LOAELSs) indicate maternal toxicity. There is uncertainty as to
reproductive effects caused by Ag NP, as some studies indicate no effect and other studies
indicate impacts on male reproductive organs and sperm viability, although findings may be
related to differences in dose selection and use of coatings. The range of LOAELSs for the OECD
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guideline reproductive studies is similar to that of the systemic toxicity range. Studies by
parenteral routes indicate that Ag NPs may cross the blood-testes barrier and produce severe
adverse male reproductive effects. Developmental studies using parenteral routes indicate severe
adverse developmental effects.

A traditional NOAEL/LOAEL approach has been taken for derivation of the ADI. Another
approach would be to conduct a benchmark dose (BMD) on three endpoints (i.e., ALP,
cholesterol, and liver toxicity) from Kim et al. (2008, as cited in Versar, 2012). Incidence data
from the original study is needed to conduct benchmark modeling.

5.9.5.2 Adjustment to Human-Equivalent Exposure

No duration adjustment is needed as exposure was for 28-consectuve days. The study duration
of 28 days is longer than the 14 days for the short-term ADI, most likely leading to a
conservative value.

5.9.5.3 Uncertainty Factors

Uncertainty in the 14-day ADI was accounted for using UFs for animal-human extrapolation,
inter-individual variation, and database completeness. No UFs were needed to account for study
duration or presumed no-effect dose extrapolation because the POD is a no-effect concentration
taken from a 28-day study.

An UF of 3 was used to account for extrapolation from rat to human, primarily for toxicokinetic
differences. Although the toxic moiety is uncertain, it is likely similar across mammals.
Therefore, an uncertainty factor for toxicodynamic differences between species is not needed as
significant differences between mammalian species is not likely to occur at the cellular level with
metals (that is, the interaction of Ag, Ag+ or Ag NPs at the cellular level is likely not to vary
significantly).

An UF of 3 was used to account for inter-individual variation and sensitive subpopulations in
response to ingested Ag NPs. The critical effect is liver toxicity, which occurs in both sexes of
rats. While there is likely to be some variability between individuals, the data suggests that the
variability in response is not likely sex-related. It is anticipated that it would occur primarily in
those persons with preexisting liver disease.

An UF of 10 was used to account for database completeness. This UF was motivated by the
following limitations in available data: 1) The method(s) used to determine the characteristics of
the test material was not reported; however the authors reported methods in a subsequent 90-day
study; 2) only one suitable robust study was available in only one species (rat), although other
studies (one in rats and one in mice) report liver toxicity as the critical effect; 3) the database is
limited to gavage studies; 4) pertinent data are limited to Ag NP average size of 60 nm; and, 5)
information on possible developmental toxicity via oral route is limited. Data from parenteral
studies suggest potential reproductive and/or developmental toxicity.

ADI =NOAEL/UF = (30 mg/kg/d) / (100) = 0.3 mg/kg/d
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5.9.6 Long-Term Oral ADI
5.9.6.1 Principal Study and Critical Effect

The most robust study of appropriate duration for a long-term ADI is Kim et al. (2008, reviewed
in Versar, 2012), a consecutive 90-day study in Sprague-Dawley rats using 98 to 99 percent pure
commercial Ag NPs (average particle diameter of 56 nm) and following OECD Test Guideline
408 and GLPs. Doses administered were: 0, 30, 125, and 500 mg/kg/d. Minimal liver toxicity
and pigmentation in intestinal villi were identified as critical effects with a NOAEL of 125 and
LOAEL of 500 mg/kg/d. A traditional NOAEL/LOAEL approach has been taken for derivation
of the ADI. Another approach would be to conduct a benchmark dose (BMD) on three endpoints
(i.e., ALP, cholesterol, and liver toxicity) from Kim et al. (2008, as cited in Versar, 2012).
Incidence data from the original study is needed to conduct benchmark modeling.

Although not OECD or GLP guideline studies, two multiple dose rat developmental studies (with
differing NOAEL/LOAELs) indicate maternal toxicity. There is uncertainty as to reproductive
effects caused by Ag NPs as some studies indicate no effect and other studies indicate impacts on
male reproductive organs and sperm viability, although findings may be related to differences in
dose selection and use of coatings. The range of LOAELSs for the OECD guideline reproductive
studies is similar to that of the systemic toxicity range. Studies by parenteral routes indicate that
Ag NPs may cross the blood-testes barrier and produce severe adverse male reproductive effects.
Developmental studies using parenteral routes indicate severe adverse developmental effects.

5.9.6.2 Adjustment to Human-Equivalent Exposure
No duration adjustment is needed as exposure was for 90 consecutive days.
5.9.6.3 Uncertainty Factors

Uncertainty in the long-term ADI was accounted for using UFs for subchronic to chronic
duration, animal to human extrapolation, inter-individual variation, and database completeness.
No UFs were needed to account for presumed no-effect dose extrapolation because the POD is a
no-effect concentration taken from a 90-day study.

An UF of 10 was used to extrapolate from a 90-day subchronic duration study to a long-term
(such as several years or lifetime). This UF contrasts with the 28-day study where the NOAEL is
lower than in this 90-day study. Differences in doses used in the studies (0, 30, 300, and 1000
mg/kg/d for the 28-day; whereas, 0, 30, 125 and 500 for the 90-day study) likely contribute to the
NOAEL difference. However, because studies are limited to determine the underlying rationale
for the NOAEL/LOAEL difference, a 10-fold UF is applied conservatively to protect public
health.

An UF of 3 was used to account for extrapolation from rat to human, primarily for toxicokinetic
differences. Although the toxic moiety is uncertain, it is likely similar across mammals.
Therefore, an uncertainty factor for toxicodynamic differences between species is not needed as
significant differences between mammalian species is not likely to occur at the cellular level with
metals (that is, the interaction of Ag, Ag+ or Ag NPs at the cellular level is likely not to vary

159



significantly).

An UF of 3 was used to account for inter-individual variation and sensitive subpopulations in
response to ingested Ag NPs. The critical effects are liver toxicity and gastrointestinal
alterations, which occur in both sexes of rats. While there is likely to be some variability
between individuals, the data suggests that the variability in response is not likely sex-related. It
is anticipated that it would occur primarily in those persons with preexisting liver or
gastrointestinal disease.

An UF of 10 was used to account for database completeness. This was motivated by the
following limitations in available data: 1) this is the only suitable robust study of four in rats (the
only species tested at this duration); and, 2) information on possible developmental toxicity via
oral route is limited. Data from parental studies suggest potential reproductive and/or
developmental toxicity.

ADI = NOAEL/UF = (125 mg/kg/d) / (1000) = 0.125 (or 0.1) mg/kg/d

Other oral assessments of chronic exposure are based on Ag and not Ag NPs (EPA, 2017a;
Danish EPA, 2015a; NIOSH, 2015). A risk assessment on nano Ag by the Danish EPA (2015b)
considered argyria as the critical effect following oral exposure to silver; no relevant long-term
studies were identified. The risk assessment was based on the presumed mechanism that the Ag
NP dissolves in solution, continually releasing Ag+, which accumulate and cause argyria.

5.9.7 Short-term Inhalation ADI (14 days)

Available data are insufficient to derive a 14-day ADI for the inhalation route. There are two
four-week studies in Sprague-Dawley rats; one was according to OECD Test Guideline 412 and
GLP (Ji et al., 2007a; Hyun et al., 2008; as reviewed in Versar, 2012) and both studies were
performed by the same laboratory. Both studies report a NOAEC of 61 pg/m? (the highest dose
tested) and no LOAEC.

5.9.8 Long-term Inhalation ADI

Available data are insufficient to derive a long-term ADI for the inhalation route. The inhalation
database is comprised of one 13-week study (Sung et al. [2008, 2009]; as reviewed in Versar,
2012) conducted by the same group of investigators as the shorter-term inhalation studies (in
Section 5.9.7). Functional alterations and inflammation in the lung and hyperplasia in the bile
duct were reported at the LOAEC of 515 ug/m?; the NOAEC was 133 pg/m®. The study follows
OECD Test Guideline 413 and GLP, but uses a unique strain of rat bred by the investigators,
making the reproducibility of the study results questionable.

The only study evaluating reproductive endpoints was a 13-week systemic toxicity study (Sung

et al., 2009), in which reproductive organ weights were not altered (reproductive function was
not evaluated) at 515 pg/m> (NOAEC; no LOAEC).
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5.9.9 Short-term Dermal ADI (14 days)

Available data are insufficient to derive a 14-day ADI for the dermal route. One dermal study of
commercial Ag NPs was conducted in pigs for 14 days duration (Samberg et al. 2010; cited in
Versar, 2012). The dermal NOAEL was 34 pg/mL (the highest dose tested); no LOAEL was
identified.

5.9.10 Long-Term Dermal ADI
5.9.10.1 Principal Study and Critical Effect

Available data are insufficient to derive a long-term ADI for the dermal route. No human or
animal studies were located in the current literature search on the possible systemic toxicity with
chronic (lifetime) dermal exposure to Ag NPs, nor were any studies identified in Versar (2012).
No studies were located using the dermal route of exposure to evaluate reproductive or
developmental toxicity.

Two dermal studies in guinea pigs (Korani et al., 2011; Korani et al., 2013) conducted by the
same laboratory considered the LOAEL as 100 pg/mL; no NOAELs were identified following
exposure to guinea pigs of nanosilver (less than 100 nm by TEM) for five days/week for 13
weeks at 0, 100, 1000, or 10,000 pg/mL. A 100 pg/mL solution of AgNO3 served as a positive
control. Although no incidence data were reported, the dermal LOAEL was based on
histopathologic abnormalities in the skin, liver, and spleen in all test groups. Subsequently, in an
OECD test guideline study, Korani and coworkers (2013) compared the tissue levels of Ag NPs
in guinea pigs after dermal application of the same concentration and size Ag NPs, with the same
positive control, for 13 weeks (presumably for 5 d/wk, although not specified in the report). The
three different Ag NP concentrations gave comparable results for several endpoints measured in
heart, bone and kidney. No incidence data were reported; however, the dermal LOAEL of 100
ng/mL was based on histopathologic abnormalities in the skin, liver and spleen. While the data
may be amenable to the determination of an ADI, the uncertainty in the long-term value based on
a LOAEL from this subchronic study in an incomplete database is extremely large and
confidence in the ADI would be very low.

5.10 Research Needs and Data Gaps

5.10.1 General Research Needs

Derivation of ADIs for Ag NPs remains challenging, with generally high uncertainty due to a
paucity of studies, particularly of chronic duration. The existent studies are limited by lack of
reliable, quantitative dose-response data.

The association of the physicochemical properties of Ag NPs with their toxicity is an area
needing further study. Physical and chemical properties of Ag NPs are factors that influence
cytotoxicity. Understanding the mechanism and the magnitude by which these factors may alter
toxicity requires further research. Further study of the factors that may influence the outcome of
in vivo assays with Ag NPs, such as dosing regimens, Ag NP characteristics such as particle size
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and coating, effect of dispersion method on aggregation, assay methodology, vehicle used,
presence of contaminants, and protein corona surrounding the NP would be useful.

There is a lack of human data for toxicokinetics of Ag NPs via oral, inhalation and dermal
exposure, particularly for rate and extent of absorption. Toxicokinetic studies in animals are
available for oral, inhalation and parenteral exposures, but the form of Ag in tissues is not
routinely identified and the primary method of oral exposure is by gavage, which may not be
relevant with consumer oral exposures. Route-specific differences and rates in biokinetics is an
important area for research. Studies on the transformation of Ag NPs to other forms of Ag in
human or animal tissues are not available. Some studies in animals via oral exposure to Ag NPs
have noted gender differences in distribution between males and females, with females
accumulating more than males; this line of research should be pursued. Distribution of Ag
reported by parenteral routes of exposure have not been corroborated by oral, inhalation or
dermal routes leaving a gap in scientific knowledge. Similarly, numerous studies indicate that
Ag NPs or Ag+ that reach the bloodstream, also enter maternal tissues, extra-embryonic tissues,
breast milk, and to a limited extent, the embryo. Kinetic studies related to transfer across the
blood-brain barrier, blood-testes barrier, and transplacental transfer are generally lacking.

