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For nanotechnology to meet its potential as a game-changing and sustainable technology, it is important to ensure that the engineered nanomaterials and
nanoenabled products that gain entry to the marketplace are safe and effective. Tools and methods are needed for regulatory purposes to allow rapid
material categorization according to human health and environmental risk potential, so that materials of high concern can be targeted for additional
scrutiny, while material categories that pose the least risk can receive expedited review. Using carbon nanotubes as an example, we discuss how data from
alternative testing strategies can be used to facilitate engineered nanomaterial categorization according to risk potential and how such an approach could
facilitate regulatory decision-making in the future.

products are produced and used as safely
as possible. In many countries, the time
when new materials and/or products are
first brought to market is a critical check-
point for regulatory agencies to evaluate
the potential risks of those materials and
products and to put into place controls to

ue to the tremendous potential
for nanotechnology to revolutionize
fields as diverse as electronics and
medicine, the global community has in-
vested considerable time and resources
in the research and development of engi-
neered nanomaterials (ENMs) and nano-
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enabled products. In the past decade, in-
creasing emphasis has been placed on de-
veloping the science and tools needed
to ensure that ENMs and nanoenabled
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ensure that the health and well-being of
workers, the public, and the environment
are well-protected. Although regulatory
strategies for new chemicals and materials
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differ from country to country, almost
all regulatory bodies grapple with the
challenges associated with assessing
the risks of ENMs in a timely fashion for
decision-making. Categorization stra-
tegies are needed to enable regulators
and industry either to predict ENM
risk better or to allow prioritization
of the testing (hazard, exposure,
physicochemical) needed to estimate
their potential risk while minimizing
time-consuming and costly in vivo
studies or traditional risk assessments.’

Developing scientifically based
categorization strategies for regula-
tory purposes requires considera-
tion of the needs, capacities, and
input of regulators, affected busi-
nesses, and other stakeholders. To-
ward this end, the University of
California Center for Environmental
Implications of Nanotechnology
(UC-CEIN) and the UCLA Center for
Nanobiology and Predictive Toxicol-
ogy convened a workshop for repre-
sentatives from industry, govern-
ment agencies, non-governmental
organizations (NGOs), and academia
at the Woodrow Wilson Center in
Washington, DC, to discuss how cat-
egorization of ENMs coupled with
alternative testing strategies (ATS)
might be used to expedite hazard
characterization and risk analysis,
allowing for integrated environ-
mental and occupational health and
safety (EHS) decision-making for
ENM:s. Below, we present a synthesis
(but not necessarily a consensus)
of the perspectives of this diverse
group of stakeholder representa-
tives on this topic. To simplify the
discussion, we have chosen to focus
on carbon nanotubes (CNTs) as an
illustrative example. We focus on
CNTs both because of their impor-
tance in the world market and
because grouping of CNTs currently
poses a significant challenge to reg-
ulators. We discuss how CNTs are
currently handled under the U.S.
Environmental Protection Agency's
(EPA) New Chemicals program and
the challenges that have arisen
when addressing these materials.
Next, we discuss how new and
emerging tools and approaches for
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testing the safety of chemicals and
materials (referred to herein as
“alternative testing strategies” or
ATS; see Figure 1) can facilitate
grouping, ranking, and read-across
for ENMs. In that section, we will
introduce the concepts of adverse
outcome pathways (AOPs) and
structure—activity relationships that
are based on ENM composition and
physicochemical properties. Finally,
we provide an example of how data
from ATS could be incorporated into
a revised decision analysis framework
for ENMs. Although we have chosen
to focus on CNTs and the EPA's New
Chemicals program for the example
discussed here, we feel that many of
the principles and insights identified
in this example are broadly applicable
to other classes of ENMs and other
regulatory paradigms. Thus, discus-
sion of the CNT example will help to
move the entire field forward.