Robust, repeat-dose, multi-dose studies with Ag NPs are lacking in more than two species for
oral and inhalation routes (mice and rats), and dermal route (pigs and guinea pigs). Many of the
existing studies have limitations in the animal number, dosing period, dosage level, and number
of groups.

No chronic duration systemic toxicity studies, carcinogenicity studies, or robust developmental
or reproductive studies, in humans or animals were located, making it challenging to derive ADIs
with high confidence.

Much of the genotoxicity data are too limited to make definitive conclusions concerning the
overall in vivo mutagenicity of Ag NPs as a class of materials. Often differing results are
reported; the reason is unclear. Further study of the factors that may influence the outcome of in
vivo assays with Ag NPs, such as dosing regimens, Ag NP characteristics such as particle size
and coating, effect of dispersion method on aggregation, assay methodology, vehicle used, and
route-specific differences is needed.

The causative agent (toxic moiety) and the mechanism of action for the toxicity of Ag NPs is not
known. Research has been directed at discerning whether the NPs themselves cause toxicity or
whether Ag ions dissociated from the Ag NP may be the toxic moiety. Similarly, several events
have been postulated to be involved in the adverse outcome pathway for Ag NPs: interaction
with cellular proteins, ROS, inflammation, cell death and genotoxicity. The role of coatings,
aggregation, and NP size, while thought by some to contribute to toxicity, have not been teased-
out of the milieu of possible factors.

Lack of understanding of human exposure from consumer products, particularly via the oral and
dermal routes, makes it unknown how applicable the derived ADIs are to consumer scenario.
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5.10.2 Specific Research Needs

Determination of ADIs for Ag NPs require additional data in the following areas:

e Studies using the form of Ag NPs used in consumer products (i.e., pure, functionalized)

e Toxicokinetic and toxicodynamic studies in humans and guideline study animal species

e Studies in humans, including sensitive subpopulations of consumers

e Studies on the impact various diseases (e.g., liver, gastrointestinal and skin) have on
toxicity of Ag NPs

e Robust multi-dose, characterized Ag NP, short-term and repeat-dose studies of
subchronic duration in species other than rat that identify NOAELs and LOAELs

e Chronic duration studies via oral, inhalation, and dermal routes

e Robust developmental and reproductive studies

163



6 TOXICITY DATA FOR TITANIUM DIOXIDE
6.1 Physical and Chemical Properties of Titanium Dioxide (Ti02)
6.1.1 Introduction

Appropriate and rigorous physicochemical characterization of nanomaterials used in toxicity
testing is essential for data interpretation, comparisons between studies, and conclusions
regarding hazard (Oberdorster et al., 2005 [as cited in Versar 2012]; Card and Magnuson, 2010;
Castranova 2011). The U.S. EPA (2007; as cited in Versar, 2012) reported that understanding
the physical and chemical properties of nanomaterials is a requirement in the evaluation of all
routes of toxicological exposure and hazard. Chemical properties such as vapor pressure, boiling
point, molecular weight, and other properties may not be important for some nanomaterials.
Physical and chemical properties relevant to nanomaterial toxicity include properties such as
shape, crystal structure, particle size distribution, agglomeration state, surface area, surface
chemistry, surface charge and porosity of the nanomaterial (Oberdorster et al., 2005; U.S. EPA,
2007). In addition, solubility in media related to toxicity testing may be critical in assessing
toxicity specific to the nanoscale characteristics of the nanomaterial as used in products (OECD,
2016a). Table 26 lists the physicochemical characteristics of commonly manufactured TiO2.

6.1.2 Crystal Structure and Shape

Titanium dioxide (CASRN 13463-67-7), is a noncombustible, white, crystalline, solid, odorless
powder (PubChem, 2017). It is highly insoluble in water, hydrochloric acid, nitric acid or
alcohol and is generally regarded as an inert substance. Crystalline morphological forms of
TiO2 NPs differ in optical and photocatalytic properties. Common TiO2 polymorphs include
rutile (CASRN 1317-80-2) and anatase (CASRN 1317-70-0). While both rutile and anatase are
tetragonal crystals, rutile has a denser arrangement of atoms. For example, rutile, which is used
in sunscreens, is considered to be a more inert morphological form than anatase, which is used in
photocatalytic, catalytic, and sensing applications (Rossi et al., 2010). Brookite, an
orthorhombic crystal, is a third variant of TiO2, exhibiting photocatalytic activity, and is used in
antifogging mirror sprays. Ilmenite is titanium-iron oxide (FeTiO3) and is the main source of
mineral TiO2. Most of the available toxicological data for TiO2 in the current literature are on
the rutile and anatase forms.

Titanium dioxide has also been produced as engineered nanomaterials, which may be
equidimensional crystals or sheets and are composed of either TiO2-rutile or TiO2-anatase.
Titanium dioxide NPs can be precisely engineered and highly characterized based on shape, such
as nanorods, nanobelts, nanowires, spheres, shells, tubes, fibers; and, functionalization
(https://nanocomposix.com/collections/titanium-dioxide-NPs).

The shape of the TiO2 NP may influence biological activity and toxicity. For example, the
potency for pulmonary inflammation and damage from exposure was compared following
treatment via OPA with nanospheres, or short nanobelts or long nanobelts of varying lengths and
widths (Porter et al., 2012). Development of pulmonary fibrosis was noted with the nanobelts
but not the nanospheres. Similarly, Silva and coworkers (2013) concluded that the particle shape
(Ti02-nanobelts) was the most important physico-chemical property for toxicity (lung
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inflammation) by IT.
6.1.3 Particle Size

Titanium dioxide particles are referred to as primary, aggregates or agglomerates. Primary
particles are single crystals that are bound by crystal planes. Aggregates and agglomerates are
held together by van der Waal's forces.

Commercial application affects the size of the NP. For example, light scattering by TiO2 is
maximized in particles that are 0.2 to 0.3 pm in diameter, and most commercial products that are
used as pigments have modal primary particle sizes within this range. Non-pigmentary TiO2 is
composed of either uncoated manufactured TiO2 (both TiO2-anatase and TiO2-rutile) or ground
natural rutile. In general, these products contain coarser particles than pigmentary TiO2 (Linak
et al., 2002). Ultrafine TiO2 particles (NPs) range in size from 1 to 150 nm, with a primary
particle size of 10 to 50 nm. Primary particles generally form aggregates and agglomerates and
are not normally found as discrete particles. In commercial products, the particle size of
pigmentary and ultrafine material is approximately equal because of aggregation and
agglomeration (American Chemistry Council, 2005).

Due to its high diffraction index and strong light scattering and incident-light reflection
capability, TiO2 is used as white pigment. It is these properties, as well as high UV resistance,
that make TiO2 the standard white pigment found in white dispersion paints (ASTM, 1988).
Since light scattering does not occur to a greater extent in nanoscale particles, the white Ti02
pigments used are almost exclusively rutile modification particles with grain sizes in the pm
range. These white pigments are used for their opacity in paints and dyes but also in varnishes,
plastics, paper, inks and textiles. Having “E number” E171, these pigments are used as food
additives and occur in toothpastes, several cosmetics, and drugs. E numbers are codes for
substances that are permitted to be used as food additives for use within Europe. Titanium
dioxide pigments for use in plastics constitute the fastest growing market. It is primarily due to
the packaging industry’s strong demand that consumption of TiO2 pigments are on the increase
(Mackevica and Foss Hansen, 2016).

Nanoscale TiO2 is manufactured for specific applications by using 100x finer particle size than
the low um sized TiO2 pigments and thus have other unique physical properties than those of
pigment TiO2. Unlike TiO2 pigments, nanoscale TiO2 are not used as food additives (Winkler,
2003); instead, they are mainly found in high-factor sun protection creams, textile fibers or wood
preservatives (Hsu and Chein, 2007). At present, high sun protection factors can only be
achieved using nanoscale TiO2 (Wijnhoven et al., 2009).

Titanium dioxide NPs are often synthesized in the investigator’s laboratory and used in various
sizes including fine particles with the size of approximately 0.1 to 2.5 um and nanosize particles
with the primary size of less than 0.1 um. Nanoparticles synthesized in the laboratory may be
difficult to reproduce by other investigators and may have little relevance to commercialized
forms of TiO2 (which are more standardized) used in consumer products, but are reported in the
literature in toxicity and mechanistic studies. The source of the test material (i.e., synthesized by
the investigator or commercially purchased, when available) for each citation is noted in the
study description.
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6.1.4 Surface area

The surface area of the NP is related to its size or mass. Smaller particles have a much greater
surface area per unit mass, than larger particles. As surface area per mass of a material increases,
a greater amount of the material can come into contact with surrounding materials, affecting
reactivity (USNNI, 2017). A benefit of greater surface area, and improved reactivity, in
nanostructured materials is that they have greater catalytic function.

Aggregates and agglomerates have much greater total surface area than spheres of the same
external diameter, due to the complexity of their structure with adsorbed molecules. Surface
areas of nano-TiO2 primary particles, aggregates, and agglomerates can also be expressed as
total surface area (or external surface area). The surface area is quantitated utilizing probing
gases that do not chemically react with material surfaces. The total surface area of agglomerates
or coated NPs is measured by the Brunauer, Emmett, Teller (BET) method (Brunauer et al,
1938).

6.1.5 Coatings

Titanium dioxide products may be coated with additional materials to achieve different
properties for commercial applications. With the exception of non-pigmentary TiO2, such as
ground rutile and anatase that are used as food additives, all commercially-produced TiO2 is
coated. These coatings improve dispersibility, dispersion stability, opacity, durability and gloss.
They form a barrier between the TiO2 and organic substances, such as those found in paints, and
prevent contact catalysis. Rutile pigments generally contain 1 to 15 percent of coatings and
anatase pigments contain 1 to 5 percent of coatings. The most common coatings are composed
of oxyhydrates and oxides of aluminum and silicone. Oxides and oxyhydrates of zirconium, tin,
zinc, phosphorous, cerium and boron are also used (Linak et al., 2002).

The thickness of coatings is variable, but is generally only a few atom layers thick; and are
generally coherent over the surface of the TiO2 particle (American Chemistry Council, 2005),
but some TiO2 and titanium hydroxide may be present on the surfaces (Braun, 1997). The
thinness of the coatings precludes most techniques of structural analysis and their atomic
structure, therefore, remains largely unknown (Braun, 1997). Silica coatings are fluffy, and
consist of polymerized silicic acid. Coating with alumina and silica can more than double the
surface area (Braun, 1997). The surface area of untreated pigment ranges from 8 to 10 m%/g.
Treated pigment surface areas generally range from 8 to 19 m?/g and matte-finish pigments (that
have high levels of alumina) can extend up to 35 m*/g. Surface areas of ultrafine products are in
the range of 35 to 100 m?*/g (American Chemistry Council, 2005). Coated TiO2 particles and
pigments, other than silicone-coated particles, are hydrophilic.

6.1.6 Other Characteristics

Water forms a closed film on the surface of TiO2-containing products due to the hydrophilic
properties of nanoscale TiO2 (Kaegi et al., 2008). House paints or tiles containing Ti02
particles are self-cleaning (scaling) and pollutant-degrading (so-called ““anti-fog coatings™). The
ultra-thin water film on a glass pane coated with a transparent layer of nanoscale TiO2 impedes
the formation of water droplets.
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Zeta potential describes the electric potential between the surface of a nanomaterial (or
associated groups thereon) and the suspension medium. Negatively charged cell membranes can
interact more easily with positively charged nanomaterials, making them potentially more toxic
than neutral or negatively charged nanomaterials (Cho et al., 2012). Ionic solution strength and
pH affect NP dispersion properties. Increasing TiO2 NP surface area results in a decrease in
solution pH. At fixed pH, increasing the particle surface area enhances the collision frequency
between particles and leads to a higher degree of agglomeration. In addition to the synthesis
method of Ti02, the isoelectric point (IEP) is dependent on particle size. The IEP is the pH at
which a particular molecule carries no net electrical charge. For anatase TiO2, particles of size
6, 16, 26, 38, 53, and 104 nm, the IEP decreased from 6.0 to 3.8 resulting in changes in
dispersion, Zeta potential and hydrodynamic size. The hydrodynamic size gives information on
the inorganic TiO2 core along with any coating material and the solvent layer attached to the
particle. TiO2 NP IEP was found to be insensitive to particle crystal structure (anatase vs.
rutile).

6.1.7 Summary

The biological activity of TiO2 NPs will depend on physicochemical parameters not routinely
considered in toxicity screening studies. Physicochemical properties that appear important in
understanding the toxic effects of TiO2 NPs are: dissolution rates, (or solubility), particle size
and distribution, agglomeration state (mass), shape, crystal structure, chemical composition,
surface area, surface chemistry, surface charge, and porosity. Until the mechanism(s) of toxicity
are more fully understood, it will be necessary to ensure that TiO2 nanoscale characteristics are
measured or can be determined in toxicity screening tests. In as far as it is possible, it is
desirable to collect sufficient information to allow retrospective interpretation and comparison of
toxicity data in the light of new findings.
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Table 26. Physiochemical Characteristics of Some Commonly Manufactured TiO2 (Titania)?

TiO2 Use Shape Crystal Coating Surface Area | Primary | Comment
Name Structure (mg?/g) Diameter
Size (nm)
NM-100 JRC repository tetragonal anatase uncoated 9.23 - Tiona AT-1 (non-nano
(Bulk comparator) reference)
NM-101 JRC repository tetragonal anatase uncoated 169.5 130 Research grade; largest
(Hombikat UV agglomerates (140 to 150
100) nm)
NM-102 (PC105) JRC repository tetragonal anatase uncoated 65.6 140 Research grade; largest
agglomerates (140- to 50 nm)
NM-103 (UV JRC repository tetragonal rutile PDMS 51.1 95 Research grade; smallest
TITAN M262) agglomerates (80 to 90 nm)
NM-104 (UV JRC repository tetragonal rutile Al-Si 524 80 Research grade; smallest
TITAN M212) agglomerates (80 to 90 nm)
NM-105 JRC repository sphere anatase-85% uncoated 47.0 26.1+£13 Research grade
(Aeroxide® P25) rutile-15%
E171 (Europe); Pigmented colorant ortho- rutile or no 10 for anatase 110+ 17 36% of particles less than100
Synonym for when used in foods rhombic anatase pm
Pigment White 6
Pigment White 6 Paints ortho- rutile or no 6.137 for anatase | 200 to 350 white pigment and opacifier
(CI177891) rhombic anatase
AMT-100 Photocatalysis sphere anatase no 100 to 120 6 teeth whitener
AMT-600 Photocatalysis unknown anatase no 52 30 deodorizes, disinfects
TITANIX JA-1 Pigment grade unknown anatase no 9 180 circuit boards
MT-150AW Cosmetics spindle rutile stearic acid 100 to 120 19.5by 2.6 lipstick
MP-100 Photoshield sphere rutile no 6 289 t0393 sunscreen
TTO S-3 UV-shielding spindle rutile no 12 10to 20 by | transparent sunscreen
Al(OH); 102 41.2 t0 48.9
FTL-100 Reinforcement needle rutile no 12.0 89.8 to 393 mechanical strength
5430MR Pigment, UV- sphere anatase no 240 15 reagent
shielding
Ti-Pure™ R-105 White pigment for unknown rutile Al-Si unknown 200 to 300 UV stabilization of synthetic
PVC windows; paper
Portland cement
Nanovation AG Reference irregular 95% anatase surface organic 117 17 Federal Ministry of
Product 1.1 material spheres 5% rutile molecules Education and Research
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TiO2 Use Shape Crystal Coating Surface Area | Primary | Comment
Name Structure (mg?/g) Diameter

Size (nm)
Evonik Degussa Reference tetragonal anatase uncoated 52 272 Dr. Christoph Steinbach,
Product 1.2 material rutile DECHEMA e.V.
Evonik Degussa Reference tetragonal anatase uncoated 38 423 Theodor-Heuss-Allee 25
Product 1.3 material rutile 60486 Frankfurt a,M.
Evonik Degussa Reference tetragonal anatase uncoated 63 334 Germany
Product 1.4 material rutile
Evonik Degussa Reference tetragonal anatase uncoated 115 12.5
Product 1.5 material rutile

aSource: Compiled from multiple sources cited in above text
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6.2 Toxicokinetics of Nano TiO2

Due to the extensive application of TiO2 NPs and their inclusion in many commercial products,
the exposure of humans to NPs is possible via oral, inhalation or dermal exposure during contact
with consumer products. As a crystalline solid, the metabolic transformation of TiO2
morphological forms (i.e., rutile, anatase, brookite, ilmenite; refer to Section 6.1) in mammalian
systems is unlikely and has not been a focus of research (see also Versar, 2012). Similarly, there
is little information on the excretion of TiO2. Thus, this section will focus primarily on the
absorption and distribution of TiO2 in humans and animals.

6.2.1 Oral Exposure

There are limited human and animal data for the oral ingestion route of exposure to TiO2 NPs.
Some sources are intentionally designed components of food products (e.g., TiO2 particles
functioning as whiteners), as well as food supplements, flavor enhancers, and other pigments. It
should be noted, however, that most of the TiO2 particles consumed in food applications are of
the pigment-grade form (i.e., greater than 100 nm) and not in the NP size range (Winkler, 2003).
While sources of exposure from TiO2 NPs intentionally added to food or drinks or in
pharmaceutical capsules are not within the purview of CPSC, nor within the scope of this
project, TiO2 NPs in food and drink containers (or container parts) that may contain pigment-
grade TiO2 particles that could leach or otherwise contaminate the food or drink is of concern to
CPSC. As discussed in Section 3, nano release is a recent topic of research in the nanomaterial
field and these types of data for TiO2 do not appear to be readily available, although they were
not specifically searched for this project.

Jones et al. (2015) conducted human in vivo and in vitro studies on the gastrointestinal
absorption of NPs, using TiO2 as a model compound, and to compare NP behavior with that of
larger particles. Nine volunteers (four males, five females, age range 30 to 56 years) received a 5
mg/kg single oral dose of a commercially available TiO2 dispersed in water. The sizes (TEM) of
the TiO2 were 15 nm (100 percent anatase), 100 nm (95 percent rutile) and ~5 pm (100 percent
rutile). Very little TiO2 was absorbed (less than 0.1 percent administered dose) via the
gastrointestinal tract. Absorption for the three particle sizes tested was similar. All tested
formulations were shown to agglomerate in simulated gastric fluid. Less than 0.02 percent of the
dose penetrated a colorectal cell line during in vitro testing. This study found no evidence that
nanoparticulate TiO2 is more likely to be absorbed in the gut than micron-sized TiO2 particles.

Seven human volunteers with normal intestinal permeability were orally administered capsules
of pharmaceutical/food grade TiO2 containing 50 mg anatase for a total of 100 mg (diam 50 to
260 nm) (Pele et al., 2015). Blood samples were collected at 0 (baseline) and from 0.5 to 10
hours post ingestion and analyzed for the presence of reflectant bodies (particles) by dark field
microscopy and for total Ti by ICP-MS. Blood analyses implied early absorption of particles;
particle uptake started early (i.e., by two hours following ingestion) and peaked later (i.e., six
hours following ingestion). The presence of the reflectant NPs in blood roughly mirrored the
levels of total Ti by ICP-MS, providing good evidence for the latter being a measure of whole
particle (TiO2) absorption. The authors concluded, this pattern of early uptake with a later peak
may be explained by some absorption in the proximal small intestine (duodenum/jejunum) with
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later Peyer’s patch uptake in the more distal small intestine (ileum). This study showed that a
fraction of pharmaceutical/food grade TiO2 is absorbed systemically by humans following
ingestion. It confirms that at least two areas of particle uptake may exist in the human gut- one
proximal and one distal.

Qualitative evidence of oral absorption and distribution to tissues is reported from elevated Ti
concentrations in several organs in CD-1 (ICR) mice two weeks after administration of single
nonlethal 5 g/kg doses of various commercial TiO2 suspensions (Wang et al., 2007b, as cited
in Versar, 2012). Titanium concentrations in tissue samples (ng Ti/g tissue) were determined
by ICP-MS. Mean Ti concentrations were elevated in some forms of TiO2 in spleen, kidney,
liver and brain, but not RBCs, relative to vehicle-exposed control mice two weeks post-
exposure.

Cho and coworkers (2013) observed very low absorption when they administered purchased
TiO2 NPs by gavage to six-week old male and female Sprague-Dawley rats for two or 13 weeks
(seven d/wk). The TiO2 were 80 percent anatase-20 percent rutile NPs, with a primary size of
21 nm and surface area of 50 = 15 m?/g. Eleven rats were assigned to each of four treatment
groups: vehicle control (distilled water) and TiO2 NPs at 260.4, 520.8, or 1041.5 mg/kg/d
(suspended in distilled water and administered at 10 mL/kg bw). Immediately after gavage,
urine and feces samples were collected for 24 hours from five animals/group and analyzed for Ti
concentration by ICP-MS. The blood concentrations of TiO2-treated male rats (but not females)
showed a shallow, gradual increase of Ti with dose. TiO2-treatment groups showed no
significant increase of Ti in sampled organs, low urinary Ti concentration, and high fecal Ti
concentrations compared to the vehicle control group, demonstrating TiO2 NPs had extremely
low absorption by the oral route.

Tissue distribution and blood kinetics of various TiO2 NP suspensions (NM-100, NM-101, NM-
102, NM-103, and NM-104), which differed with respect to primary particle size, crystalline
form and hydrophobicity, were investigated in adult male and female Wistar rats, six days after
oral gavage for five days (Geraets et al., 2014). The resulting exposure suspension concentration
was 2.304 mg/mL TiO2 (per the author, a low and realistic human dose level based on personal
care product data from Weir et al., 2012). The European Commission's Joint Research Centre
(JRC) characterized standard physico-chemical properties of manufactured nanomaterials of
Ti02 with NM-100, included in the series as a bulk comparator (Rasmussen et al., 2014). All
TiO2 containing suspensions for the Geraets et al. (2014) study gave reliable
agglomerate/aggregate results (between 80 to 150 nm). Suspensions of rutile NM-103 and NM-
104 contained the smallest agglomerates/aggregates (80 to 90 nm), whereas the largest were
observed with anatase NM-101 and NM-102 (140 to 150 nm). NM-101 and NM-102 showed a
bimodal size distribution with another much less frequent distribution of ~Ium. No particles
were observed between 3 and10 um for any of the materials. All liver and spleen tissue samples
(NM-101: male and females; NM-102, NM-103 and NM-104: males) contained very low Ti
levels (mostly below the LOD of 0.03 pg/g), while all samples of mesenteric lymph node tissue
contained amounts above the LOD (0.07 pg/g tissue or 0.11 pg/tissue for the whole node). The
results indicated that absorption of TiO2 after oral administration was very low.