Handling of CNTs under the U.S. EPA's
New Chemicals program: Challenges and
Opportunities. In the United States,
when companies are planning to
manufacture a new chemical (e.g.,
a new nanomaterial), a premanu-
facturing notice (PMN) must be sub-
mitted to the U.S. EPA. After review-
ing the PMN, the EPA can take a
variety of actions, which often in-
volves placing the chemical on the
Toxic Substances Control Act (TSCA)
Chemical Inventory without restric-
tion or placing the chemical on the
Inventory with restrictions (most
commonly through a section 5(e)
Consent Order and/or a Significant
New Use Regulation or SNUR). Sig-
nificant New Use Regulations are
issued because submissions under
the TSCA New Chemicals program
are specific to the manufacturing,
processing, and use that the submit-
ter and downstream clients are un-
dertaking; SNURs do not take into
account different manufacturing,
processing, and use scenarios.

The EPA's treatment of CNTs un-
der its New Chemicals program is
illustrative of the actions that are
taken under this program (Figure 2).
Under this program, the EPA uses
56 chemical categories to streamline
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the review of new chemicals. The
EPA has consistently considered
CNT risks in the context of its “Re-
spirable, Poorly Soluble Particulates”
category. If a CNT is determined to
fall into this category and sufficient
risk exists as defined under section 5
of TSCA, a 90 day inhalation study is
typically requested (once sufficient
profits have accrued from commer-
cialization of the subject CNT). The
EPA has also promulgated SNURs for
both generic single-walled CNTs
and multiwalled carbon nanotubes
(MWCNTSs).2~ " These SNURSs require
that, before certain new uses of
CNTs (which are different from the
uses provided in the initial submis-
sions and with exposure potential)
can begin, the company wishing to
use the CNT in a new manner must
provide notice to the EPA 90 days
before commencing that new use.
This regulation provides the EPA an
opportunity to review the use and
determine if it may present an un-
reasonable risk and take appropriate
action. The review is similar to that
conducted for the initial submission
and builds upon the EPA's review of
the initial submission (see Figure 2).
For instance, if a 90 day inhalation
study has not been submitted by the
initial submitter, it may be required
of the submitter of the notice of the
new use. The primary challenge
posed by the current approach is
that it does not explicitly provide a
methodology by which manufac-
turers or regulators can determine
whether a “new” CNT is sufficiently
similar to prior submissions such
that the risk potential of the “new”
CNT can be predicted based on data
for existing CNTs. (This process is
known as “read across”; see Figure 1.)
Integration of methods for predict-
ing the risk potential for CNTs based
on data other than a 90 day inhala-
tion study into the decision-tree ap-
proach would greatly facilitate
improved decision making by both
manufacturers and regulators.
Furthermore, the development
of categories for nanomaterials
would be helpful in the regulation
of chemicals in countries other than
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Adverse outcome pathway (AOP) refers to an analytical construct that describes a sequential chain of causally linked
events at different levels of biological organization that lead to an adverse health or ecotoxicological effect. Adverse
outcome pathways include effects at the macromolecular, cellular, organ, and organism levels
[http://www.oecd.org/chemicalsafety/testing/adverse-outcome-pathways-molecular-screening-and-toxicogenomics.htm]

Alternative test strategies (ATS) in this context refers to alternatives to whole animal testing (particularly testing in
mammals) or rapid testing approaches for nanomaterials that provide results that can be used to prioritize, and perhaps
eventually replace, time-consuming whole animal studies. Alternative testing strategies include refinement, reduction and
replacement of animal models when supplementing in vitro and in silico methods for generating safety data to be used for
hazard and risk assessment and/or modeling.

Categorization refers to the grouping of chemicals. With traditional chemicals, a chemical category is a group of
chemicals whose physicochemical and human health and/or ecotoxicological properties and/or environmental fate
properties are likely to be similar or follow a regular pattern, usually as a result of structural similarity. Categorization
strategies may include grouping, ranking, and read-across as examples of types of categorization.
[http://www.oecd.org/chemicalsafety/risk-assessment/groupingofchemicalschemicalcategoriesandread-across.htm]. In the
context of nanomaterials, additional factors could be considered such as grouping by mechanism of action at the nano/bio
interface.

Engineered Nanomaterial (ENM) refers to an intentionally manufactured material, either in an unbound state or an
aggregate, where one or more of the dimensions is in the size range of 1 — 100 nm.

High-content screening (HCS) usually refers to cell-based high-throughput screening that use microscopic or
fluorescent images as assay readouts. Examples of HCS are quantitative measurements of multiple phenotypic changes
in the same cell population.