In studies designed to evaluate genotoxicity of TiO2 NPs, indirect support for absorption and
systemic distribution of TiO2 to femoral bone marrow was found after oral gavage in mice
(Sycheva et al., 2011) and rats (Chen et al., 2014b; Grissa et al., 2015).
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6.2.2 Inhalation Exposure
6.2.2.1 Deposition and Clearance of NPs

Both fine particles with diameters in the 1 to 2.5 um range and NPs (with at least one dimension
less than 100 nm), can be inhaled and deposited in the oral and nasal cavities, the
tracheal/bronchiole region of the lung, and the alveolar region of the lung (Kreyling et al., 2002).
In fact, all compartments of the respiratory tract are targeted by both inhaled fine and ultrafine
particles; it is only the amount which is deposited in different regions that varies (ICRP, 1994).
Figure 2 shows how deposition fraction in humans varies with the diameter of the particulate
matter. Little deposition occurs with particles much above 10 microns in diameter. A bi-phasic
deposition occurs with lower diameter particles.

Several authors (Geiser et al., 2008; Kreyling et al., 2002; Oberdorster, 1988) have discussed NP
deposition and clearance. These are briefly summarized as cited in Versar (2012) below; details
of the studies are presented in full in Versar (2012). To reiterate, NPs deposited in the alveolar
region of the respiratory tract may be cleared from the alveolar region by: (1) macrophage
phagocytosis and mucociliary transport along the tracheobronchial tree to the GI tract, (2)
translocation into interstitial tissue, (3) translocation to the lymphatic system, (4) particle
dissolution with subsequent absorption into lung cells and transport into the blood (a very limited
process for TiO2 particles given the in vivo insolubility of TiO2), and (5) translocation of the
particles into lung cells from lung surfaces and possible transport into the blood. Clearance from
tracheal/bronchiole regions may occur by similar pathways. Nanoparticles deposited in the nasal
mucosa also may be subject to particle dissolution and absorption into the blood (again, not
likely with insoluble Ti02) or direct translocation into the olfactory bulb of the brain via the
olfactory nerve; however, translocation of NPs from the olfactory bulb to other brain regions is
poorly studied (Oberdorster et al., 2004).

6.2.2.2 Translocation of Inhaled TiO2 NPs

Approximately 20 percent of TiO2 NPs detected by energy-filtering TEM in alveolar lung
regions were located within and beyond the epithelia immediately, or at 24 hours, following one-
hour exposure of male WKY/NCRI BR rats to a TiO2 concentration of 0.11 mg/m?,
corresponding to a mean number concentration of 7.3 x 10°(SD 0.5 x 10°) particles/cm’ (Geiser
et al., 2005; as cited in Versar, 2012). The remaining percentage of detected particles was
located on the luminal side of the airways and alveolar epithelium (79.3 + 7.6 percent), 4.6 +£ 2.5
percent within epithelial or endothelial cells, 4.8 + 4.5 percent within the connective tissue, and
11.3 + 3.9 percent within the capillaries. The 22 nm aerosol particles were agglomerates of
smaller primary particles with estimated diameters of 4 nm.

The observation of particles in alveolar capillaries provides qualitative evidence that
translocation to the blood occurred. A subsequent analysis of the data, which related the number
of particles in the various lung compartments with compartment size, indicated that particles
were preferentially translocated to connective tissues immediately after exposure and to
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Figure 2. Human deposition patterns
A = alveolar deposition; ET = extrathoracic deposition; TB = tracheal-bronchiolar deposition

the capillary lumen at 24 hours after exposure (Mubhlfeld et al., 2007; as cited in Versar, 2012).
Particles detected within cells were not membrane bound, suggesting that the particles entered
cells via a non-endocytotic mechanism (Geiser et al., 2005). This observation was contrary to
other observations of membrane-bound agglomerations of TiO2 particles within human epithelial
cells (reported average diameter of primary particles ~50 nm; crystal structure not specified)
(Stearns et al., 2001). The in vivo results suggest that, under the low-concentration, low-
agglomeration conditions as in the study by Geiser et al. (2005), at least 20 percent of poorly
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soluble TiO2 NPs deposited in the peripheral lung are absorbed into lung tissue via a mechanism
that may not involve endocytosis. Other studies of the extent or rate of respiratory tract
absorption of inhaled TiO2 NPs were not located in the literature searched for Versar (2012) nor
for this report.

Uptake of TiO2 NPs by pulmonary macrophages was studied by Rossi et al. (2010; as cited in
Versar, 2012). Absorbed NPs are able to cross the pulmonary epithelium (translocate) and reach
the interstitium, blood, and other organs, such as the liver, heart, and brain (Oberdorster, 2002).
Agglomerations (typically greater than 100 nm in size) of TiO2 particles were observed by light
microscopy and TEM in membrane-bound organelles (phagosomes) within pulmonary
macrophages of mice (Rossi et al., 2010; as cited in Versar, 2012). The MMADs for the aerosols
generated in this study were not reported, but the aerosol aerodynamic size distribution range
was reported to be 15.9 nm to 10 um. Most aerosol particles were reported to show MMAD in
the pm size. Containment of the particles within organelles suggests that macrophages may have
engulfed the deposited particles via an endocytic mechanism. In contrast, following exposure to
aerosols made from silicon dioxide (Si0;)-coated rutile TiO2 NPs, most particles were observed
in the macrophage cytosol, and phagosomes were absent. This observation was interpreted to
suggest that the phagosomes were destroyed and the internalized NPs were released to the
macrophage cytosol.

6.2.2.3 Lung Deposition and Clearance Kinetics

No studies were located in the literature searched examining lung deposition and clearance
kinetics following exposure to nanosized aerosols of TiO2. Several studies have compared lung
deposition and clearance in animals exposed by whole body inhalation to aerosols made from
TiO2 -fine particles with diameters greater than 100 nm and ultrafine (i.e., nano) particles with
diameters less than 100 nm (Bermudez et al., 2004, 2002; Oberdorster et al., 1994; Ferin et al.,
1992; all as cited in Versar, 2012). However, regardless of particle size of the starting materials,
the MMADs of aerosols used in these studies (about 0.7 to 1.4 um) were similar and outside of
the NP size range. The results indicated that exposure to microsized aerosols made from NPs
results in similar lung deposition burdens, but particle size of the starting material affected lung
clearance kinetics.

Bermudez et al. (2002, 2004; as cited in Versar, 2012) exposed rats, mice, and hamsters for 13
weeks with a 52-week recovery to 0.5, 2.0, or 10 mg/m? in whole-body chambers to aerosols of
P25 TiO2 NPs (Bermudez et al., 2004) or to 10, 50, or 250 mg/m? of aerosols of fine
(pigmentary) particles with similar respective MMADs (and GSDs) (Bermudez et al., 2002; as
cited in Versar, 2012). Although MMADs for aerosols generated from nano- and micro-sized
TiO2 particles were within the same range, differential effects were observed for the two
particle types:

(1) Similarly sized aerosols (NP or fine particle) showed similar TiO2 lung burdens, but
total lung clearance during the 64-week recovery period was slower for NPs (ti2= 501
days) compared with fine particles (ti2= 174 days). In addition, a greater proportion of
the TiO2 mass in the lungs was in the hilar lymph nodes immediately following NP
exposure compared with fine particle exposure (Oberdorster et al., 1994; Ferin et al.,
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1992; as cited in Versar, 2012). For both particle types, 93 percent was cleared from
the alveolar space within one-year post-exposure. For NPs, a large fraction (44 percent)
of the cleared alveolar mass appeared in the interstitial space during the post-exposure
period. A smaller fraction appeared in the interstitial space (13 percent) following
exposure to fine particle aerosols, which were presumably cleared to a larger extent via
the GI tract.

(2) Exposure-dependent TiO2 mass lung burdens were similar between rats and mice, but
were approximately two to five-fold lower in hamsters (Bermudez et al., 2004; as cited in
Versar, 2012). Total lung retention half-times were longest in the rats and shortest in the
hamsters. Similar species differences in lung deposition and lung retention kinetics were
noted with aerosols made from fine TiO2 particles (Bermudez et al., 2002; as cited in
Versar, 2012).

A few observations in rats following inhalation exposure to aerosols of TiO2 NPs suggest that
macrophage-mediated clearance of TiO2 NPs from the alveolar region and from the lung may
be dependent on exposure concentration, the degree to which inhaled aerosols are
agglomerated, or lung burden, but current understanding is insufficient to describe
macrophage-mediated clearance of TiO2 NPs from the lung (Geiser et al., 2008; as cited in
Versar, 2012).

In contrast, following exposure of mice to a much higher concentration, light microscopy and
TEM showed that particles accumulated primarily in pulmonary macrophages and not in the
surrounding lung tissue and that the particles were agglomerated within phagosomes (Rossi et
al., 2010; as cited in Versar, 2012). The factors contributing to the apparent differences in these
observations are unknown, but could include different exposure concentrations and durations,
size of the aerosols, or surface characteristics of the particles.

6.2.2.4 Tissue Distribution Following Inhalation Exposure

No evidence for translocation of TiO2 to the liver, kidney, spleen, or the basal brain (with
olfactory bulb) was found in Wistar rats exposed for 6 h/d for 5 days to aerosols made from TiO2
NPs at concentrations of 2, 10, or 50 mg/m* (Ma-Hock et al., 2009b; as cited and summarized in
Versar, 2012). Dust aerosols in this study were made by dispersing uncoated TiO2 primary
particles with average diameters of 25.1 + 8.2 nm (MMAD 0.7 to 1.1 um; GSD 2.3 to 3.4). Due
to agglomerates generated during the aerosolization process, the concentration of particles less
than 100 nm in size was only a small fraction (0.1 to 0.4 percent) of the total particle mass at
each exposure concentration. TiO2 NPs were characterized as 86 percent anatase/14 percent
rutile, had an uncoated hydrophobic surface, ranged from 13 to 71 nm size, and had a surface
area of 51.1 £ 0.2 m?/g. Thus, the aerosols were similar to those used in the studies by
Bermudez et al. (2004) and Ferin et al. (1992). Mean TiO2 mass in lung tissue increased with
increasing exposure concentration, and during a 16-day post-exposure period, lung burdens
decreased to about 74 to 82 percent of values immediately after exposure. TiO2 was only
detected in mediastinal lymph nodes of rats exposed to the highest concentration. Increase in
lymph node content during the post-exposure period suggests that translocation to the lymph
nodes contributed to the lung clearance. In liver, kidney, spleen, and basal brain, TiO2 could not
be detected by inductively coupled plasma-atomic emission spectroscopy (ICP-AES), indicating
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that translocation of inhaled TiO2 NPs to non-respiratory tissues appears to be limited. The
results suggest that clearance of TiO2 during post-exposure may have occurred predominantly
via macrophage-mediated mucociliary transport to the GI or via the lymph system without
considerable translocation to the nonrespiratory tract tissues examined. A study limitation is that
fecal samples were not collected and analyzed for Ti02.

Ti levels were not detectable in liver, kidney, spleen, and basal brain (with olfactory bulb) from
Wistar rats exposed (head/nose) to aerosols of TiO2 NPs at a concentration of 100 mg/m?, 6
hours/day for 5 days (van Ravenzwaay et al., 2009; as cited in Versar, 2012). The mean TiO2
lung concentration declined over 14 days post exposure; however, concentrations in lymph nodes
increased during this time, indicating clearance from the lung to the lymph node. The results
indicate that translocation to nonportal-of-entry tissues is limited.

6.2.3 Dermal Exposure

Few studies on dermal absorption or penetration of TiO2 in humans or animals were located in
the literature, including those studies with TiO2 in sunscreens.

Pflucker et al. (2001) performed dermal tests with three different types of TiO2 NPs (between 10
and 100 nm). The test emulsions were applied on the forearm of a human volunteer at a
concentration of 4 mg emulsion/cm? or 160 pg TiO2/cm? for 6 hours. Punch biopsies (2 mm in
diameter) were examined using TEM and the TiO2 pigments were located exclusively on the
outermost layer of the human stratum corneum, indicating very limited dermal absorption.

While an in-depth review of sunscreen and cosmetics are outside the scope of this project, the
body of literature with sunscreens report that TiO2 did not penetrate through the skin in either
animals (domestic pig, minipig) or humans (Mavon et al., 2007; Kiss et al., 2008; as cited in
Versar, 2012; Menzel et al., 2004; Sadrieh et al., 2010; Wu et al., 2009). These studies are
consistent and supportive of the Pflucker et al. (2001) study.

No data were located regarding excretion of absorbed TiO2 NPs following dermal exposure,
which is not unexpected given that Ti does not appear to penetrate the dermis.

6.2.4 Other Routes of Exposure

Studies of other routes of exposure to TiO2 that have investigated absorption and distribution
have been conducted via intranasal instillation, IT, OPA, and abdominal injection. While these
studies suggest there is translocation and absorption of Ti into systemic circulation and organs,
the relevance of these routes of exposure and high doses to human oral or inhalation exposure is
uncertain.

Evidence of translocation of TiO2 to brain regions has been reported from studies of mice given
intranasal instillations of aqueous suspensions of rutile or anatase NPs and sacrificed 24 hours
after 1, 5, 10, and 15 treatments (Wang et al., 2008a, b; as cited in Versar, 2012). Increased
brain Ti concentrations have also been observed in CD-1 (ICR) mice following 14 daily
abdominal injections of 5 to 150 mg/kg/d TiO2 NPs (5 nm anatase; agglomeration of particles
not characterized) (Ma et al., 2010; as cited in Versar, 2012). It is not known how the particles
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are transported to the brain and cross the blood-brain barrier.

Results from IT studies in rats suggest that TiO2 NPs deposited in the lungs are transported into
the interstitium and lymph nodes (Sager, 2008a; Ferin et al., 1992; as cited and discussed in
Versar, 2012). Fu et al. (2014) reported that following IT of TiO2 NPs in male SD rats, twice
per week for four weeks with 0.5 to 32 mg/kg, there was slight congestion in the spleen,
deposition in the lymph nodes and alterations in immune function. These observations support
translocation and absorption of TiO2 following this route of administration.

6.2.5 Summary

Limited information from human and animal studies indicates that TiO2 NPs are absorbed to a
small extent from the lungs and gastrointestinal tract via alveolar macrophages or systemic blood
circulation, then distributes to liver, kidneys, spleen and the brain, causing localized effects. The
rate of translocation is uncertain. TiO2 NPs, however, can penetrate the blood—brain, blood-
testis and blood-placenta barriers.

In humans, there is low absorption following oral exposure. Some absorption apparently occurs
in the proximal small intestine as well as uptake via Peyer’s patch in the more distal small
intestine (ileum). In animals, there is also very low absorption as evidenced by low urinary, and
high fecal excretion. Few studies showed systemic distribution to spleen, kidney, liver, brain,
lymph nodes and bone marrow following oral exposure in animals.

Available results from animal studies indicate that, following nose-only or whole-body
inhalation exposure, TiO2 NPs deposited in the lung can be (1) cleared by macrophage
engulfment and translocated to the GI tract via mucociliary transport and swallowed; and, (2)
transported from airspace surfaces into the interstitium and lymph tissue, and, with non-overload
conditions in the lungs, cleared with slower kinetics than microsized TiO2 particles (Geiser et
al., 2008, 2005; Sager et al., 2008a, b; Bermudez et al., 2002, 2004; Oberddrster et al., 1994;
Oberdorster, 2002; Hext et al., 2005; Ferin et al., 1992; Leppanen et al., 2011, 2015a, 2015b;
Eydner et al,, 2012; Noel et al., 2012; 2013; McKinney et al., 2012; Baisch et al., 2014; Oyabu et
al., 2016; Larsen et al., 2016). With overload conditions, alveolar macrophages apparently
engulf too large of a volume of particles, become immobile and clearance fails. In general,
deposition, clearance and effects are animal species-specific and are not specific for TiO2 versus
other poorly soluble low cytotoxic particulates (Bermudez et al., 2002, 2004). Translocation of
inhaled TiO2 NPs to non-respiratory tissues appears to be limited.

TiO2 NPs do not appear to penetrate intact skin in humans or animals. No data were located
regarding excretion of absorbed TiO2 NPs following dermal exposure, which is not unexpected
given that TiO2 does not appear to penetrate the dermis.

Data from other routes of exposure suggest there is translocation and absorption of TiO2 into
systemic circulation and organs. One study in mice reported brain Ti following abdominal
injections of TiO2 NPs. It is not known how the particles are transported to the brain and cross
the blood-brain barrier. However, the relevance of these routes of exposure and how the high
doses employed in animal studies relate to human oral or inhalation exposure is not known.
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6.3 Acute Toxicity

Versar (2012) reviewed acute toxicity studies of nano TiO2 prior to 2010. The relevant literature
since that time is presented in this section. Acute oral studies in humans were not located for
TiO2 NP forms relevant to CPSC. Shakeel et al. (2016) recently published a review of studies
with laboratory animals by various routes of exposure for further reference.

6.3.1 Oral Exposure

Only two studies (Warheit et al., 2015a; Tassinari et al., 2014) of the acute/short term oral
toxicity of TiO2 were found in a search of the literature from 2010 to 2017; these studies are
described below and summarized in Table 27. Two older studies (Warheit et al., 2007; Wang et
al., 2007, as evaluated in Versar, 2012) are also presented in Table 27.

Warheit et al. (2015a) conducted an acute oral toxicity study with nanoscale TiO2 in accordance
with OECD Test Guideline 425. This study was designed as a repeat of the authors’ earlier study
(Warheit et al., 2007). Fasted female Sprague-Dawley rats were administered a single oral
gavage of commercial surface-treated TiO2, with a crystal structure composed of both rutile and
anatase (see Table 27), with doses of 0, 175 (1 rat), 550 (1 rat), 1750 (1 rat) or the limit dose of
5000 (3 rats) mg/kg bw. Mortality, clinical signs and body weights were evaluated over a 14-day
post-exposure period. No mortality was observed; the oral LD50 was greater than 5000 mg/kg
bw.

An acute study explored possible reproductive and endocrine effects of short-term, oral exposure
to 0, 1, or 2 mg/kg/d anatase TiO2 NPs in rats (Tassinari et al., 2014). NPs were purchased and
characterized to be anatase (Table 27). Male and female Sprague-Dawley rats (7/sex/group,
approximately 60 days old) were gavaged suspensions of O (ultrapure water), 1, or 2 mg/kg/d
TiO2 at 2 ml/100g bw for 5 days. Twenty-four hours after the last treatment, blood samples
were collected for testosterone, 17 estradiol, and triiodothyronine measurements. The uterus,
ovary, testes, thyroid, spleen and adrenal glands were collected for histopathological
examination. Deposition of TiO2 NPs in the spleen was measured by ICP-MS. TEM
observations showed that TiO2 NPs were of two morphologies, i.e., spherical (20 to 60 nm) or
irregularly shaped (40 to 60 nm). Eighty-seven percent of the large particle (determined by
SEM) agglomerates ranged from 30 to 900 nm, with an average diameter of 284 & 43 nm. The
main impurity was Fe. A statistically significant increase of Ti occurred in ovarian and splenic
tissue in 2 mg/kg dosed rats. No other differences in Ti levels were reported across treatment
groups. There were no treatment-related effects in either sex for clinical observations, body
weights, body weight gains, feed consumption values, and absolute and relative target organs
between the treated and control groups. Testosterone serum levels were statistically significantly
increased at 2 mg/kg compared to control values. 17 Estradiol serum levels did not show any
differences among groups. Histological and histomorphometric data of the ovary revealed a
significant increase in the incidence of apoptosis in granulosa cells at both 1 and 2 mg/kg/d with
respect to the control group. Morphometric analysis did not show any difference among groups.
Thyroid histomorphometry showed a statistically significant increase in follicular epithelium
height, both at 1 and 2 mg/kg. Triiodothyronine serum levels showed dose-related, statistically
significantly decreases both at 1 and 2 mg/kg/d. In the spleen, the white-to-red pulp area ratio
was significantly affected at 2 mg/kg, as a consequence of the significantly increased white pulp
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area. The LOAEL is considered to be 1 mg/kg/d; there was no NOAEL.

Acute oral toxicity data for TiO2 NPs in humans were not located. Animal oral exposure studies
with TiO2 NPs showed biochemical changes. The LD50 in rats was greater than 5000 mg/kg.
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Table 27. Summary of Acute and Short-Term Oral Studies to TiO2 NPs

Species and study type [Dose Particle NOAEL [LOAEL [Responses at Comments [Reference
(n/sex/group) (frequency, characteristics® (mg/kg/d) (mg/kg/d) [LOAEL
duration)
Sprague Dawley rats Single gavage commercial surface-  [None LD50 greater than 5000 [Designed as LD50 study; 14- [Warheit et al., 2015a
dose treated rutile/anatase mg/kg day post exposure period.
females TiO2 particles (D50 = Repeat of Warheit et al. (2007)
1/group 0, 175, 550, 1750 {73 nm by number) study
3/group 5000 ultrafine or nanoscale;
characterized by
multiple methods for
surface area and size
Sprague-Dawley rats Oral gavage gavage suspension; [None 1 Significant decrease of [[ncreased incidence of Tassinari et al., 2014

male and female

0, 1, or 2 mg/kg/d

purchased
09% pure anatase; less

triitodothyronine serum
levels

apoptosis in granulosa cells of
the ovary. Increase in

for 5 days than 25 nm primary follicular epithelium height in
7/sex/group particle size; BET the thyroid. Endpoints
surface area 45 to 55 evaluated: body weight, organ
m?/g; spherical or weight, feed consumption
irregular shaped; values, and testosterone, 17
characterized by SEM, estradiol, and triiodothyronine
TEM concentrations
Sprague-Dawley rats Single dose ultrafine TiO2 particles At greater than 1750,  [Sacrificed 2 weeks after Warheit et al., 2007°
gavage (79% rutile/ 21% eray feces observed; dosing; no adverse effects
females anatase) (90% wt ILD50 greater than 5000 [reported
1/group 0, 175, 550, or titania/7% alumina/1% mg/kg
1750 mg/kg amorphous silica);
median particle size 140
3/group 5000 mg/kg nm in water®
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Species and study type [Dose Particle NOAEL [LOAEL [Responses at Comments [Reference
(n/sex/group) (frequency, characteristics® (mg/kg/d) (mg/kg/d) LOAEL

duration)
CD-1 ICR mice Single gavage nanosized (25 and 80 5000 Mortality (not attributed [Sacrificed 2 weeks after Wang et al., 2007°
10/sex/group nm) and fine (155 + 33 to treatment): increase |dosing

5000 mg/kg/d nm) TiO2 particles IALT, ALT/AST ratio,

(greater than 99% pure);
crystalline forms not
specified®

BUN concentration,
LDH and a-HBDH,
increased relative liver
weight in females and
increased ALT/AST
ratio in males at 25 and
80 nm; brain, kidney,
liver lesions in both
sexes with 80 nm and
fine particles

Particle data presented if available: source, coating, primary particle size, surface area, shape/morphology, mineral form, aggregation, purity
bAs described in Versar (2012)
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6.3.2 Inhalation Exposure

Acute inhalation toxicity data for TiO2 NPs in humans were not located. Acute animal
inhalation exposure studies (nose/head-only or whole body) with TiO2 NP (forms relevant to
CPSC) showed signs of pulmonary inflammation; no systemic effects were evaluated.