High-throughput screening (HTS) refers to the use of automated tools to facilitate rapid execution of a large number
and variety of biological assays (that may include 100s to 1000s of substances in each assay). The assays are for
determining biological effects, and they may also be performed on cell-free biochemical assays, in vitro cell culture, or
other conditions.

Mechanistic toxicology refers to a toxicological approach in which mechanistic screening (of pathways of toxicity or
mechanisms of action) and establishing structure-activity relationships are used to estimate the likelihood and magnitude
of adverse effects in animals and/or humans. One example is the use of carbon nanotube (CNT) libraries (in which a
series of properties are accentuated) to show that the triggers of specific macrophage lysosomal and inflammasome injury
responses can be used to compare and predict the major CNT properties that excite chronic lung inflammation and
fibrosis.

Quantitative structure-activity relationships (QSARs) refers to the relationship between the chemical composition or
the physicochemical properties of an ENM and a specific defined biological activity. This method could be refined to build
quantitative mathematical relationships between the chemical or physicochemical structure and the biological activity of
ENMs.

Ranking is used when ENMs are assigned a position on a scale, according to which ENMs may be classified based on
their potential for exposure (e.g., high dustiness) and/or potential to cause harm due to physicochemical properties known
to engage biological pathways and mechanisms of injury.

Read-across refers to the process where endpoint information for one chemical (the source chemical) is used to predict
the same endpoint for another chemical (the target chemical), which is considered to be "similar" in some way (usually on
the basis of similarities in physicochemical properties that are deemed to be indicative of risk, hazard, or exposure
potential).

Figure 1. Key definitions.

Does
the
manufacturing
START: process include
Are there sufficient data to NO potential inhalation exposure? NO Are there other uses that No further action
mitigate a potential concern .~ —>*_In the absence of data and ifits - — could result in inhalation required
if there was an inhalation attributes warrant it, exposure?
exposure? review as respirable,
poorly soluble
particulate.
YES l
No further action Require use of PPE, minimize Issue a Significant New Use

ciated with releases to air and water, Regulation. Identify new uses

that must be notified to EPA

pefore they c

Figure 2. Decision-tree approach currently used by the EPA to characterize risk potential of carbon nanotubes (CNTs). The
decision tree above provides an example of a regulatory program where CNTs are currently characterized by their risk and
exposure potential under the Toxic Substances Control Act section 5 program. Currently, inhalation testing is requested most
frequently as a result of concerns for worker exposure. Testing required as a result of risks to the general population or
consumers, rarely if ever, has occurred to date for CNTs.
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the United States. In Canada, for
instance, under the New Substances
program, information on particle
size and distribution will be re-
quested for those nanomaterials
and classes of nanomaterials that
are likely to behave differently than
their non-nanoscale forms. Carbon
nanotubes are one such class of
nanomaterials.'' Due to recent de-
velopments by the U.S.—Canada
Regulatory Cooperation Council,
the two countries will work to align
their nanomaterials regulatory work
better so as to have consistent ap-
proaches to risk assessment and the
identification of categories of nano-
materials. In the European Union,
under the Registration, Evaluation,
Authorisation and Restriction of
Chemicals (REACH) program, regis-
trants can use read-across methods
and categorization methods to fill
data gaps for chemical safety assess-
ment and for alternatives analysis.>'?
Typically, these categories are based
on structural similarities and physico-
chemical properties, as well as simi-
larities in effects on human health
and the environment. At present, the
European Chemicals Agency (ECHA)
has not issued formal guidance
on categorization specific to nano-
materials, although ECHA and other
regulators have developed reports
and other materials addressing cate-
gorization of nanomaterials.'*