Several acute or short-term inhalation toxicity studies have been published since 2010, and are
described in this section and summarized in Table 28. Older studies, while not described herein,
are also presented in Table 28 (as summarized in Versar, 2012) for a comprehensive presentation
of acute and short-term inhalation toxicity studies for TiO2.

An acute nose-only inhalation study of 5 nm TiO2 aerosols with two distinct sizes (or
agglomeration states), smaller or larger than 100 nm, induced mild pulmonary effects in adult
male Fisher 344 rats at 7 mg/m> (Noel et al., 2012). The investigators hypothesized the larger
agglomerates would more likely be phagocytized by macrophages, whereas the smaller
agglomerates would escape phagocytosis and cause cytotoxicity. Six groups (6/group) of rats
were exposed for 6 hours to 0 (2 groups exposed to clean air, one for each agglomerate size), or
the large (2 groups) or small (2 groups) agglomerates at 2 or 7 mg/m> mass concentration. The
commercially purchased (from a US company) TiO2 (greater than 90 percent anatase and less
than 10 percent rutile) had a specific area of 200 to 220 m?/g, and a greater than 90 percent
spherical morphology (and were less than 10 percent rod-shaped). An acute inflammatory
response followed the exposure to large agglomerates. Clear trends showing both cytotoxic and
oxidative stress effects in BALF, without apparent activation and recruitment of immune cells,
was observed for small agglomerates. The lung burden of rats exposed to 2 mg/m> was 14.5 pg
for the aerosol composed of small agglomerates and 14.1 pg for the aerosol composed of large
agglomerates. The lung burden of rats exposed to 7 mg/m> was 51.3 pg for the aerosol
composed of small agglomerates and 51.5 pg for the aerosol composed of large agglomerates.
BALF analyses showed a statistically significant increase in the number of neutrophils for the
group exposed to the large agglomerates. The study provides evidence that biological responses
to NPs might not depend solely on the dimension of the primary NP, but also on the dimension
of the NP agglomerates. Therefore, the characterization of the size distribution of the NP
agglomerates in the aerosol is essential for the establishment of adequate and relevant
correlations between NP exposure dose and adverse biological effects.

To determine the role of primary NP size and their degree of agglomeration in aerosols on
pulmonary effects, the same laboratory conducted a further investigation (Noel et al., 2013).
Small NPs are thought to have greater biological reactivity, but their level of agglomeration in an
aerosol may also have an impact on pulmonary response. The authors investigated the role of
primary NP size and the agglomeration state in aerosols on pulmonary toxicity, through
inflammatory, cytotoxic and oxidative stress effects in adult Fisher 344 male rats (6 animals/
group). Three different near spherical sizes of TiO2 NPs (greater than 90 percent anatase and
less than 10 percent rutile), with a primary size 5, 10 to 30 or 50 nm, were commercially
purchased (U.S.). Small (Iess than 100 nm) or large agglomerates (greater than 100 nm) were
generated at 20 mg/m> and rats were exposed once for 6 hrs in nose-only chambers. Compared
to two groups of controls (clean air, one for each agglomerate size), BALF showed that large
agglomerate aerosols induced an acute inflammatory response, characterized by a significant
increase in neutrophils, while small agglomerates aerosols produced significant oxidative stress
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damage and cytotoxicity. In addition, for an agglomeration state smaller than 100 nm, the 5 nm
particles (specific surface area of 200 to 220 m?/g) caused a significant increase in cytotoxic
effects relative to controls (increased LDH). A greater degree of oxidative damage was seen
with the 10, 30 nm, and 50 nm particles. In both small and large agglomerate aerosols, the 10 to
30 nm TiO2 NP size increased BALF inflammatory cytokines relative to controls.

6.3.2.1 Whole Body Inhalation versus Nose-only Inhalation

Nose-only animal inhalation studies have become widely used because of the ability to achieve
higher exposure concentrations, less test substance waste, and less oral consumption with
preening, than with whole body inhalation exposure. However, a downside of this exposure
scenario, when compared with whole body exposure, is the additional stress on the animals from
being in a confined space, and the associated increased respiratory and heart rate.

Oyabu et al. (2016) compared the results of exposure via the two inhalation methods (nose-only
and whole-body) using the same material under the same exposure conditions (99.5 percent pure
commercial spindle-shape rutile-crystalline TiO2 NPs). Based on measurements of deposited
amounts and evaluation of histopathology in the lung, they concluded that the results of the two
methods were comparable. Both methods exposed F344 rats (5/group; sex not reported) to 0
(fresh air), or the same TiO2 NPs at approximately the same exposure concentration for 6 hours.
The concentration in the whole-body exposure chamber was 4.10 + 1.07 mg/m?>, and for nose-
only was 4.01 £ 1.11 mg/m>. The TiO2 NPs had a primary diameter of 12 nm x 55 nm long,
with a specific surface area 121 m*/g. The particle sizes were 230 and 180 nm, respectively.
Ti02 deposited in the lungs after the exposure was 42.6 + 3.5 ug in the whole-body exposure
and 46.0 = 7.7 pg in the nose-only exposure. The body weights of the two groups were similar
with wet lung weights of the nose-only group significantly less than controls, but similar to the
whole-body exposure group. The histopathological evaluation showed the same findings in both
exposure groups: no infiltration of inflammatory cells in the alveolar space and interstitium, and
no fibrosis, leading the authors to conclude there were no differences in effects between the two
inhalation methods.
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Table 28. Summary of Acute and Short-Term Inhalation Studies to TiO2 NPs

6/group; 8 groups
total

nose-only exposure

(greater than100
nm) of 20 mg/m>
for 6 hrs; 2 control
groups
(compressed air)

than 3% rutile; surface
area = 200 to 220 m?/g;
TEM greater than 97%
spherical/less than 3%
rod-shaped, (2) 10 to 30
nm particle size; pure
anatase; surface area =
200 to 220 m%/g;
spherical, (3) 50 nm
particle size; greater
than 80% anatase/less
than 20% rutile; TEM
greater than 80%
spherical/less than 20%
rod-shaped

(inflammatory response);
small agglomerates
produced oxidative stress
(increased LDH activity)
and cytotoxicity.

Species and Exposure Particle NOAEC [LOAEC |Responses at the Comments Reference
study type (concentrations, |characteristics® (mg/m®) |(mg/m?) |[LOAEC
(n/sex/group) frequency,
duration)
Fisher 344 rats Small (less Greater than 90% 2 7 Increased lung burden of [Lung burden similar with  [Noel et al., 2012
than100 nm) and |anatase/less than10% agglomerates; at 7 mg/m? |small or large agglomerates
males large agglomeratesjrutile; 5 nm particle acute inflammatory at both 2 or 7 mg/m?; lung
(greater than100 [size; TEM greater than response and; increased |burden 3 to 4 times greater
6/group; 6 groups [nm) of 2 or 7 90% spherical/less than neutrophils in BALF at higher concentration for
total mg/m?> for 6 hrs; 2 {10% rod-shaped; with large agglomerates; [both size agglomerates
control groups |Aerosols: MMAD =30 cytotoxic and oxidative
nose-only exposure [(compressed air) [and 185 nm (at 2 stress effects with small
mg/m?), 31 and 194 nm agglomerates
(at 7 mg/m?)
Fisher 344 rats Small (Iess than |3 types of NPs: (1) 5 nm|None 20 BALF of large Limited by only one Noel et al., 2013
100 nm) and large |particle size; greater agglomerates found concentration tested
males agglomerates than 97% anatase/less increased neutrophils
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Species and Exposure Particle NOAEC [LOAEC |Responses at the Comments Reference
study type (concentrations, |characteristics® (mg/m®) |(mg/m®) [LOAEC
(n/sex/group) frequency,
duration)
Sprague-Dawley [0, 1.5, 3,6, 10 or [25 nm (ultrafine at 4, 6, [None 38 ug of Impaired vasodilation in |Only looked at pulmonary [Nurkiewicz et al.,
rats 12 mg/m? for 10, 19 or 38 ug) and 1 ultrafine for [the systemic deposition and vasodilation [2008°
ultrafine and 0, 3, |um (fine at 8, 20, 36, 67 5 hours microcirculation of in the systemic
males 6,12, 15 0or 16 or 90 ug) primary shoulder muscle microcirculation
mg/m? for fine;  |particle sizes®
3-12/group 4 or 5 hours
whole-body
exposure
Wistar rats 0 or (target) 100 [70% anatase/30% rutile; [None 88 (lung) Significant changesin  [Endpoints evaluated van Ravenzwaay et
mg/m> TiO2 20 to 30 nm particle BALF parameters included BALF parameters [al., 2009°
males (concentration 88 [size; TEM surface area (including? total cells, |(total and differential cell
mg/ m?) for 5h/d |= 48.6 m?g; density 4.2 lymphocytes and counts, protein content, and
number/group not [for 5 days o/c mS; uncoated, shape neutrophilg; 1 p.ro'te?in, enzyme activity), organ
specified hot specified 1 enzymatic activities), [weights, and histological
Acrosols: MMAD = 1.0 decreased lung weight |examination of respiratory
head and nose 0 or 250 mg/m? um (2.2); 0.5% of total immediately after tract tissues.
exposure pigmentary TiO2 barticle rilass less exposure, and
(274 mg/m?) for 6 than100 nm® histological changes to [Sacrificed immediately or
h/d for 6 days the lungs, mediastinal |14 days post-exposure
Pigmentary TiO2 99.4% lymph nodes, and nasal
bure rutile; 200 nm size; cavity Recovery was apparent for
surface area=6 m%/g; most endpoints by 14 days
Acrosol: MMAD = None 274 (lung) post-exposure
. 0,
;l);lrrtrilz:l%?essftg;fll 00 Effects same of nano and
hm® pigmentary form
Wistar rats 0, 2, 10, or 86% anatase/ None 2 (lung) Changes in BALF Endpoints evaluated Ma-Hock etal.,
50 mg/m> 6 h/d  |14% rutile; 31 to 71 nm (including 1 total protein, |included body wts, BALF [2009°
males for 5 days particle size (mean 25 1 enzymatic activities), |(total and differential cell

5—6 rats/endpoint/
group

head and nose

nm); surface

area = 51.1 m%/g;
uncoated hydrophobic
surface, shape assumed
spherical if

increased cell
proliferation in the
large/medium bronchi
and terminal bronchioli.

counts, protein content, and
enzyme activity), rates of
cell proliferation and
apoptosis in the lung,
hematology parameters,
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Species and Exposure Particle NOAEC [LOAEC |Responses at the Comments Reference
study type (concentrations, (characteristics® (mg/m’) |(mg/m*) |[LOAEC
(n/sex/group) frequency,
duration)
exposure less than 100 nm in 1 incidences histological |organ weights, and

sizeb

Aerosols: MMAD =
0.8-1.1 um (GSD 2.3—
3.4); 0.1-0.4% of
total particle mass less
than 100 nm®

inflammatory lesions in
lungs at the two highest
concentrations (e.g.,
diffuse alveolar
infiltration with
histiocytes, pigment-
loaded macrophages in
mediastinal lymph
nodes).

Signs of pulmonary
inflammation in BALF
and from cell
proliferation measures
increased in severity at

higher concentrations.

histological examination of
respiratory tract tissues.
Controls received
conditioned air.

Sacrifices immediately at
end of exposure, 3 or 16
days post-exposure.