What Is Categorization and Why Is It
(ritical? Preliminary grouping of
ENMs could be helpful during the
early stages of qualitative risk anal-
ysis either by manufacturers or reg-
ulators to identify “nanomaterials of
concern”, which could then be tar-
geted for more detailed testing,
analysis, and verification. Several ap-
proaches involving different levels
of stringency and completeness
of data collection have been pro-
posed"'*'> to group and to rank
ENMs. These are briefly summarized
in Table 1. Categorization methods
should be premised on the best
available evidence and take into
consideration uncertainties con-
cerning the hazard potential of
specific ENMs at sites of potential
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occupational or environmental ex-
posures. The nature of the attributes
used for categorization varies de-
pending upon the type and purpose
of the grouping as well as other
factors. The relevant attributes may
be human health outcomes (e.g.,
carcinogenicity), environmental end
points (e.g., aquatic toxicity), physi-
cochemical features of the sub-
stance, and/or the production vol-
ume of the material. Prudent risk
management measures would in-
clude greater precaution in the
handling and use of ENMs that lack
sufficient data to estimate the
health risks adequately.

The “holy grail” of this field is to
be able to categorize the risk poten-
tial of ENMs based on their physico-
chemical properties because such
an approach would allow manufac-
turers and regulators to make rapid
decisions without requiring costly
and time-consuming in vivo and/or
in vitro data. A decision-tree ap-
proach for assessing nanomaterial
health hazards has already been
developed jointly by entities such
as the US. EPA's New Chemicals
program, Health Canada, and Envi-
ronment Canada under the Regula-
tory Cooperation Council.'®* How-
ever, practical implementation of
such a decision tree for CNTs is not
yet feasible. Carbon nanotubes have
complex physical and chemical
structures for which the contribu-
tion of individual properties to the
causation of injury in relation to the
complex, integrated structure has
not yet been developed to the ex-
tent that risk can be predicted based
on a selection of specific physico-
chemical properties alone. In vitro
and in vivo toxicological testing has
indicated that CNT wall number,
synthesis method (which deter-
mines metal impurities and metallic
or semiconductor status), length/
aspect ratio, state of agglomeration,
surface functionalization, hydropho-
bicity, suspension stability in aqu-
eous environments, embedded-
ness in a matrix, and surface coating
could all play roles in CNT toxicity. It
is often impossible when looking at

VOL.9

the safety data sheet for CNTs to
identify a single dominant feature
that can be used to describe the
potential hazard according to which
the material can be classified. More-
over, how exactly these properties
determine fate and transport, bioa-
vailability, persistence, and trigger-
ing of biological injury responses
is not well understood. As a result,
some direct measures of biological
activity and exposure potential are
currently needed to categorize CNTs
according to their risk potential. A
possible exception is a new material
that is very similar to some prior
examples for which extensive
hazard and exposure data are avail-
able. In most other cases, however,
information about hazard and/or
exposure potential is required at this
stage for meaningful risk evaluation.

Preliminary grouping of
engineered nanomaterials
could be helpful during
the early stages of
qualitative risk analysis
either by manufacturers
or regulators to identify
“nanomaterials of
concern”, which could
then be targeted for
more detailed testing,
analysis, and

verification.

For decision makers to be able to
identify whether a new material is
similar to prior examples and to
make informed decisions about the
risk potential of ENMs, the broader
community needs access to a
shared data repository that inte-
grates ENM physicochemical, haz-
ard, and exposure data that have
been curated for reliability and ac-
curacy. In addition, we need more
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______________________________________________________________________________________________________________|
TABLE 1. Summary of Approaches To Grouping and Ranking Engineered Nanomaterials

categorization according to physicochemical characteristics

oSimilarities in chemical composition (e.g., carbon nanotubes, inorganic carbon, metal oxides, metalloid oxides, metals and metalloids, semiconductor quantum dots, organics,
etc.)

eAggregation or agglomeration state (e.q., readily dispersed particles that could be easily respired into the lung vs heavily agglomerated particles that are not respirable)

oThe media or matrix (e.g., pure nanomaterials, liquid suspensions, and solid matrices; particles in diffuse coatings, durable coatings and composites, nanostructured products)

o(lassification according to physical state to improve safe handling and reduced occupational exposure (e.g., bound or fixed nanostructures, liquid suspensions or liquid
dispersions, dry dispersible nanomaterials, and nanoaerosols and gas phase synthesis)

o(haracteristics affecting particle toxicology (e.g., size, shape, aspect ratio, surface area, surface reactivity or functionalization, surface coating, chemical composition and crystal
structure, agglomeration and aggregation)