No indication of systemic
effects
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Species and Exposure Particle NOAEC [LOAEC |Responses at the Comments Reference
study type (concentrations, |characteristics® (mg/m®) |(mg/m®) [LOAEC
(n/sex/group) frequency,
duration)
BALB/c/Sca mice [0 or 10 mg/m’ Four types of nano- None 10 (lung)  [Increased neutrophils in |[Endpoints evaluated Rossi et al., 2010°
for 2 h/d for 3 particles: (1) SiO»- BALF. included BALF
females days coated nano rutile Effects observed for (differential cell counts and
Ti02:10 x 40 nm silica- coated rutile TiO2 |cytokine levels) and
8/group (needle- shaped); NPs only. Other test expression of mRNAs in
surface arca = 132 m /g: materials induced no lung tissue for gene
whole body ’ signs of pulmonary products involved in

rutile; coated with
silica,

(2) nano-TiO2 anatase:
less than 25 nm, surface
area = 222 m*/g; (3)
nano-TiO2
rutile:anatase: 30 to 40
nrgl; surface area = 23

m /g, rutile:anatase 9:1,
and

(4) nano TiO2
anatase/brookite:

~21 nm, surface area =
61 m%/g,
anatase:brookite 3:1, lab
produced.

Aerosols: MMADs ~
100 and <2 nm for
commercial and lab-
produced particles,
respectively.

inflammation under the
2-h/d exposure
conditions.

inflammatory responses.

Concluded that surface-
coating was the most likely
variable to explain potency
difference observed across
the test materials. This was
supported by citation of
unpublished findings that
10 x 40 nm needle-shaped
rutile NPs with an alumina
coating did not elicit
inflammatory responses in
an in vitro test system.
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Species and Exposure Particle NOAEC [LOAEC |Responses at the Comments Reference
study type (concentrations, (characteristics® (mg/m’) |(mg/m*) |[LOAEC
(n/sex/group) frequency,
duration)
C57BL/6 mice 0 or 8.9 mg/m°  |Anatase; 3.5 nm particle [None 8.9 (lung) |[Increased numbers of  |[Endpoints evaluated Grassian et al.,
for 4 h/d for 10 size (mean 25 nm); particle-laden alveolar |included body weights, 2007aP
males days surface area =219 m%/g; macrophages in the lung |BALF (total and
O, OH, and H,O at the tissues (indicative of differential cell counts,
24/group surface; shape not inflammation) total protein, cytokine
specified; marked levels) at 1, 2, 3 weeks
aggregation post-exposure, and
|Aerosols: MMAD = histopathological
120 to 128 nm (GSD examination of lung tissues
1.6-1.7)° at necropsy. Sentinel mice
exposed to nebulized water.
Mice recovered by week 3
post-exposure.
C57BL/6 mice 0.8 or 7.2 mg/m® |Anatase; 3.5 nm particle |0.8 7.3 Increased numbers of  |Endpoints evaluated Grassian et al.,
for 4 hours size (mean 25 nm); total cells and alveolar  |included body weights, 2007aP
males whole body surface area =219 m?%/g; macrophages in BALF  |BALF (total and
O, OH, and H,O at the differential cell counts,
6/group surface; shape not total protein, cytokine

specified
|Aerosols: MMAD =
120 to 128 nm (GSD
1.6-1.7)°

levels), and
histopathological
examination of lung
tissues.

Sentinel mice exposed to
nebulized water.
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C57BL/6 mice
males

6/group

0.62 or 7.16 mg/
m? for 4 hours

Uncoated
anatase/rutile;
aerosol; 17.8 nm
(no other
information)®

INR

INR

Increased number of
macrophages in BALF

Endpoints evaluated
included BALF
(macrophage numbers,
protein, LDH)

Grassian et al.,
2007bP

aParticle data presented if available: source, coating, primary particle size, surface area, shape/morphology, mineral form, aggregation, purity

bAs presented or described in Versar (2010)

NR= not reported
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6.3.2.2 Whole Body Inhalation versus IT

Acute studies often use bolus methods that deliver NPs at high dose rates that do not reflect
likely human exposures. The delivered dose rate is a key determinant of the inflammatory
response in the respiratory tract when the deposited dose is constant.

Baisch et al. (2014) exposed adult male Fisher-344 rats (3-5/group) to the same deposited doses
of TiO2 NPs (Aeroxide P25) by single IT exposure (high or low dose rate), or via single or
repeated low dose rate whole body aerosol inhalation (controls were exposed to saline or filtered
air, respectively). Dose rates were determined so that the same deposited dose could be achieved
for both methods. The high deposited dose was ~200 pg TiO2 and the lower dose was ~45 pg
TiO2. The MPPD was used to calculate the aerosol concentrations to produce the same
deposited doses by inhalation exposure. The aerosol exposure of 33 pg/m? was the high single
exposure deposited dose; the aecrosol exposure of 13 mg/m® was for single, low deposited dose
and also for repeated inhalation exposures for 4 hrs (for 4 days). BALF neutrophils, biochemical
parameters and inflammatory mediator release were quantified at 4, 8, and 24 hours and 7 days
after IT instillation. Although the initial lung burdens of TiO2 were the same between the two
methods, instillation resulted in greater short-term retention than whole body inhalation. High
dose rate NP delivery by IT elicited significantly greater inflammation compared to low dose rate
delivery and whole-body inhalation. In addition to inflammatory effects between the two
methods, the pattern of regional deposition in the respiratory tract differed between the two
methods.

6.3.2.3 Inhalation of Mixtures Containing TiO2

While humans may be exposed to mixtures of substances, it may be difficult in mixture studies
to discern which components cause adverse effects. In the following studies, the mixture
containing TiO2 NPs was investigated; however, the resultant toxicity cannot be attributed to
TiO2 NPs alone.

Pirela et al. (2015) published a detailed physicochemical and morphological characterization of
Ti02 printer-emitted NPs (PEPs) that become airborne during printing from 11 toners from
major printer manufacturers. The analysis found evidence that respirable TiO2 fibers (less than
1 to 10 um long) incorporated in the current toner formulations were released into the air during
printing.

Pirela and coworkers (2016a, b) conducted in vitro and in vivo studies on PEPs. The biological
responses of a panel of three physiologically relevant human cell lines, specifically, human
Small Airway Epithelial Cells (SAECs), macrophages (THP-1 cells), and lymphoblasts (TK6
cells), were investigated with doses (0.5 to 100 pg/mL) corresponding to doses resulting from
human inhalation exposures for consumer relevant durations of 8 hr or more (Pirela et al.,
2016a). The printer-emitted NPs caused significant membrane integrity damage, an increase in
ROS production, and an increase in pro-inflammatory cytokine release in different cell lines at
doses equivalent to exposure durations from 7.8 to 1,500 hours. There were differences in
methylation patterns that demonstrated the potential effects of PEPs on the overall epigenome
following exposure. The authors suggest the in vitro findings indicate that laser printer—emitted
engineered NPs may be deleterious to lung cells.
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The laboratory subsequently tested laser printer-emitted NPs in an in vivo murine model (Pirela
et al., 2016b). Adult male Balb/c mice were exposed to various doses of PEPs (0.5, 2.5 and 5
mg/kg) by IT. The authors claimed these exposure doses were comparable to those obtained
from real world human inhalation exposures ranging from ~14 to 140 hrs of printing.
Toxicological parameters evaluated included lung membrane integrity, inflammation, and
regulation of DNA methylation patterns. Results showed that while IT of PEPs caused no
changes in the lung membrane integrity, there was a pulmonary immune response, indicated by
an elevation in neutrophil and macrophage percentage over the vehicle control and lowest dose
groups.

6.3.3 Dermal Exposure

No studies of acute or short-term toxicity in humans or in animals of forms of TiO2 relevant to
CPSC’s jurisdiction were available in the current literature or in previous searches (as cited in
Versar, 2012).

6.3.4 Other Routes of Exposure

Acute toxicity studies by parenteral routes were not considered in this report as there are
sufficient acute duration studies for the oral and inhalation routes to identify potential hazards.

6.4 Repeat-Dose and Subchronic Toxicity

No studies of repeat-dose or subchronic systemic toxicity in humans for forms of TiO2 relevant
to CPSC’s jurisdiction were located in the current literature.

6.4.1 Oral Exposure

Seven repeat dose studies in rodents by the oral route with durations less than 100 days have
been published since 2010 and are summarized in this section and in Table 29. These studies
were designed to look at immunotoxicity (Bettini et al., 2017; Auttachoat et al., 2014; Sheng et
al., 2014), neurobehavioral toxicity (Hu et al., 2015), endocrine toxicity (Hu et al., 2015),
cardiovascular toxicity (Chen et al., 2015a, b) and systemic toxicity (Warheit et al., 2015a, b). In
addition, one study (Duan et al., 2010) reviewed in Versar (2012) is also included in Table 29.

Warheit et al. (2015a) conducted repeat dose 28-day and 90-day oral studies in Sprague-Dawley
rats by OECD Testing Guidelines. In the 28-day repeated-dose oral toxicity study (OECD Test
Guideline 407), groups of five young adult male Sprague-Dawley rats were administered daily
gavage doses of one of two almost identical rutile-type, uncoated, pigment-grade TiO2 test
particles (d50 = 173 nm by number) made by different methods and from two different ores, or
the water vehicle (controls). A single dose of 24,000 mg/kg/d of test material A (considered
“research-grade”) or B (considered “commercial-grade) was administered for 28 consecutive
days. Body weight, body weight gain, feed consumption values, feed efficiency and clinical
observations were evaluated weekly. All animals were evaluated daily for abnormal behavior
and appearance; clinical pathology and gross and microscopic pathology examination were
evaluated on all rats. There were no adverse effects reported during, or following, the end of the
exposure period. The NOAEL was determined to be 24,000 mg/kg/d.
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In the 90-day study (OECD Test Guideline 408), Warheit et al. (2015a, b) treated groups of
young adult male and female rats with a rutile-type, alumina surface-coated pigment-grade TiO2
test particle (d50 = 145 nm - 21 percent NPs by particle number criteria) by oral gavage for 90
days. Dose levels were 0, 100, 300 or 1000 mg/kg/d in 0.5 percent aqueous methylcellulose with
a dose volume of 10 ml/kg bw. Body weight, body weight gain, feed consumption values, feed
efficiency and clinical observations were collected for the 90 days. Just before study
termination, clinical pathology evaluations were collected after 15 hours in a metabolism cage
including blood samples for hematology (RBC, HB, HCT, MCV, mean corpuscular hemoglobin
concentration [MCHC], partial thromboplastin time [PTT], red cell distribution width, absolute
reticulocyte count, platelet count, WBC count, differential WBC count and activated partial
thromboplastin time) and clinical chemistry measurements (aspartate aminotransferase, alanine
aminotransferase, sorbitol dehydrogenase, ALP, total bilirubin, urea nitrogen, creatinine,
cholesterol, triglycerides, glucose, total protein, albumin, globulin, calcium, inorganic
phosphorus, sodium, potassium, chloride, and total bile acids). Anatomic and microscopic
pathology evaluations were conducted, however, only on tissues from the 1000 mg/kg/d group.
Neurobehavioral evaluation consisted of functional observational battery, motor activity, grip
strength, as well as sensory development by touch, sharp auditory stimulus, tail pinch and
pupillary constriction. The NOAEL for both male and female rats in this study was 1000
mg/kg/day, the highest dose tested, based on a lack of TiO2 particle-related adverse effects on
any in-life, clinical pathology, or anatomic/microscopic pathology parameters.

Bettini et al. (2017) treated a group (11-12/gp) of adult male Wistar rats with TiO reference-
grade NM-105 (or P25 Aeroxide®, the referent OECD nanomaterial) or food-grade white
pigment (E171 in Europe, mixed nano- and micron-sized particles, of which up to 36% are
less than 100 nm) at 10 mg/kg/d through drinking water for 100 days. As food uses are not
within CPSC jurisdiction, only the results with NM-105 are discussed. Control rats received
water only. TiO2 products were prepared following the generic Nanogenotox dispersion
protocol (Jensen et al., 2011). After 7 days, Ti signal (by nanoSIMS) was detected in Peyer’s
patches (PP) of Ti-treated rats, but not in controls. Dendritic cell frequency significantly
increased in PP after 7 days exposure, but had no effect on regulatory T cells after that time. In
TiO»-treated rats, stimulation of immune cells isolated from PP showed a decrease in T helper
cells.