«(ategorization according to modes of action that predict biological risk (e.g., higher solubility particles, poorly soluble/low toxicity particles, poorly soluble/high toxicity
particles, fibrous particles)

«(ategorization according to the effects of the ENMs based on overall composition (e.g., particles themselves, coatings, chemical effects such as ions or released molecules,
molecules formed by the catalytic surface, molecules bound to the ENM)

categorization according to exposure and use scenarios

o(lassification to predict likelihood of consumer exposure based on nanomaterial location in the product (e.g., part of a bulk substance, such as nanoelectronics; surface location,
such as on films; particles in liquid suspensions) or use of the product

oLikelihood of inhalation based on dustiness or dispersibility

oExposure potential based on volume of production and life cycle analysis

oExposure based on environmental release from a manufacturing/processing site or a product matrix

oExposure of workers during production

Categorization linking selected physicochemical properties to specific biological outcomes

«(ategorization based on the potential to induce acute oxidative stress and inflammation (including consideration of the dissolution, electronic properties, and surface catalytic
activity of metal, metal oxide, semiconductor nanoparticles)

o(ategorization hased on material aspect ratio and the capacity to induce lysosomal injury, inflammasome activation and initiation of chronic inflammatory responses and
fibrosis (e.g., carbon nanotubes (CNTs); metal and metal oxide nanowires, nanobelts, and nanorods; rare earth oxides)

o(ategorization based on surface functionalization of material groups that catalyze oxidative stress or lysosomal injury (e.g., anionic, cationic, or neutral surface functionalization
on (NTs; silica ring structure and surface silanol display)

sophisticated tools for interrogating
these data. Although resources such
as NanoHUB and the Nanomaterial
Registry provide a good start, com-
prehensive tool and data sets for
providing these linkages and pre-
dicting behavior do not yet exist.
We advise that, until such tools
are developed, categorization ap-
proaches that consider the best
available evidence are the only al-
ternative for nano-EHS and regula-
tory decision-making by govern-
ment agencies.

How Alternative Testing Strategies
Could Facilitate Categorization of CNTs.
While it is not currently possible to
develop risk categories based on
ENM physicochemical properties
alone, the data obtained from ATS—
including both in vitro assays as well
as linked, predictive short-term ani-
mal studies—could provide data on
which categorization can be based.
Alternative testing strategy ap-
proaches include the use of mecha-
nistic and predictive toxicological

GODWIN ET AL.

assays to assign the materials to
categories that are expected to have
similar toxicological profiles among
members in the group. lllustrative
examples include the use of high-
content screening (HCS) (Figure 1)'6"7
to develop hazard rankings for
libraries of ENMs that have been
assembled to represent systematic
variation of physicochemical com-
position as well as accentuation
of specific properties (e.g., size, crys-
tallinity, solubility, aspect ratio,
electronic properties, surface func-
tionalization, surface coating) with-
in compositions such as CNTs,
graphene, metals, metal oxides (in-
cluding silica), and rare earth oxides.
Where possible, this screening is
premised on adverse outcome path-
ways (AOPs; e.g., lysosome damage
that triggers chronic inflamma-
tion and fibrosis; oxidative stress
responses that trigger acute pul-
monary inflammation) that also de-
termine the pathophysiology of
disease and are of potential use for

VOL.9

hazard ranking based on mode
of action (MOA) and, in some
instances, quantitative structure—
activity relationships (QSARs). Differ-
ent approaches for nanomaterial
grouping that are based on ATS
hazard assessment, exposure po-
tential, risk assessments, and risk

management have been pub-
lished or are currently being devel-
oped.”3’15

The assessment of mechanis-
tic biological responses by high-
content and rapid-throughput as-
says can speed up data generation
to establish category-specific hazard
profiling that can be used for initial
regulatory decision analysis, includ-
ing whether more costly and labor-
intensive animal studies are recom-
mended. Application of ATS data to
ENM risk categorization also confers
the advantage that these assays can
be used to test pristine particles as
well as nanoenabled products and
environmentally aged particles. In
addition, ATS approaches can be
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Alternative testing
strategy approaches
include the use of
mechanistic and
predictive toxicological
assays to assign the
materials to categories
that are expected to
have similar
toxicological profiles

among members in the

group.

used to facilitate the use of grouping
according to exposure potential and
product-use scenarios. Alternative
testing strategy approaches that in-
corporate HTS/HCS assays are also
potentially useful for rapid compara-
tive analysis of material collections
or ENM libraries to provide hazard
ranking according to a tiered ap-
proach that may be used for limiting
animal testing. Rapid-throughput
screening can also be used to estab-
lish QSARs and to determine the
hierarchical ranking of new materi-
als that are assayed by HTS or HCS
together with libraries of well-char-
acterized materials. Thus, ATS could
be used to establish low-risk cate-
gories that could receive rapid deci-
sions, while materials of high-risk
concern could receive more exten-
sive evaluation. However, for such
HTS/HCS assays to be broadly ac-
cepted in a regulatory context, they
should also be evaluated for their
relevance and reliability.'®

To illustrate how ATS could facil-
itate grouping, ranking, and read-
across of CNTs, a tiered approach
to animal testing has been proposed
to assess the risk of lung-based oc-
cupational exposures.'® Under this
paradigm, predictive toxicological
paradigms based on AOPs could
be used to prioritize materials within
a category for further testing. The
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results could then contribute to de-
termining when a 90 day rodent
inhalation study (currently consid-
ered by regulatory bodies as the
most reliable indicator of adverse
pulmonary effects in mammals and
as a surrogate for worker adverse
pulmonary effects) would be recom-
mended. This approach enables
stepwise investigation of large num-
bers and categories of materials,
which can be compared, grouped,
and prioritized for cellular, short-
term in vivo, and, ultimately, long-
term inhalation exposures if
required to meet regulatory require-
ments. Key to the interpretation of
these studies is the appropriate use
of a wide dose range in vitro, to
ensure that extrapolation (e.g., dose
per unit surface area in the culture
dish vs the lung) to the in vivo situa-
tion represents a dose—response
relationship on the steep part of
the dose—response curve, which
can also be compared with occupa-
tional exposure measurements
(available for CNTs). Used appropri-
ately and in an iterative fashion to
gain confidence during the intro-
duction of new materials, the vision
is to use the ATS-based tiered sys-
tem to reduce animal testing. More-
over, the rapid knowledge gath-
ering through ATS use can expedite
new material testing as well as
provide rankings for early decision
analysis.

We have specifically chosen to
focus on CNT risk categorization
by using ATS that reflects injury to
pulmonary cell types that can also
occur in the intact lung during in-
halation exposure in rodents and,
by extrapolation, is possible for oc-
cupational exposures in humans.
Based on predictive toxicological
studies for lung injury, experimental
data suggest that CNT properties
such as hydrophobicity, state of dis-
persion, surface coating, length/as-
pect ratio, and surface charge play
key roles in cellular uptake and bio-
availability by lung cells. Other prop-
erties such as metal impurities,
surface catalytic groups that can
generate oxygen radicals, aspect

VOL.9

ratio, stability of the surface coating,
and state of suspension in a low pH
environment (e.g., lysosomes) are
important for cellular injury (e.g., to
the lysosome).'”~2* These findings
stand in contrast with the popular
impression that the fiber-like dimen-
sions of rigid MWCNTs are the defin-
ing property of mesothelial and lung
injury based on a frustrated phago-
cytosis paradigm. Although AOPs
have not yet been developed for
all pathways leading to pulmonary
toxicity by CNTs (work is ongoing in
this area), at least some AOPs are
amenable to ATS. This strategy in-
cludes use of HTS/HCS approaches
that assess profibrogenic effects at a
cellular level as a result of lysosome
injury, which predicts CNT fibrosis in
the lung.2°~3 Based on these stud-
ies, it follows that ATS and grouping
could be used to develop a tiered
approach to assess CNT risk potential
in the lung. Below, we discuss how
such an approach potentially could
be applied in a regulatory setting.