To address whether exposure can result in immunosuppressive effects or induce contact
hypersensitivity response, Auttachoat et al. (2014) conducted a 28-day oral gavage study in
female B6C3F1 mice (8/gp) at doses of 1.25 to 250 mg/kg/d nano-TiO2 in 0.5 percent
methylcellulose in a volume of 0.1 ml/10g body weight. The TiO2 was spherical anatase
particles, less than 25 nm in diameter, but no characterization was conducted. The oral nano-
Ti02 produced no significant effects on innate, humoral, or cell-mediated immune functions or
selected organ weights (spleen, thymus, liver, lung, and kidneys with adrenal glands).

Sheng et al. (2014) investigated, in mice, splenic immune dysfunction (neutrophilic cell
proliferation, lymph nodule proliferation, splenic apoptosis, disperative replication of white pulp,
anemia of red pulp, and macrophage infiltration), the capacity to elicit an immune response, as
well as splenic gene expression changes. Doses of 2.5, 5, or 10 mg/kg/day bw anatase TiO2 NPs
suspended in 0.5% hydroxypropyl-methylcellulose were administered to CD-1 (ICR) mice
(40/gp) by gavage for 90 consecutive days. The surface area of the TiO2 sample was 174.8 m?/g
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and the mean hydrodynamic diameter of the TiO2 NPs in the solvent was 294 nm (range of 208
to 330 nm), with the Zeta potential of 7.57. At necropsy, the spleen was weighed and saved for
histopathological evaluation, and blood samples collected. TiO2 NP exposure resulted in dose-
dependent increases of adverse spleen indices (absolute spleen wet weight and relative to body
weight), immune dysfunction (up-regulation of NF-kB, TNF-a, MIF, IL-2, IL-4, IL-6, IL-8, IL-
10, IL-18, IL-1f, CRP, TGF-p, and INF-y expressions, and down-regulation of /kB expression),
severe macrophage infiltration and apoptosis in the spleen, gradual decrease in body weight, and
significantly increased spleen Ti content, and marked decreases in hematological parameters
(WBC, lymphocytes, neutrophilic granulocyte, RBC, HB, and platelets) at all doses tested. TiO2
NP-treated groups presented significant macrophage infiltration and dispersive replication of
white pulp in the spleen. Black or brown agglomerates were observed in the TiO2 NP-exposed
mouse spleens. Microarray data also showed significant alterations in the splenic expression of
1041 genes involved in immune/inflammatory responses, apoptosis, oxidative stress, stress
responses, metabolic processes, ion transport, signal transduction, cell proliferation/division,
cytoskeleton and translation at the high dose of 10 mg/kg/d. The overall NOAEL for this study
could not be determined. The LOAEL appeared to be the low dose of 2.5 mg/kg/d.

To examine the role that TiO2 NPs may play in impairment of spatial recognition memory,
female ICR mice (20/group) were exposed to TiO2 NPs via gavage administration at 0 (0.5
percent hydroxypropyl methylcellulose), 5, 10 or 50 mg/kg, daily for 60 days and then tested in a
Y-maze (Hu et al., 2010). The spherical anatase TiO2 NPs were made in the investigator’s
laboratory and measured 5 nm with a BET surface area of 174.78 m?/g. The Y-mazes (a variant
of T-maze) are used to study how rodents function with memory and spatial learning through
applying various visual cues. After 60 days of treatment and behavioral Y-testing, all animals
were weighed and then sacrificed. The liver, spleen, kidneys, lungs, heart, and brain were
weighed and part of the brain preserved for histopathological evaluation. Elemental Ti content
was analyzed in a portion of each brain and the remainder of the brain homogenized for
measurement of enzymatic activities and determination of neurochemicals. Daily behaviors,
feeding, drinking and activity in TiO2 NP-treated groups were similar to the control group. Ti
content in the mouse brain was significantly increased at doses greater than or equal to 10
mg/kg/d. Relative weight of the liver, kidney, and spleen to body weight, were statistically
significantly greater in the 10 and 50 mg/kg TiO2-treated groups than the controls. Relative
brain weight decreased gradually with increasing dose, reaching significance at 10 mg/kg/d and
greater, indicating the higher doses of TiO2 NPs could cause brain alterations. The adverse
effect on the brain was confirmed by impaired spatial recognition memory and significantly
increased Ti content in the brain at 10 and 50 mg/kg/d. Brain histopathology reported
calcification in neurocytes (result of too much calcium depositing and accumulating in the brain),
and proliferation of ependyma and spongiocytes. The content of Ca and Na were higher,
whereas the content of Mg, K, Zn and Fe were lower than in the control brain homogenates.
Exposure to TiO2 NPs significantly inhibited the activities of Na/K-ATPase, Ca-ATPase,
Ca/Mg-ATPase, and promoted the activities of acetylcholinesterase (AChE) and total nitric oxide
synthase (TNOS) in the brains of mice at all doses tested. Evaluation of spatial recognition
memory indicated that TiO2 NPs increasingly impaired the spatial recognition memory of mice
in a dose-related fashion. The authors concluded the TiO2 accumulation in the brain caused
brain injury and altered the contents of electrolytes and neurotransmitters. The LOAEL for this
study appears to be 10 mg/kg/d; a NOAEL is found at 5 mg/kg/d.
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Hu and co-workers (2015) explored the endocrine effects from oral gavage of TiO2 NPs at 0, 64
or 320 mg/kg/d to CD-1 mice (group size not specified), for 7 days per week for 14 weeks. The
TiO2 NPs were anatase with a primary size provided by the manufacturer of 15 nm, but the
average size measured by TEM was 25.64 + 6.63 nm. The average hydrodynamic size of TiO2
NPs in PBS measured by DLS was 49.59 & 0.41 nm. In a range-finding study of absorption,
different concentrations of TiO2 NPs were measured following treatment of mice with 0, 0.52,
2.6, 13, 64 or 320 mg/kg/d TiO2 NPs by oral gavage and blood collected from the hearts at 0,
0.5,1,2,4,6,9, 12 and 24 hours. Heart blood plasma insulin was measured using a mouse
insulin ELISA kit. The results showed that Ti levels cannot be detected after oral administration
of 0.52 and 2.6 mg/kg/d, but blood Ti levels increased significantly after 13, 64 and 320 mg/kg/d
TiO2 NPs, with peak absorption at 1 hour after oral administration. Therefore, doses of 64 and
320 mg/kg/d of TiO2 NPs were selected to be administered for 14 weeks. Biochemical analyzes
included plasma glucose, insulin, triglycerides, free fatty acid, low-density lipoprotein (LDL)
cholesterol, high-density lipoprotein (HDL) cholesterol, total cholesterol, TNF-a, IL-6 and ROS-
related markers. Results included increases in Ti levels in the liver, spleen, small intestine,
kidney and pancreas that increased with dose. There was no significant difference among the
body weights in the TiO2 NPs groups after 14 weeks. Biochemical analyses showed that plasma
glucose and ROS levels significantly increased in the serum and liver at both doses, indicating
that oral administration of TiO2 NPs increases ROS markers, resulting in insulin resistance and
increasing plasma glucose levels in mice.
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Table 29. Summary of Repeat Dose Oral Exposure Studies of TiO2 NPs

Species Strain and Exposure Particle NOAEL LOAEL Responses at the Comments References
Sex (n/sex/group) (doses, characteristics | (mg/kg/d) | (mg/kg/d) | LOAEL
route,
duration)
Sprague-Dawley rats 0 or 24,000 2 nearly identical | 24,000 none none OECD TG 408, Warheitetal.,
mg/kg/d, rutile-type, GLP conducted; 2015a
males gavage; uncoated, Ti02 commercially
28 days pigmented, available;
10/group d50=173 nm only one dose
tested
Sprague-Dawley rats 0, 100, 300 or | I rutile-type, 1000 (males | none none OECD TG 425, Warheit et al.,
1000 uncoated, and females) GLP conducted; 2015a
males & females mg/kg/d, pigmented, Ti02 commercially
gavage; d50=145nm available
10/sex/group 92-93 days
Wistar rats Oorl10 Water, E171 or none 10 Colon inflammation and E171 is food grade Bettini et al., 2017
mg/kg/d; NM-105 (i.e., preneoplastic lesions white pigment
males drinking P25), 30 to 40 nanoparticle; non-
water; 100 nm diam guideline study;
11-12/group days only one dose
tested
Sprague-Dawley rats 0,2, 10, or 50 | spherical, none 2 Mild, temporary reductionin | Same study Chen et al., 2015a
mg/kg; daily | anatase crystals; (both 30 and | heart rate and increased described in
males & females gavage for 30 | 99.90% purity; 90 days) systolic blood pressure at 30 | Cardiovascular
and 90 days average size 24 + d; decreased LDH, alpha- Effects below
10/sex/group 5 nm; surface hydroxybutyrate
area 63.95 m¥/g dehydrogenase, creatine
kinase. Increased WBC and
granulocytes, increased
TNF-oa, interleukin 6 at 90
days
B6C3F1 mice 0, 1.25,3.75, | spherical anatase | 250 none none No significant Auttachoat et al.,
12.5, 37.5, particles, less effects on innate, 2014
females 125 or 250 than 25 nm in humoral, or cell-
mg/kg/d; diameter mediated immune
8/group gavage; 28 functions; non-
days guideline study
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Species Strain and Exposure Particle NOAEL LOAEL Responses at the Comments References

Sex (n/sex/group) (doses, characteristics | (mg/kg/d) | (mg/kg/d) | LOAEL
route,
duration)

CD-1 (ICR) mice 0,2.5,5,0r Anatase; none Decreased body wt and TiO2 prepared by | Shengetal., 2014
10 mg/kg/d; hydrodynamic 2.5 increased Tiaccumulation lab; non-guideline

females gavage; 90 diam= 294 nm; and spleen damage study
days surface area

40/group =174 m?/g

CD-1 (ICR) mice 0, 64 or 320 Anatase; 15nm; | none 64 Increased ROS markers and No effect on body Huetal., 2015
mg/kg/d; hydrodynamic induced insulin resistance weight or feed

males gavage; 14 dia.=49.59 nm intake
weeks

group size not stated

CD-1 mice 0,5,100r 50 | Spherical Significant increased body Impairment of Huetal., 2010
mg/kg/d, anatase, Snmin | 5 10 wt; decreased relative organ | spatial recognition

females gavage; diameter; surface wts memory; non-
60 days area = 174.78 guideline study

20/group m’/g

CD-1 (ICR) mice 0, 62.5, 125, anatase; Snmin | 31.25 62.5 Decreased body wt gain, Made by the Duan et al., 2010°
or250 mg/kg | size; containing | (treatment increased relative organ wts laboratory

females every other 58% titanium, every other (liver, kidney, spleen, and
day; gavage: | 41% oxygen, day) thymus), increased serum

20/group 30 days 0.2% carbon and hepatic enzyme markers,

0.1% hydrogen,
suspended in
0.5% HPMC K4
M4M

decrease in hematological
endpoints

As cited in Versar (2012)
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6.4.1.1 Cardiovascular Effects

A study in male and female Sprague-Dawley rats (10/sex/group) was conducted to determine
cardiovascular effects after oral gavage of TiO2 NPs (Chen et al., 2015a). The commercially
purchased TiO2 NPs were spherical, anatase crystals with a purity of 99.90 percent. The average
size was 24 = 5 nm and the surface area was 63.95 m%/g, as measured by BET method. TiO2
NPs were observed in the f