A Proposed New Approach to Categor-
ization of Engineered Nanomaterials for
Regulatory Purposes. Although no sin-
gle categorization strategy is likely
to work for all classes of ENMs in all
regulatory situations, it may be pos-
sible to develop a general frame-
work that can be adapted and
customized for specific ENM com-
positions and specific regulatory
contexts. For illustrative purposes,
we will discuss a decision-tree ap-
proach for CNTs based on a predic-
tive toxicological approach using
ATS to prioritize material categories
for further testing. We will also dis-
cuss potential barriers to incorporat-
ing ATS approaches into regulatory
decision-making and how indus-
try—academia—government—NGO
cooperation could work to reduce
these barriers.

A decision tree for assessing na-
nomaterial health hazards has al-
ready been developed jointly by
the U.S. EPA's New Chemicals pro-
gram, Health Canada, and Environ-
ment Canada under the Regula-
tory Cooperation Council (RCQ).13
However, the existing RCC decision
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No further testing
required.

NO

No further testing
required.

No further testing
required.

Is there potential for
exposure (e.g., in the
workplace or to
consumers)?

YES l

Is the CNT toxic?

START:
Is the CNT inhalable
and hence of concern
to humans?

YES l

AErosol Inn

YES

TIER 2 TESTING:
Risk suggested by short- NO No further testing
term bolus administration > equired.
animal study (e.g.
lung fibrosis)

YES T

TIER 1 TESTING:
Risk suggested by
ATS assay based on an
AOP (e.g., profibrogenic
cellular responses)

RECOMMEND
TIER 3 TESTING:

n
!

Figure 3. Proposal for how alternative testing strategy (ATS) data could be incorporated into a decision-tree approach for
categorizing carbon nanotubes (CNTs) according to a tiered testing approach to rule out the need for 90 day inhalation studies
when possible. We propose the use of ATS as a Tier 1 approach to determine whether short-term animal studies (Tier 2) are
needed. A 90 day inhalation study would only be required if Tier 2 testing comes back positive or if validation studies suggest
Tier 1 and/or Tests are not predictive for this class of materials. Prior to implementation, the tests used in Tier 1 and Tier 2 must
be determined to be “fit for purpose” (i.e., to yield results that are predictive of results obtained by Tier 3 tests and hence
provide accurate predictions of risk potential for the class of materials being investigated).

Although no single
categorization strategy
is likely to work for all
classes of engineered
nanomaterials (ENMs)
in all regulatory
situations, it may be
possible to develop a
general framework that
can be adapted and
customized for specific
ENM compositions and
specific regulatory

contexts.

tree relies on physicochemical prop-
erties alone to make decisions about

GODWIN ET AL.

risk potential, which is not feasible
as yet given gaps in our knowledge
about the exact relationship of these
properties to hazard and risk out-
come. As a result, when regulators
(e.g., in the EPA New Chemicals
program) determine that there is
potential for inhalation exposure
for a new CNT, they typically recom-
mend that the manufacturer per-
form a 90 day inhalation study (see
Figure 2). By contrast, the new deci-
sion tree proposed below explicitly
articulates how ATS data potentially
could be incorporated into decision
points and minimize time-consuming
and costly animal studies.

An example of such a decision
tree for CNTs is depicted in Figure 3.
This tree is structured around a
tiered approach once a potential
for inhalation exposure is identified.
In the first tier, one or more in vitro
assays that reliably recapitulate the
potential to cause pulmonary in-
flammation could be used as an

VOL.9

initial hazard screen (Tier 1 Test-
ing).2°~2 If (and only if) the results
of the Tier 1 Testing suggest po-
tential risk, then Tier 2 Testing is
undertaken based on the ranking
provided in Tier 1. Tier 2 Testing in-
volves short-term bolus administra-
tion to the lung for determining
injury potential (e.g., lung fibrosis>*).
This testing also serves to confirm
the predictive hazard potential
based on the Tier 1 Test. If (and
only if) the results of the Tier 2
Testing confirm and suggest in vivo
risk potential, then performing Tier 3
Testing should be given considera-
tion. Tier 3 Testing involves aerosol
administration in rodents (e.g., a 90
day study). This approach is prefer-
able to asking for a 90 day inhalation
study for every new material expo-
sure and inhalation potential be-
cause 90 day inhalation studies are
time-consuming and expensive: the
EPA estimates that the cost is more
than $500,000 to perform such a
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study on a single respirable, poorly
soluble particulate material.?

The coordinated development of
a decision-tree approach based on
relevant and reliable ATS data would
contribute to better-informed regu-
latory decisions about the potential
risks of ENMs with data that could be
collected in days to weeks and at
relatively low cost. A decision-tree
approach would also enable indus-
try to anticipate the types of infor-
mation that should be provided to
the EPA for an expeditious EPA
review. Similar approaches for as-
sessing risk of ENMs postmanufac-
turing could be considered within
the European regulatory system,
REACH.*®

Critically, for the type of decision-
tree approach described above to
be effective, both manufacturers
and regulators will need to be in
agreement that the assays used for
Tier 1 and Tier 2 Testing accurately
predict the risk potential for the
specific class of materials being
queried. Fortunately, significant pro-
gress has been made in the past
decade in developing both in vitro
assays and short-term in vivo assays
to provide predictions that correlate
well with data from conventional
studies.?~?* Nonetheless, employ-
ing ATS data in decision-making for
regulatory purposes would be
greatly facilitated by the establish-
ment of government—academia—
industry—NGO consortiums that
could systematically investigate
how results from different ATS ap-
proaches for a collection of well-
characterized ENMs compare to
those in historical in vivo outcome
studies (e.g., from 90 day inhalation
studies). Carbon nanotubes provide
one possible example. The cross-
comparison of ATS with standard
assays would be an important step
in a validation process for ap-
proaches such as those proposed
here. Because the term “validation”
has complex and variable meanings
depending on the situation, for the
purposes of this Nano Focus, we
assume that the tools and methods
employed would be sufficiently

GODWIN ET AL.

validated to support the intended
risk-assessment purpose. This con-
ceptis referred to as “fit for purpose”
and recognizes that certain applica-
tions require different levels of strin-
gency for validation than others.?’”
Cross-comparison of results from
tests in different tiers would also
be greatly facilitated by the creation
of a shared data repository similar to
the one proposed earlier, which
integrates ENM physicochemical,
hazard, and exposure data that have
been curated for reliability and ac-
curacy together with effective tools
for querying the data therein.

Categorization strategies are
needed to allow regulators and in-
dustry to predict ENM risk and to
prioritize the level of testing (hazard,
exposure, physicochemical) needed
to estimate potential risk while mini-
mizing time-consuming and costly
in vivo studies that characterize tra-
ditional risk assessment. To date,
progress toward categorizing ENMs
according to risk potential has been
stymied by gaps in data and knowl-
edge of how nanomaterial proper-
ties correlate with risk. Using input
from a multistakeholder group of
representatives from industry, gov-
ernment agencies, NGOs, and aca-
demia, we have synthesized the
following insights that we feel pro-
vide constructive guidance on how
to improve and to expedite categor-
ization of ENMs according to risk
potential:

e Physicochemical  properties
are not currently sufficient for
ENM categorization for regula-
tory purposes.

Categorization methods for
regulatory purposes should in-
clude indicators of both hazard
and exposure potential.
Alternative testing strategies
(ATS) may provide a useful
means for expedited hazard
screening for ENMs.
Decision-tree approaches for
categorizing CNTs according
to their risk potential post-
manufacturing could facilitate

VOL.9

decision-making in the EPA's
New Chemicals program and
in other frameworks.

e Targeted cross-comparison of
ATS with standard assays may
be needed for ATS to be in-
corporated as an accepted
component of categorization
strategies in some regulatory
contexts.

Building upon these insights, we
have developed an example of a
tiered decision-tree approach for
categorizing the risk of ENMs that
incorporates data from ATS assays,
which would minimize the need for
costly and time-consuming long-
term animal studies and greatly ex-
pedite effective decision-making in
regulatory contexts. We have illu-
strated how this approach would
work using available assays that link
to adverse outcome pathways to
assess the risk of CNTs in the context
of the US EPA New Chemicals pro-
gram. Many of the principles and
insights identified through this ex-
ample are broadly applicable to
other classes of ENMs and other
regulatory paradigms, including
those for small molecular weight
toxicants, where the use of ATS data
for material characterization can
also play a prominent role in guid-
ing decisions by a broad range of
stakeholders in different regulatory
contexts.
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